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Preface

“We simply must balance our demand for energy with our rapidly shrinking resources.
By acting now, we can control our future instead of letting the future control us.” A
quote by former US President Jmmy Carter. These words are redly fitting for our
future. At present, energy catastrophe is one of the key issues facing the globe. To
solve this problem, the proper use of biomass can play a vital role. The approximate
amount of biomass in the world is ~1,800 Pg and 70% of which exists as biomass
waste. An estimated 140 Pg of agricultural biomass waste is produced annualy
around the globe, which is equivalent to 50 billion tons of oil, whereas the globe's
annual oil consumption is ~4000 hillion tons. Thus, the chosen subject of turning
biomass waste into useful energy will make a significant contribution to the current
energy crisis.

For most of the renewable energy sources, storing energy for the required time
is a big chalenge, even with the availability of sources. Among the many energy
storage techniques, supercapacitors have been regarded as one of the most advanced
and effective technologies. At the electrode-electrolyte interface, supercapacitors
have the ability to store electrical charge in an electric double layer. The market
for supercapacitors was projected to reach $2 billion globaly in 2025, and demand
for them is expected to continue growing and double in the following years. Due to
the versatility of supercapacitors, advanced research has led to rapid improvements
in their availability, cost of fabrication, and efficiency. However, these technolo-
gies still require significant improvements, both in terms of technical promise and
commercial viability. Meanwhile, secondary batteries are among the most commonly
used in electronic devices of the twenty-first century. Secondary batteries (such as
lithium-air batteries and lithium-ion batteries) are crucia in our daily lives because
of their special characteristics, and they are widely utilized because of their slow self-
discharge, high energy density, minimal maintenance requirements, wide range of
availability, etc. Due to the limited supply of lithium in the earth’s crust, these batteries
experience significant problems with aging, inadequate protection, flexibility, trans-
portation, and high cost, which forces materials scientists to look for alternative
materials for batteries that can be produced in large quantities at a reasonable price.
Sodium batteries have been tested as a lithium substitute recently, but they have a
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number of drawbacks that have prevented them from taking over the market. In recent
years, biomass-derived nano- and microcarbon materials have received much atten-
tion as a green source of activated carbon due to their renewable, abundant, afford-
able, and environmentaly friendly nature. Numerous carbon compounds, including
graphene, mesoporous carbon, carbon nanotubes, carbon fiber, and their composites,
have been researched as electrode materials for energy storage applications.

Given the significance of carbon nanostructures made from biomass for super-
capacitors, a few review papers on this category of materials have been published.
But in recent years, significant progress has been made in producing useful carbon
nanostructures from biomass and applying these structures in a variety of fields.
Furthermore, several crucia issues concerning carbon nanostructures produced from
biomass and their uses have not been covered up to this point. To address this issue,
we chose to produce a book on Biomass-Based Functional Carbon Nanostructures for
Supercapacitors and to generalize and organize the findings of the relevant research.
To our knowledge, this is the first time a comprehensive overview of the creation,
advancement, and use of cutting-edge carbon nanostructures derived from biomass
for supercapacitor applications has been published.

The book is aimed at scientists and researchers who are already working in the field
of biomass-based carbon nanostructures or who aspire to do so, i.e, scientists and
researchers whose research focuses on carbon nanostructures made from biomass for
energy storage applications. This book will serve as a significant and insightful source
of vauable information, giving scientists and engineers new insights for compre-
hending and improving existing carbon nanostructures derived from biomass and for
designing new carbon-based nanostructures from biomass with new and unexpected
possibilities.

We believe that academicians, postdocs, and university students would all greatly
benefit from this book. The book’s organizational framework provides a foundation
for courses in numerous fields of science and engineering. Graduate students may
also find the book to be extremely helpful in their research and comprehension of
the characteristics of carbon nanostructures produced from biomass and their use in
supercapacitors. We are confident that the material will be helpful to al of them in
their endeavors.

Finally, we would like to express our gratitude to al the authors who contributed
to the book’s production. We appreciate their cooperation in working on this project
and their efforts in getting the book ready. The completion of this project would not
have been feasible without their involvement. We also thank Springer for alowing
us to publish the book and for their support. We would like to express our sincere
gratitude to the editorial staff at Springer for their patience and support during the
course of this project’s development.

Karnataka, India Santosh K. Tiwari
Warsaw, Poland Michal Bystrzejewski
Jammu and Kashmir, India Vijay Kumar
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Biomass-Based Functional Carbon m
Nanostructures for Supercapacitors L

Vandana Molahalli, Apoorva Shetty, Kiran Bijapur, Gowri Soman,
Aman Sharma, Jasmine Joseph, and Gurumurthy Hegde

Abstract For the creation of next-generation biocompatible energy technologies,
it is urgently necessary to examine environmentally acceptable, low-cost electrode
materials with high adsorption, rapid ion/electron transit, and programmable surface
chemistry. Because of their wide availability, environmentally friendly nature, and
affordability, carbon electrode materials made from biomass have received a lot of
interest lately. The biological structures they naturally possess are regular and accu-
rate, and they can be used as templates to create electrode materials with precise
geometries. The current study is primarily concerned with recent developments in
research pertaining to biomass-derived carbon electrode materials for supercapac-
itor applications, including plant, fruit, vegetable, and microorganism-based carbon
electrode materials. Also provided is a summary of alternative synthesis methods for
the conversion and activation of biomass waste.

1 Introduction

The relevance of the worldwide clean energy storage device has been gaining atten-
tion for the last few centuries. It is impossible for humans to even imagine a world
without a continuous supply of energy. Although fossil fuels are the main source of
energy, their scarcity and high demand have made them an expensive and unreliable
energy source. Globally, the combustion of fossil fuel has resulted in the produc-
tion of enormous amounts of CO,, a greenhouse gas that significantly contributes to
climate change. Other conventionally used devices to meet the growing demand for
energy source were fuel cells, batteries, and capacitors. Batteries are used to serve
the purpose of energy requirements. They function by converting chemical energy
into electrical energy through redox reactions. Over a period of time, the chemical
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reactants in the battery will get consumed completely. Afterwards, the battery has to
be either recharged or disposed (Fig. 1).

Later on, the discovery of Fuel cells could solve this issue to some extent. Batteries
and fuel cells operate similarly, with the exception that fuel cells feature an extra layer
known as a catalyst layer that speeds up the chemical reactions. Fuel cells can produce
energy endlessly as long as fuel is given to them. In contrast to conventional cells
and batteries, these cells do not lose voltage or current over time. Fuel cells possess
an extra layer known as the catalyst layer which helps to improve the chemical

Fig. 1 An illustration of the steps taken to create biomass-based functional carbon nanostructures
for use in supercapacitors. Adapted with permission from ref [1-6]
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reaction. Despite their benefits, they were unable to completely replace batteries due
to their major demerits such as handling gaseous fuel cells, expensive catalysts for
the electrode reactions, and the electrolytes employed in fuel cells seem to raise a
number of practical issues. The invention of supercapacitors (SCs) proved beneficial
in overcoming these circumstances and meeting the need for energy.

Supercapacitors (SCs) also known as ultracapacitors differ from regular capacitors
due to their quick charge—discharge rates, longer life cycles, high power, and high
energy density. They are specially designed energy storage devices that store energy
through mainly two mechanisms: double-layer capacitance or pseudo capacitance.
These two mechanisms differ in origin. Double-layer capacitance is of electrostatic
origin whereas pseudocapacitance is of electrochemical origin. This indicates why
supercapacitors excel in their performance when compared to the normal superca-
pacitors and batteries, as the working of the SCs is a combination of both. Normally,
an electrostatic capacitor operates at a maximum voltage range; the typical maximum
charge voltage range of SCs lies between 2.5 and 2.7 V. Supercapacitors have evolved
to be a potential replacement for electrochemical capacitors, as there is a huge demand
for electric vehicles. SCs are efficient in delivering desirable power density and rate
response, but they possess low energy density. The choice of electrode material is
very crucial when it comes to SCs, as they affect electrical properties. Due to the
fact that double-layer charge storage is a surface process, the electrode material’s
surface characteristics have a significant impact on the cell’s capacitance. One of
the challenges faced while using SCs is low voltage per cell, low energy density,
and high production cost. This prompted scientists to create novel storage materials
and increase electrolytes with high operating potential in order to offer a solution
that would improve the performance of SCs [7]. Carbon materials, metal oxides, and
conducting polymers are now the most common electrode materials used in the manu-
facturing of electrodes for SCs applications. Carbon materials have been employed
since the beginning of supercapacitor production because of their high surface area.
On the other hand, metal oxides offer high specific capacitance and low resistance,
making them attractive choices for electrode materials. In numerous studies, a wide
range of cutting-edge materials is investigated and evaluated as SC electrode mate-
rials. Among the various developments in the area of SCs, biomass precursors have
found much attention. Biomass precursors like wood, dried leaves, stems, flowers,
seeds, fruits, and agricultural waste are excellent sources of carbon materials as they
are non-toxic, sustainable, abundant, and environment friendly. For instance, some
papers concentrate on activated carbons made from specific precursors like lignocel-
lulosic precursors, oil palm, wood, plant components, and agricultural waste, while
other researchers have written papers about the uses of activated carbons made from
biomass in removing heavy metals, storing dyes, making electrode materials for
hybrid electrochemical capacitors, and adsorption.
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2 Origin of Biomass Usage

See Fig. 2

The waste products generated in the food and agricultural industries are collec-
tively referred to as biomass. Biomass is critical for the manufacture of a number of
commercially significant goods in addition to being a good source of energy. As a
result, biomass is properly viewed as a renewable source of energy that can be used
to create energy or energy-carrying materials [8]. Some of the sources of the biomass
which are easily available are listed below.

2.1 Agricultural and Forest Residue

Agricultural waste accounts for the majority of the bio waste produced which includes
dry leaves, rice/wheat husks, nut shells, peels of fruits, corn straw, etc. Waste produced

Fig. 2 Origin of biomass usage
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by industries reliant on forests, such as stems, treetops, and branches, is referred to
as forest residue. These wastes due to a lack of strategies for the disposal are simply
burnt which results in the release of large amounts of CO, into the atmosphere.
However, these materials can be converted into value-added products and can be
utilized as feed stocks for the production of carbon-based nanostructures which are
of great importance as electrode materials in energy storage applications. By using
ferrocene as an effective, low-cost catalyst in a straightforward catalytic oxidation
process, Tamilselvi Ramasamy and the team showed that readily available coconut
waste could be effectively converted into reduced graphene oxide and examined as an
electrode material for supercapacitor application [9]. Bhat et al. studied the porous
carbons synthesized from garlic peel via catalyst-free pyrolysis technique for the
evaluation of high-performance supercapacitor [4].

2.2 Industrial Biomass Residue

The industrial biomass residue is generally generated by paper mills, sugar mills,
oil mills, furniture industries, etc. The paper industry generates “Pulp Sludge” as a
ubiquitous solid byproduct of the manufacturing process. Pulp sludge is currently
disposed of through incineration or placed into landfills. The sludge releases CO,
into the atmosphere as it either burns or decomposes. The scale of its availability
and negative cost make pulp sludge a very attractive feedstock for high surface area
carbons. Huanlei Wang and group demonstrated the synthesis of carbon material
derived from paper sludge, yielding controlled levels of micro and mesoporosity,
and studied them for supercapacitor application [9]. Vijayakumar and team collected
waste cotton from the cotton industry and obtained high surface area activated porous
carbon fibers as high-performance supercapacitor electrodes with commercial level
mass loading [10].

2.3 Algal Biomass

The term “algae as feedstocks” describes a wide range of extraordinarily fruitful
organisms, such as microalgae, macroalgae (seaweed), and cyanobacteria, also
known as “blue-green algae”. Most of them use sunlight and nutrition to produce
biomass, which contains essential elements like lipids, proteins, and carbohydrates
that may be transformed and improved into a range of biofuels and goods. Algae
can thrive in fresh, salty, or brackish water that comes from groundwater, surface
water sources, or ocean, depending on the strain. They can also flourish in water that
has been used a second time, including produced water from oil and gas drilling or
treated industrial effluent as well as municipal, agricultural, or aquaculture wastew-
ater. In comparison to lignocellulose-derived biochar, the algal biochar is nitrogen-
rich, has a higher pH, and a higher H/C and O/C ratio [11]. Consequently, the intrinsic
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heteroatom functions make it advantageous to produce carbon nanostructures from
the algal feedstock.

Bingjun Zhu and group reported a high-performance carbon-based supercapacitor
electrode material synthesized from selected algae microspheres, which were grown
under controlled cultivation conditions. The best-performed sample possessed a high
specific surface area 1337.9m?g~! with a hierarchically porous structure and natu-
rally intrinsic nitrogen dopant with a specific capacitance of 353 Fg~! at 1 Ag~! and
92% capacitance retention even after 10,000 charge—discharge cycles at 20 Ag™".

Thus, the origin of the biomass plays a significant role in the inherited structural
and chemical composition of the carbon nanostructures that are synthesized from
them, and as a result, the chosen biomass will have the capacity to enhance the prop-
erties of the materials such as surface area, functionality, porosity, thermal stability,
and electrical conductivity, which are crucial for supercapacitor applications.

3 Nanostructured Bio-based Carbon Materials:
Preparation and Characterization

Bio-based materials are products whose primary components were first derived from
living things. These substances can be created synthetically or from naturally occur-
ring organic compounds. Although it typically relates to modern materials, this term
does encompass natural materials like wood and leather. Many recent innovations
create biodegradable items using bio-based components. Plant-based materials are
the bio wastes that are most frequently utilized to create carbon nanostructured
materials (Fig. 3).

CNPs are a promising electrode material for high-performance supercapacitors
because of their high electrical conductivity, ability to display a reduced ion-transport
resistance, and ability to demonstrate a shorter diffusion pathway [17].

3.1 Pyrolysis

Pyrolysis is a thermochemical process that degrades materials into smaller compo-
nents at high temperatures without oxygen. This technology has recently received
increased attention for its usage in the conversion of organic wastes into usable and
advanced application materials [18]. Biomass is thermally decomposed at tempera-
tures between 300 and 900 °C to produce charcoal, bio-oil, and syngas. The amount
of biochar produced depends on the feedstock type and the operating circumstances
[20]. On the basis of temperature and heating rate, pyrolysis is further separated into
slow and rapid pyrolysis. Pyrolysis is further divided into slow and quick pyrolysis
based on temperature and heating rate. Fast pyrolysis is conducted at a higher heating
rate (100-200 C/min) with a shorter residence time (10 s), whereas slow pyrolysis
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Fig. 3 Illustration of several synthesis techniques used to create biochars made from biomass. a
Carbon from peanut shells was produced using a combination of hydrothermal carbonization and
activation. Adapted with permission from ref [12]. b Carbon from wheat stalks was obtained by
hydrothermal and calcination-graphitization processes. Adapted with permission from ref [13]. ¢
Organic waste is pyrolyzed using a microwave. Adapted with permission from ref [14] d Porous
carbon is produced by ionothermal means from sugars. Adapted with permission from ref [15] e
Chitosan carbon was formed from molten salt. Adapted with permission from ref [16]

runs at a lower heating rate (5—7 C/min) and longer residence duration (>1 h) [19].
The microstructure of the resulting carbon can also be modified through pyrolysis
(for example, by increasing the amount of graphitic material), making pyrolysis-
assisted production is becoming more popular in now a day. These materials can
be generated using lithographic processes as micro- and nano-scale pre-patterned
structures, films on a substrate, or substrate-attached components, depending on the
kind of carbon and the size of the reaction [22].

3.2 Chemical Vapor Deposition

The most often utilized method of thin-film deposition for creating nanomaterials
is CVD. The chemical vapor deposition (CVD) approach is currently the standard,
extensively used method in the synthesis of nanotubes due to its simplicity and low
cost. This process was created in the 1960s and 1970s and has been effectively



8 V. Molahalli et al.

applied for more than 20 years to the manufacturing of carbon fibers and carbon
nanofibers [20]. In the CVD method of making carbon nanotubes, the catalyst is first
applied to the substrate, and then it is nucleated either through thermal annealing or
chemical etching (using ammonia as the etching agent). After that, the pre-prepared
supporting material is put into a tubular reactor to begin the growth process. A mixture
of hydrocarbon gas (ethylene, methane, acetylene, etc.) and a process gas (nitrogen,
hydrogen, argon) is made to react in a reaction chamber over the surface of metal
catalysts for a given time period (typically 15-60 min), and when the decomposition
of the carbon precursor takes place, CNTs grow on the catalyst particle in the reactor
and are collected from the reactor after it has been heated to the necessary reac-
tion temperature (600-1200 °C) [21]. Similarly, nanostructured bio-based carbon
nanomaterials can be synthesized.

3.3 Arc Discharge

One essential requirement for stabilizing arc discharge is to keep the distance between
the graphite electrodes constant at around 1 mm [20]. Two graphitic rods are main-
tained at a distance of a few millimeters, and an arc is generated between them. This
process is economical. Normally, a carbon-containing gas is decomposed at a high
temperature in the presence of a metal catalyst to create carbon nanotubes using the
thermal chemical vapor deposition process [22]. When creating 1D and 2D nanos-
tructures from carbon anodes, pulsed arc discharges can enhance arc control and
customize the ablation process. After the pulsed arc, carbon nanostructures such as
carbon nanotubes and graphene nanoplatelets were deposited on the cathode. The
production of semiconducting nanomaterials with adjustable electrical and optical
characteristics is possible using this deposition technique [23].

3.4 Laser Ablation

Carbon nanostructure materials (CNMs) can be successfully created on a graphite
target submerged in deionized water by pulsed laser ablation. To irradiate the target,
different laser strengths (between 60 and 220 mJ) and a laser pulse duration of ns
(1064 nm) were used. The graphite target submerged in deionized water was ablated
using a Q-switched pulsed Nd: YAG laser operating at 1064 nm wavelength with a
pulse repetition rate of 1 Hz and pulse duration of 9 ns (mm) [24].
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3.5 Hydrothermal Method

Several investigations have been carried out to produce carbon-rich compounds from
a variety of biomasses by combining hydrothermal carbonization and pyrolysis with
arange of residence durations and reaction temperatures [28]. This technique has a
number of benefits, including the ability to produce vast quantities of nanomaterials
at a low cost and the ability to produce highly crystalline nanocrystals with precisely
regulated dimensions. It can be used in conjunction with microwaves and magnetic
fields to create materials with significantly enhanced repeatability and high quality
[25]. A stable colloidal suspension of spherical carbon nanoparticles (CNPs) with
good size and shape homogeneity was produced using the hydrothermal technique
[17]. Carbon nanoparticles were created by hydrothermally oxidizing carbohydrates
(glucose, sucrose, and starch) in water with the use of acids and alkalis [26].

Various activation methods are used while synthesizing the different carbon struc-
tures from the biomass precursors. The activation methods are inevitable for ensuring
the porosity, size, and morphology of the carbon structures from biomass, which
includes physical activation, chemical activation, and microwave activation methods.
The chemical activation method is the most prominent among the researchers in
synthesizing bio-carbon. Usually, common oxidizing and dehydrating agents like
sulfuric acid, phosphoric acid, zinc chloride, and potassium hydroxide are used as
activating agents. The activating agent is mixed with the precursor material and can be
treated between the temperatures of 500 and 800 °C. The cellulose will break down
and dehydration will remove the moisture content. As a result of this, the carbon
skeleton is formed due to charring, and the aromatization of the structure takes
place easily. The resultant structure also will be porous in nature. Table 1 summa-
rized some of the relevant nano-carbon prepared from various biomass giving good
specific capacitance.

4 Preparation and Evaluation of Newly Developed
Bio-derived Precursor as Electrodes in Energy Storage
Applications

Energy is essential to our daily activities, and as the need for batteries and other energy
storage devices rises steadily, there are some fascinating aspects that will need to be
taken into account. For instance, it is still uncertain if lithium-ion batteries will remain
desirable and viable. It is crucial to emphasize that these batteries are not made at alow
cost to the environment. A sustainable method of manufacturing high-performance
electrochemical devices is required to solve this problem. Additionally, it is preferred
that materials and procedures be inexpensive to enable the mass manufacture of
electrodes to satisfy current industry demands [38].

Supercapacitors can offer numerous advantageous features over conventional
batteries, including high power density, quick charging, and extremely extended
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Table 1 Analysis of the different activation methods used in the synthesis of various Bio-
nanocarbon materials

Precursor Activation method Activation | Surface | Specific Refs.
agent area capacitance
(m*g™") | (Fg™")

Celtuse leaves | Pyrolysis in Ar/Alkali KOH 3404 421 [27]
treatment

Potato peel Pyrolysis followed by metal | ZnCl, 1052 255 [28]
chloride treatment

Aloe Vera Carbonization/Alkali KOH 1890 410 [29]
treatment

Hemp stem Carbonization/self-activation | KMnOy4 1193 255.5 [30]

Prosopis Carbonization in Ny /alkali KOH 2943 588 [31]

Juliflora wood | treatment

Parthenium Carbonization/Alkali KOH 4014 270 [32]

hysterophorus | activation

Bamboo CO; catalyzed induction K,CO3 1980 273 [33]

shaving

Averrhoa One-way KOH impregnation | KOH, CO, |- 293 [34]

bilimbi leaves

Soyabean HTC/Alkali activation KOH 1943 497 [35]

residues

Metaplexis Carbonization/Alkali KOH 3635 127 [36, 37]

Japonica activation

Bamboo chips | Pyrolysis in NH3 K,CO3 and | 755 208 [37]

K>Cr04

cycle life [18]. The performance of supercapacitors is directly impacted by the char-
acteristics of the electrode materials and the electrode/electrolyte interface [39]. A lot
of research has been done on carbon-based electrodes for supercapacitor applications
due to their exceptional electrical and chemical stability. The hydrothermal reaction
is the best option for use in the preparation of CNPs, since it is significantly easier,
less expensive, and less damaging than the other techniques mentioned. This tech-
nique also consumes less oxygen and operates at a lower temperature. Due to these
factors, the hydrothermal reaction is a practical method for creating high-quality
CNPs that can be used as supercapacitor electrodes [44].

The two most widely utilized methods for activating biomass are chemical acti-
vation and physical activation. One benefit of employing chemical activation over
physical activation is the ability to produce materials with greater surface areas and
activated carbons with porous structures. Miscanthus x giganteus lignocellulosic
biomass was used to create value-added products like activated carbon and carbon
nanotubes. An alternate method for creating activated carbon from Miscanthus X
giganteus was described. The activated carbon that was created had a high surface
area and pore volume of 0.92 cm3g~! after two phases of activation using phosphoric
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acid and potassium hydroxide. Following the first and second activation procedures,
the SBET of the raw biomass revealed 17, 1142, and 1368 m?>g~", respectively [40].

A family of electrochemical energy storage devices known as electrochemical
double-layer capacitors (EDLCs), also known as supercapacitors, ultracapacitors,
and capacitors, are often used names for these devices. These devices are perfect for
the quick storage and release of energy [41]. Carbon materials have long been used
as supports for active materials, electro-conductive additives, substrates for current
leads, electron transfer catalysts, intercalation hosts, and as agents for the control
of surface area, porosity, heat transfer, and capacitance in energy storage devices.
Carbons are naturally a good choice for EDLC electrode materials due to these factors
[42].

Pandolfo et al. claim that the following physical-chemical characteristics of an
electrode material in a supercapacitor can be identified: high electric conductivity,
low cost, good thermal stability, high corrosion resistance, high specific surface
(>2000 m? g ~1), high material purity, and homogeneous pore structure [41].

Due to their superior performance, carbon-based electrodes are widely researched
for energy storage devices. High electrochemical stability, simple modification, vari-
able and porous morphologies, and particular capacitance combine to give the highly
regarded performance. The electrochemical performance of carbon electrodes gener-
ated from biomass and bio waste is a key factor in figuring out whether bio-based
carbon precursors are viable for use in energy storage applications. The electrochem-
ical performance of a carbon-based electrode is frequently connected with its shape,
porosity and pore size, specific surface area, and doping level. Unique nanostruc-
tures, a sizable specific surface area, and a high heteroatom doping level distinguish
bio-based carbon electrodes [48, 49].

In [43], six different forms of carbon materials from potato waste were created
using the hydrothermal carbonization (HTC) method. The biomass was heated to
200, 220, and 240 degrees Celsius for two and five hours, respectively. A stainless-
steel autoclave with a capacity of 250 mL was filled with 25 g of dry biomass and
150 g of water before each carbonization procedure. This is equivalent to a 1:6 ratio.
The autoclave was then heated in a gas chromatography oven to the appropriate
temperature. The reaction time was noted as soon as the autoclaves attained the
desired reaction temperature. The autoclave was quenched in a 20 °C cold water
bath at the conclusion of the reaction. Vacuum filtration was used to separate the
solid and liquid phases. For this, filter paper with a particle retention of 5-13 m
(VWR) was employed. The filter cake was dried at 105 °C for the entire night [43]
(Fig. 4).

5 Nanostructure Morphology and the Kind of Precursor

Agreen and sustainable platform for the production of diverse functional carbon mate-
rials (porous carbon, heteroatom doped biochar, carbon nanotubes, graphene, carbon
quantum dots, etc.) for advanced applications is provided by biochar produced from
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‘Carbon based composices

Fig. 4 Various carbon-based composites and biowaste. Adapted with permission from ref [44]

the thermochemical conversion of biomass. Recent studies on carbon compounds
generated from biochar have broadened their usage in supercapacitors and fuel cells,
respectively, for electrochemical energy generation and storage [44]. Because it is
less expensive, changeable and controlled shape, high specific surface area, and
superior electrical conductivity, porous carbon is an excellent electrode material for
supercapacitors[45, 46]. It has been demonstrated that the capacitive characteristics
of porous carbon are significantly influenced by pore structure [47]. These factors
cause all of the carbon materials listed above to behave in an EDLC-like manner when
ions are adsorbed at the electrode interface. The use of carbon materials derived from
biomass in supercapacitors has advanced recently, demonstrating how easy it is to
boost the energy density of the manufactured electrodes by applying various elec-
trolytic systems [48]. Due to their low cost and variety of species, many biomass,
including fish scale, rice, cornstalk, sorghum, loofah sponge, rice straw, bagasse,
and jujube, have been used to make porous carbon. The large pore size distribu-
tion of activated carbon contributes significantly to improving the electrochemical
performance of supercapacitor devices when they are being charged and discharged
(=50 nm) [49].
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Batteries typically have an energy density of between 100 and 250 Wh/kg, while
supercapacitors have an energy density of around 20 Wh/kg but a high power density
of over 10 kW/kg. Therefore, the primary objective is to increase SC energy density
to a level that is comparable to rechargeable battery energy density. This can be
accomplished by modifying the nanostructure of the carbon material to achieve a
high surface area and narrow pores size distribution in the mesoporous region [50].
In this chapter, we discussed the different nanostructures which are derived from bio
waste, for the development of SCs.

5.1 Biomass-Derived Carbon Nanotubes (CNT)

With single-walled CNT having a diameter of 0.8-2 nm and multi-walled CNT
having a diameter of 5 to 20 nm, the term “CNT” refers to a collection of carbon
components that are assembled into cylindrical tubes [51]. CNTs are used in a wide
range of applications, including biosensors, drug delivery systems, and biomedical
imaging. Additionally, CNTs enhance ionic conductivity and reduce the electrode’s
self-discharge, which lowers the supercapacitor’s potential and results in energy loss
[52].

Through the hydrothermal carbonization of glucose in the presence of carbon
nanotubes, Natalia et al. developed a carbon nanotube hybrid material. Following
the addition of 2 weight percent of carbon nanotubes, the electrode materials produce
206Fg~! and 78% capacitance retention up to 0.8 V and 20 Ag~!, as well as high
rate cyclability (97% after 5000 cycles). The huge surface area is responsible for the
exceptional performance [53]. Even though CNTs having high surface area and high
conductivity, the SCs based on CNTs failed to achieve a good optimum capacitance in
the absence of pseudocapacitive material [54]. There is a direct relationship between
the amounts of the charge stored to the capacitance of the material. Taberna et al. [55]
developed a composite of CNTs with activated carbon prepared by coconut shells for
the development of electrodes. The capacitance of the activated carbon was 92Fg~!,
it got decreased when they were composed with the CNT, to 88 to 55Fg~!, at 15 and
50 wt%. This test was performed under the presence of a non-aqueous electrolyte
(NEt4BF4 1.5 M in acetonitrile). From these results, we can conclude that CNTs are
not good for composite for the development of electrodes for SCs.

5.2 Biomass-Derived Carbon Nanosphere

High surface area and hierarchical porosity—two properties necessary for effi-
cient energy storage devices—are inherent to CNs generated from biomass. Carbon
nanospheres have attracted a great deal of interest in recent years for supercapac-
itor applications. Bio-cellulose waste and hemicellulose, which are the structural
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elements of cells, are appropriate for energy storage technologies. The main compo-
nent of solid biowaste, consisting of 35-50% cellulose, is called lignocellulosic
biomass [56]. It can be used to make porous carbons, which can be used to make
free-standing electrode materials, at a low cost [57]. Numerous industries use acti-
vated carbon nanospheres, including those that treat drug overdose and poisoning,
purify air and water, raise cattle, make wine, store hydrogen and natural gas, filter
beverages, remove mercury, and many more.

Gomma et al. [57] synthesized porous CNs with garlic peels for the evolution
of high-performance SCs. The developed devices show the following results: the
highest possible specific capacitance measured in a 4.0 M KOH electrolyte was 174
F/g at 0.1 A/g. The symmetric supercapacitor had a specific energy of 32.6 Wh/kg
and a specific capacitance of 119.2 F/g at 0.1 A/g. With 97.8% coulombic efficiency,
the device demonstrated perfect stability over 25,000 charge—discharge cycles. Even
at the ending of the 10,000th cycle, a 93% retention of capacitance was recorded. The
porous carbon that Erman [58] and his team produced from shallot peel agricultural
waste had a specific surface area of 1182.3 m?g~". The outstanding electrochemical
performance of the supercapacitor cell system was shown by a specific capacitance
of 170 Fg~! at a current density of 1.0 Ag~! using a two-electrode design in 1 M
H,SO,4 aqueous electrolyte. The maximum specific energy was found to be 16.67 Wh
kg~! and the maximum specific power was found to be 86.40 Wkg~!. Diab [59] and
his team synthesized CNs from potato feel and then co-doped them with sulfur and
phosphorus for the effective development of electrodes with a high specific area. The
constructed SC properties are as follows: After 5000 cycles, the electrode has a high
specific capacitance of 323 Fg~! at 1 Ag~!, an acceptable rate capability, and good
cycling stability. The developed symmetric supercapacitor device has an increased
extended cycle life and a wide operational potential window of 1.6 V, achieving a
maximum energy density of 45.5 Wh kg~! at a power density of 800 W kg~' (94.3
retention after 10,000 consecutive cycles). Yubing [60] and team synthesized CNs for
the successful development of SC by making use of bio waste, i.e., flaxseed residue
from the edible oil industry. The proposed material has high specific surfaces that
can reach 3230 m?>g~!, and large micropores account for more than 70.1% of the
volume of the micropore. The resulting material has a maximum specific capacitance
of 369 and 398 Fg~! in the KOH and H,SO, electrolytes, respectively. And its cyclic
performance was great. Even with a high current density of 20 Ag~!, more than
92.7% of the initial capacitance is retained intact, and after 10,000 cycles in a KOH
electrolyte, the capacitance retention is greater than 98.1%. At a power density of
468.8 W kg~! and a high energy density of 43.5 Whkg~! in an ionic liquid electrolyte
called EMIMBF,, the supercapacitor device energy density reaches 61.2 Wh kg. As
can be seen in Fig. 5a—c, the typical SEM images of the pyrolysis carbon PC—
700 display a composite morphology of carbon nanosphere and disordered stacked
amorphous carbon.
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Fig. 5 Typical SEM images of the pyrolysis carbon PC-700 a~c and sample LMiPC, d~f, and
TEM images of PC-700 g~i and LMiPC; j~l. Adapted with permission from ref [60]

5.3 Biomass-Derived Carbon Nanosheets

The porous activated carbon nanosheet was synthesized by Erman et al. [61] from
the biomass of Syzygium oleana leaves. The two-electrode system demonstrates an
increase in specific capacitance from 114 to 188 Fg~!, leading to high energy and
power densities of 26 Wh kg~! and 96 W kg. However, ACS700 is thought to be
more stable at various scan speeds, including 1, 2, 5, and 10 mV s, Arthi [62]
and team developed electrode, novel few-layer graphene-like microporous carbon
nanosheets obtained from a ginger root. According to electrochemical tests, the
carbon electrode made from ginger root has a very high specific capacitance of
390 Fg~! at 1 Ag™' of current density. Additionally, the carbon electrode made
from ginger has a capacitance retention rate of 93.3% for 3500 charge/discharge
cycles. This method suggests significant potential for achieving large scale, low cost,
easy, and sustainable manufacturing of carbon compounds generated from renewable
biomass for effective energy storage applications in the future. By using a tube
furnace (CVD) and an Ar inert environment at 800 C, Thirumal et al. [63] reported
tamarind shell pyrolysis into extremely microporous three-dimensional (3D) carbon
nanosheets. The developed device shows good electrochemical performance, the
specific capacitance observed was 245.07 F/g at 1 A/g when compared to pure ACNSs,
which have an R value of 5.03, the electrochemical impedance spectroscopy (EIS)
was conducted using K-ACNSs, which have a low Rct value of 0.65. Specifically,
the galvanostatic charge—discharge test results for the materials ACNSs and KCNSs
were 77 and 245.03 F/g in relation to 1 A/g current density, respectively. Figure 6
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showed SEM images to conclude that the surface morphology of pure bio-activated
carbon nanosheets (ACNSs).

Fig. 6 SEM images of TFSs after pyrolysis—CVD pure ACNSs a, b, ¢, d, e, and f and KOH
treated TFSs after pyrolysis KACNSs g, h, i, j, k, and 1 both samples at different magnification.
Adapted with permission from ref [63]
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5.4 Biomass-Derived Carbon Dots

Since their discovery, carbon dots (CDs) have drawn interest for a variety of uses,
including bioimaging, photovoltaics, optical sensing, and drug delivery. This is
due to their appealing qualities, which include chemical inertness, tunable photo-
luminescence, nontoxicity, and biocompatibility [64, 65] Recently published studies
describe the development of CD/graphene composites with improved capacitance.
For instance, securing CDs to RGO resulted in a composite specific capacitance
of 211.9 Fg! at 0.5 Ag', which was 74.3 percent greater than that of RGO (121.6
Fg) [66]. Similarly to this, Zhao et al. [67] produced a 3D CDs/GO composite with
outstanding specific capacitance (308 Fg~! at 0.5 Ag™') and cycle life. 264 Fg~!
of specific capacitance was recently achieved using RGO hydrogel/CDs, which was
stable after 5000 cycles [68]. Van and his team recently developed biomass-derived
CDs from cauliflower leaf waste and composed with graphene oxide. With varying
GO to CDs mass ratios, the electrodes’ electrochemical performance was examined.
High specific capacitance was shown by the RGO/CD composite with a 2:1 mass
ratio (RC-21), with maximal discharge capacitances of 278 and 227 Fg~! at 0.2
Ag~1and 2 mV s~!, respectively. As the current density grew from 0.2 to 100 Ag~!
and from 2 to 1000 mV s-1, respectively, it also showed outstanding capacitance
retention, rising from 60 to 63% [69]. The use of polymer-carbon dot composite
in energy storage devices has gained a special interest in recent years from energy
researchers. As high-performance SCs, Ghasem [76] and his associates introduced a
mix of polyaniline, polypyrrole, graphene, and CDs produced from biomass. Carrot
was used to create CDs. The created composite showed that 396 Fg~! is the highest
achievable specific capacitance. Figure 7 displays the results of research using TEM
and SEM to examine the morphologies of graphene as a precursor for the creation
of polymer nanocomposites and carbon dots (CDs) in their as-prepared state.

Fig. 7 TEM image of CDs a, SEM image of CDs b and graphene. Adapted with permission from
ref [70]
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5.5 Biomass-Derived Carbon Nanoflowers

CNF have 2D nanostructures and they significantly increase the high conductivity of
electrode material. Cellulose is the main source of porous carbon nanofiber. Erman
etal. prepared an electrode by using lemongrass as abiomass precursor which resulted
in specific energy of 35.6 Whkg~! and power density of 128.3 Wkg~!, and electro-
chemical testing shows the low potential of 0—1 C with a scan rate of ImVS~! in the
presence of electrolyte H,SO4 [71].

6 Novel Nanoelectrode Materials in 0-, 1-, 2-,
and 3-Dimensional Materials from Biomass-Derived
Carbons Including an Overview of the Design

As electrode materials for SC, a variety of materials including porous materials, metal
oxides, and conducting polymers were studied. High surface area and the proper pore
size of the electrode material for a particular electrolyte are two factors that define
SC performance. Electrochemical storage systems must have a large surface area in
order to store energy on their surface. Carbon materials are becoming more popular
as perspective electrode materials because they are accessible in a number of shapes
and dimensions, including 0D, 1D, 2D, and 3D. Additionally, the electrodes made
from biomass-derived activated carbon have excellent qualities like low cost, high
surface area, customizable pore distribution, high thermal stability, high electrical
conductivity, excellent corrosion resistance, and reasonable compatibility to create
composites with a variety of different materials (Fig. 8).

Porous
CNTs
I 7 Graphene

3D carbon matrix

Fig. 8 3D and 2D images of biomass-derived carbon materials used for SCs application
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The resultant biomass-derived carbons typically preserve the diversity of their
structures and compositions following pyrolysis since biomasses have their own
distinct microstructures and compositions. The electrochemical performance of
carbons obtained from biomass is significantly influenced by their various morpholo-
gies, compositions, and structural types, such as hard, soft, and hybrid carbons,
N-doped carbons, and other atom-doped carbons. Around the world, researchers
are currently examining the electrochemical performance of 0D, 1D, 2D, and 3D
carbon composites derived from biomass precursors. These materials have numerous

applications based on the orientation [72].

7 Comparison of Performance of the Various Bio
Waste-Based Supercapacitors

19

Biowaste Surface | Electrode | Electrolyte (M) Specific Energy | Power No. of | Refs.
materials area capacitance | density | density | cycles
(m*/g) (Flg) (Wh/Kg) | (kKW/Kg)
Rice husk 3333 Ni foam KOH (6 M) 400 8.06 12.85 10,000 | [73]
Chestnut 691.8 | Ni foam KOH (6 M) 402.8 26.6 0.44 20,000 | [74]
shell
Terminalia | 1350 TCFSMC | PHF 200 120 43 90,000 | [75]
Catappa
shell
Jack fruit 5114 | ITO KOH (0.5 M) 292 40 1.48 10,000 | [76]
Watermelon | 1920 Carbon NaClO4 120 79 225 150,000 | [77]
seeds electrode
Coffee 3549 Ni foam KOH (6 M) 440 101 0.9 10,000 | [78]
grounds
Olive seed | 1700 Graphitic | 1 M H2SO4, 1 M NapSOy4 | 224/193 3-5 20-30 12,500 | [79]
discs
Neem 1230 Glassy H>SO4 (1 M) 400 55 10 - [80]
leaves carbon
Albizia 2757 Ni foam KOH (6 M) 406 26.3 0.429 10,000 | [81]
flowers
Bamboo 3300 Ni foam KOH (6 M) 209 12.6 0.299 10,000 | [82]
shoot
Human hair | 1306 Aluminum | LiPF¢ (1 M) 340 29 22 20,000 | [83, 84]
foil
Coconut 2898 Stainless | KOH (6 M) 142 53 8.2 10,000 | [85]
fibers steel coin
cell
Silkworm 2258 Carbon Nay S04 (1 M) 41.71 23.17 0.5 10,000 | [84]
Cloth
Mushroom | 935.8 |- Nay S04 (1 M) 253 35.9 0.36 10,000 | [86]
Bean sprout | 1114 Ni foam KOH (6 M) 421 5.44 0.3 10,000 | [87]
Sunflower 1505 Ni foam KOH (6 M) 365 35.7 0.98 15,000 | [88]
stalk
Aloe vera 1890 Stainless | KOH (6 M) 312 13.9 0.025 10,000 | [29]
steel mesh
(continued)

Z
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(continued)

Biowaste Surface | Electrode | Electrolyte (M) Specific Energy | Power No. of | Refs.
materials area capacitance | density | density | cycles

(m*/g) (Fig) (Wh/Kg) | (kW/Kg)
Cherry 2500 Carbon - 334 - - 38,000 | [89]
flower cloth
Wolfberry 1423 Ni foam KOH (6 M) 365 232 0.225 10,000 | [90]
fruit
Sugarcane 1993 Graphite GPE 193 31-32 55 10,000 | [91]
bagasse sheet (PVAF-HFP/EMIT{/NaTf)

8 Function of Biomass-Derived Carbon Electrodes
in Energy Storage Application

Energy has been the driving force behind national progress, and as a result,
humankind’s energy requirements have increased, particularly for transportation,
agricultural, industrial, and construction operations. Oil-derived fuel is the primary
source of energy for vehicles, whereas electricity, which is mostly sourced from fossil
fuels, nuclear power, and/or renewable energy sources like solar and hydropower,
is the primary source of energy for buildings. Fossil fuels and electric energy are
combined to power industrial and agricultural processes. It is critical to employ better
monitoring and control systems and produce more energy from renewable sources
in order to promote the sustainability of energy production and efficient energy use.
This prompts the need for a life cycle analysis of energy processes to help with the
choices in the energy sector and the development of more environmentally friendly
energy systems as well as creating better, more intelligent electric power grids, where
storage energy technologies are crucial (Fig. 9).

Modern electric devices are in high demand as a result of population growth and
rapid economic growth. Energy storage systems must be continuously improved to
achieve the highest conversion efficiency at the lowest cost possible, as well as faster
charging and longer lifetimes. Enhancing the utilization of biomass for more effective
electricity production (through direct carbon fuel cells) and bio-based carbon mate-
rials for energy storage applications could be a solution to these problems. Recent
research claims that carbon compounds made from bio-based sources have qualities
that are comparable to or even superior to those of their fossil counterparts.

Due to their exceptional conductivity, adaptable porous structure, and surface
area, carbon-based materials have received a lot of interest as supercapacitor elec-
trodes. However, due to their abundance, affordability, and environmental friendli-
ness, carbon nanomaterials, and activated carbon produced from biomass are partic-
ularly appealing as electrodes when compared to activated carbons that are prepared
conventionally. Mi et al. [98] used a hydrothermal process, The coconut shells are
carbonized, followed by pyrolysis and steam activation, to create high porosity and
pore volume with adjustable micro/mesopores. The activated carbon samples had an
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Fig. 9 Application of biomass-based electrodes in energy storage

energy density of 38.5 Wh kg~! and a specific capacitance of 228 Fg~! at 5 mV~!
with barely any voltage drop.

Zhang and his coworkers [99] showed how easy it is to chemically activate garlic
skin to produce 3D-hierarchical porous carbon. The as-prepared carbon from garlic
peels has a huge surface area of 2818 m?g~!, which results in the formation of
hierarchically porous structures, primarily macro-, meso- (2—4 nm), and micro- (0.6—
1 nm) porous frameworks. At current densities of 0.5 and 50 Ag~!, material-specific
capacitances of 427 and 315 Fg~', respectively, were recorded. In a similar study,
Kishore et al. used coconut kernel pulp to generate activated carbon with a surface
area of 1200 m?>g~! and a Csp of 173 Fg~! at 0.25 Ag~! in 1 M H,SOy, electrolyte
[100].

Willow catkins were used to make nitrogen self-doped porous carbon micro-
tubes. Xie et al. [101] demonstrated the straightforward carbonization and activation
processes. A high surface area of 1775.7 m2 g~! and a small pore volume of 0.8516
cm?® g~! were both characteristics of the carbon microtubes that were produced. At
a current density of 1 Ag™!, they also demonstrated a specific capacitance of 292
Fg~l.

Tea leaves, which are a great source of nitrogen and phenolic compounds, have
been utilized as a precursor material to create activated carbon utilizing pyrolysis and
KOH activators. 911.92 m? g~! of surface areaand 0.512 cm3g~! of pore volume were
present in the final carbon produced at 1200 °C, respectively. The specific capacity of
symmetric supercapacitors constructed from activated carbon derived from tea leaves
was 167 Fg~! at a current density of 1 Ag~! [102]. By carbonizing and activating
with KOH, Xu et al. [103] produced dual-doped porous carbon materials containing
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sulfur and nitrogen using broad bean shells. A specific capacitance of 202 Fg~! was
seen in porous carbon at a current density of 0.1 Ag~"'.

By activating sugar cane bagasse and urea with CaCl, in a single step, N-doped
carbons with various nitrogen contents, medium-range specific surface areas, and
interconnected porosities were successfully created in this literature. The quasirect-
angular forms of the CV curves in Fig. 10a point to the optimal capacitive behavior
of a two-electrode capacitor in a 6.0 M KOH electrolyte. The charge/discharge wave-
forms of the Sy, electrode at various charge/discharge current densities are shown
in Fig. 10b. The specific capacitance of the Sy, electrode was reduced from 300 to
132 Fg~! when the current density was raised from 0.25 to 5 Ag~'. The IR drop
rose correspondingly from 0.3 to 3.2 mV. The Ragone plots for the supercapacitor
sample S122 are shown in Fig. 10c. The S122 capacitor has an energy density of
10.41 and 4.58 Wh kg™, respectively, with specific power densities of 250.0 and
4892.5 W kg~ 1. The Nyquist plots (Fig. 10d) recorded from 0.1 to 100 000 Hz at
open circuit potential in 6 M KOH, which are analyzed by the software of Z View on
the basis of the electrical equivalent circuit, as shown in the inset modeled equivalent
circuit of EIS, can be used to confirm electrochemical impedance spectroscopy (EIS)
analysis. The S, samples, as seen in Fig. 10d, have a low interfacial charge-transfer
resistance of 1.45 and a low ionic resistance of 2.74.

This literature describes the use of corncob-derived activated porous carbon for
supercapacitors in aqueous and non-aqueous electrolytes. The activated corncob was
designated as CC-AA-600 after being activated at 600 °C. The activated corncob
carbon has an estimated BET surface area of 800 m? g~! and is meso and microp-
orous in nature. SEM and HR-TEM analyses are used to further validate the carbon’s
porous nature. Electrochemical tests in aqueous solutions show a very high specific
capacitance of 390 Fg~! at 0.5 Ag™! current density. To evaluate the electrochem-
ical performance of activated corncob electrodes, three different ionic liquids are
employed; among them, the EMIMBF4 exhibits strong capacitive behavior and a
wide potential window, which results in a high energy density of 25 Wh kg~! and a
high power density of 174W kg~!. A red LED could be powered for more than 4 min
by the supercapacitor made using ionic liquid after a 10-s charge. In a symmetric cell
with a potential range of 0 to 1.2 V and a 1 M H,SOy electrolyte, the CD profile of
the CC-AA-600 electrodes is depicted in Fig. 11a. The computed capacitance is 120,
104, and 98 Fg~!, respectively, for current densities of 2, 3, and 4 Ag~'. A maximum
specific capacitance of 164 Fg~! was found at 1 Ag~'. (Fig. 11b). Charge—discharge
cycling at a current density of 4 Ag~! was done for 10,000 cycles to examine the
stability of the electrodes in the two-electrode systems (Fig. 11c). After 10,000
charge—discharge cycles, 85% of the initial capacitance was still retained. Electro-
chemical impedance spectroscopic (EIS) analysis was performed at the frequency
range of 100 kHz to 10 MHz with an amplitude of 10 mV in order to understand
the various resistances, such as internal resistance, charge-transfer resistance, and
solution resistance (Fig. 11d).

The discovered chestnut shell-derived carbons display significant heteroatom
content (3.79 at.% N, 13.35 at.% O, and 0.52 at.% S), a high specific area (691.8
m? g7!), a great number of interconnected micropores/mesopores, a suitable level
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Fig. 10 Two electrodes were used to measure the device’s electrochemical capabilities. a Three-
dimensional nitrogen-rich porous carbon sample Sj2; CV curves at various scan rates. bIna 6 M
KOH aqueous solution, the S2> electrode was done. ¢ Ragone plot. d Spectra of electrochemical
impedance (inset: magnified region). Adapted with permission from ref [92]

of graphitization, and all of these characteristics. In KOH electrolyte, the produced
carbon electrode displays remarkable rate capability (45.3% capacitance retention at
100 Ag~') and a high specific capacitance (402.8 Fg~! at 0.5 Ag~') as aresult of these
superior properties. A better energy density of 26.6Wh kg~ is delivered by the manu-
factured symmetric supercapacitor at a power density of 445.5 W kg~!. Additionally,
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Fig. 11 a The CD profile of the CC-AA-600 electrodes in a symmetric two-electrode cell b The
specific capacitance of the CC-AA-600 electrodes in a symmetric two-electrode cell ¢ The cycla-
bility of the CC-AA-600 electrodes in a symmetric two-electrode cell d The EIS spectrum of the
CC-AA-600 electrodes in a symmetric two-elect (inset). Adapted with permission from ref [93]
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with 96.6% cycle stability, the supercapacitor device exhibits good performance.
retention of capacitance after 20,000 cycles. These findings show that the carbona-
ceous materials as prepared have excellent promise for low-cost high-performance
supercapacitors.

Broad beans are widely grown all over the world because they are high in vitamins
and amino acids. Broad bean shells, a significant portion of which are byproducts
from the sintering, are abandoned and damage the environment. Here, we describe
the production of dual-doped porous carbon materials for energy storage devices’
electrode materials by carbonizing broad bean shells via a chemical activation. The
as-prepared porous carbon material exhibits a specific capacitance of up to 202 Fg~!
and better cycle performance for electric double-layer capacitors at a current density
of 0.5 Ag~!. Even at scan rates as high as 30 mV s~!, the roughly rectangular form of
the CV curve can still be seen (Fig. 12a), proving that ACSB is capable of supporting
rapid ion transport. The ACSB electrode’s galvanostatic charge/discharge curves
exhibit almost isosceles triangle forms at various current densities (Fig. 13b), which
illustrates the perfect charge and discharge characteristics for EDLCs. The specific
capacitance is still up to 129 Fg~! even at a current density of 10 Ag~!. Furthermore,
as illustrated in Fig. 13c, ACSB has a greater rate performance. A further indication
of the ACSB electrode’s strong cycling stability is the specific capacitance retention,
which is close to 90% after 3000 cycles (Fig. 13d).

Choosing an appropriate biomass source and processing technique is crucial to
producing high-quality carbon compounds that are more effective. The process of
turning biomasses into carbon compounds is expensive because of the thermal or
chemical treatments that are employed. For a variety of energy-intensive biomass
conversion processes, using high-temperature carbonization/pyrolysis technologies
is still frequently necessary. As a result, larger advancements would be made for
the carbon compounds derived from biomass to be established as useful goods for
society if the study focused on the development of an energy-efficient technique.

Improved electrolyte wettability, higher charge storage, and moderate electrode
strength can be achieved using techniques like the synthesis of carbonaceous mate-
rials with micro- and mesoporous nature. Additionally, the production of nanofibrous
carbonaceous materials from lignocellulosic fibers may aid in the advancement of
flexible and wearable electronics, an important technical area of interest. The system-
atic understanding and relationship between the carbon structure and electrochem-
ical performance would be aided by the use of modern in-situ analytical instruments,
which would also offer real-time information on the charge and ion storage capacities.
Enhanced electrolyte wettability, improved charge storage, and moderate electrode
strength can all be attained by employing approaches such as producing carbonaceous
materials with micro- and mesoporous nature. Additionally, the creation of nanofi-
brous carbonaceous materials from lignocellulosic fibers may aid in the advancement
of flexible and wearable electronics, an important technical area of interest.
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Fig. 12 All CSC samples performed electrochemically in a three-electrode experiment witha 6.0 M
KOH aqueous electrolyte. All CSC electrodes cyclic voltammograms at scan rates of a 50 mV s~ !
and b 1000 mV s~!. Galvanostatic charge-discharge curves at ¢ 1.0 Ag~! and d 50.0 Ag~! current
densities. e All CSC electrodes’ specific capacitance at various current densities. f Equivalent circuit
model and Nyquist graphs. Adapted with permission from ref [74]

9 The Recent Development and Challenges
of Biowaste-Based Electrode Materials for Storage
Applications

Biomass materials have a wide range of morphological dimensions. Active carbon
generated from biomass can be perfectly preserved or molded into novel frameworks
such as spherical, tubular, honeycomb, or graphene-like carbon. Biomass materials
typically exhibit fascinating structures, such as hierarchical organization, periodic
pattern, or specific nano architectures, which equip them with unique capabilities

Z
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Fig. 13 a The galvanostatic charge—discharge curves of the ACSB electrode in 6 M KOH aqueous
solution at different scan rates, b The 20 specific capacitances determined from the discharge curves
under different scan rates, ¢, and d cyclic stability of the ACSB-based EDLCs at a current density
of 1 Ag~!. Adapted with permission from ref [94]

such as anti-reflection, super-hydrophobicity, structural coloring, and biological self-
assembly [95]. The biomass-derived carbon-based supercapacitor electrodes have
the distinct benefits of high power density and exceptional cycle performance due to
their intrinsic fine structure and the richness of race components in biological tissue
[96]. The vast surface area and porous network of the electrode materials used in
supercapacitors allow the charge to be stored by electrostatic attraction and facile
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ion diffusion in the electrolyte. Presently, the work on the fabrication of superca-
pacitors derived from biomass is mainly focused on the optimization of different
experimental parameters such as the amount of activation agent, synthesis tempera-
ture [97], and the type of activation agent [98]. The N, O, S, and P co-doped porous
carbon material from the protein-rich soyabean is developed as a negative electrode
for asymmetric supercapacitor applications. The material synthesis involves low-
temperature hydrothermal carbonization and KOH activation of soya bean precursor
material. The prepared material exhibited outstanding specific capacitance in acidic
and alkaline aqueous solutions. Particularly, the produced porous carbon demon-
strated extremely high specific capacitances of 685.1 F/g at 0.5 A/g in 2 M KOH
and 439.5 F/g at 1 A/g in 1 M H,SOy4 [110, 111]. The report from Zhimin Zou
et al. demonstrated highly mesoporous carbon material derived from kapok fiber,
which can be used for organic electrolyte-based electrochemical storage with high
power density. The material is a nano-carbon flake having a BET surface area of
3010 m?/g with an ultra-high mesoporous volumetric ratio of 97.6%. The prepared
carbon flakes exhibited excellent energy density of about 24 Wh kg~ at high power
density 24,029 W kg~!. This electrode material is used as symmetric supercapacitors
in the organic electrolyte, which was one of the highest values recorded so far on
biomass-derived porous carbon electrodes [99]. The porous carbon electrode derived
from tobacco rods exhibited high capacitance with 286.6 Fg~! at 0.5A/g and at 30
Alg also showed excellent capacitive performance of 212.72 Fg~!. Furthermore, the
capacitance retention of about 96% after 10,000 cycles was observed. In addition, the
supercapacitor material provided an energy density of 31.3 Whkg~ ' at0.5 Ag~ ' and
a power density of 11.8 kW kg~! at 15 Ag~! ). There are some reports in which the
carbon nanomaterials derived from biomass through pyrolysis without any chemical
activation gave supercapacitor electrode material with excellent performance. Neem
leaves, for instance, have a specific capacitance of 400 F/g and an energy density of
55 Wh/Kg. Similarly, Sargassum wightii has a specific capacitance of 354 F/g and an
energy density of 44.25 Wh/Kg, and Turbinaria conoides have a specific capacitance
of 416 F/g with an energy density of 52 Wh/Kg [80, 100-102].

Biomass-based lignocellulosic materials are used to synthesize flexible super-
capacitors. High-performance flexible supercapacitors derived from bamboo are
used for temperature-dependent energy applications. The carbonized bamboo fibers
showed a specific capacitance of 510 F/g at 0.4 A/g. The energy and power density
of the material is 7.9 kW/Kg and 54 Wh/Kg, respectively. The material showed
excellent flexibility without any reduction in the charge storage capacity during the
bending and twisting of the electrode. The performance of the supercapacitor showed
an enhancement of about 65% at high temperatures [103]. Cellulose materials have
been found to be an excellent choice for synthesizing the flexible supercapacitor due
to their high flexibility, low weight, and less expense. Han et al. developed a flexible
supercapacitor from the composite made from the wood powder extracted from nano-
cellulose crystals. They combined electrospinning technology and in-situ polymer-
ization to synthesize the composite. Due to the extensive intermolecular crosslinking
of the material, it exhibited good thermal stability and mechanical strength. After
2000 cycles, nanofibrous electrodes showed a specific capacitance of 164.6 F/g and
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Fig. 14 The figure represents the nano-cellulose membrane fabrication process with a core—shell
structure. Adapted with permission from ref [104]

retained about 91% of their initial capacitance. The symmetrical solid-state superca-
pacitor constructed from nanofibrous electrodes has a good capacitance of 155.5 F/
g and remarkable capacitance retention of 92, 90, and 89% after 2000 cycles under
flat, bending, and twisting deformations, respectively [104] (Fig. 14).

Photo-supercapacitors that combine solar cells with supercapacitors can trans-
form and store solar energy at the same time. It helps to minimize the usage of
fossil fuels by using solar energy as an alternative [105]. The integrated devices with
the dual capability of energy conversion and storage are gaining popularity due to
stored energy that can be used to deliver continuous energy independent of solar
uncertainties [106]. Keppetipola et al developed coconut shell-derived carbonized
carbon for photo-supercapacitor application. The prepared carbon particle exhibited
a surface area of 1998m?g~! and 1.09 cm3g~!. When the ionic liquid (1-methyl-1-
propyl-pyrrolidinium bis(fluorosulfonyl)imide) is acting as an electrolyte, the carbon
particle exhibited outstanding storage properties over a wide potential range (up to
3.5 V) [107]. The specific energy of the combined system was 92.1 Wh/kg, adding
to the power density of 2046.9 W/kg. It was feasible to link a carbon supercapacitor
and a carbon-perovskite solar cell directly. At large areal discharge currents of 18 and
30 mA cm™2, the dual-functional device (photo-storage) was able to retain its high
overall peak efficiencies of 5.63 and 4.07%. So far, this is the best-documented
result for maintaining high efficiencies at high discharge current, demonstrating
the promise of a Perovskite solar cell/supercapacitor combination for high power
electronic applications [108].
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Fig. 15 PSC-based integrated power conversion and storage device operational mechanism.
Adapted with permission from ref [106]

Asymmetric supercapacitors (ASCs) made from supercapacitors provide
numerous advantages for energy storage applications. For example, the high oper-
ational voltage in aqueous-based electrolytes may improve grid storage and zero-
power mobility with high energy density with in coming decades. ASCs develop-
ment with a Faradaic/pseudocapacitive positive electrode and a capacitive negative
electrode is a viable technique for improving SC overall performance. These devices
often have a high power density and a broad potential window. The very low energy
density of ASCs is a significant barrier that requires quick addressing [109]. When
ASCs are formed using traditional nanostructured electrode materials, additional
issues including high cost, slow manufacturing rate, trouble doping heteroatoms,
and creation of toxic byproducts for the environment are also present. By using
biomass-derived/green carbon sources with natural hierarchical structures, these
issues can be avoided or reduced to some extent. Here in Fig. 15, the power density
and energy density obtained from ASCs prepared from different biomass-derived
carbon structures are shown (Fig. 16).

CNB/MnO, @CNB from tofu plant [111], AMC/ZnCO from almond shell
[96], EDAC/MnS from eggplant [112], NPC/PC@MnO, from loofah sponge,
NKGLC/Ni(OH);-MnO,-RGO from ginkgo leaves [113], PC/NiCo,S4@PC
from popcorn [114], APC/NiCo0,04 from walnut shells, HC/MnO, @HC from
hemp stems, PFN/PENC from pomelo fruit [115], BioHPC/NiCo0,04-NS from
corncob, N-CBC/CBC-N@LDH/p-BC-N/MnO, @p-BC from bacterial cellulose
CCNS/MnO, @CCNS, PCMT/BNi(OH), @ ACMT from Willow Catkin, FBC/FCBC
from Cladophora glomerata [116], Fe,0; @BPC/CNT@CoNiLDH from Wheat
straw [117], GPCN-SS/MnO, @ GPCN-SS from Salvia splendens [116], and MnSi-
C/Ni(OH); from Bamboo leaves [118].

Despite the long history of carbon-based electrode development, more work needs
to be done before the technology can be commercialized, particularly with regard to
rechargeable systems. Numerous excellent studies have been conducted to address
the issues they face, but most carbon materials are still lacking sufficient energy
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Fig. 16 An analysis of the Ragone plots generated for ASCs developed using BDC materials.
Adapted with permission from ref [110]

density to be used commercially. There are still many aspects that need to be further
researched and improved. (a) Low yield of carbon: as previously discussed the total
carbon content obtained from available biomass varies according to the elemental
and chemical composition of the precursor, ranging around 5.5 and 52.1 wt%. It,
therefore, generates severe concerns for the carbonaceous materials obtained from
the low-carbon content biomass precursor restricting their commercial production
remarkably. (b) The relative low value of energy density: despite having relatively
high specific capacitances (Cyp) of over 400 Fg~!, carbons generated from biomass
cannot yet be compared to materials possessing pseudocapacitance, which can have
Cyp of over 1000 Fg~! [119]. (¢) Optimization of morphology and microstructure of
carbon: currently, there exists no improved method that can control the effects like
graphitization and carbonization of the precursors as the preparation and produc-
tion of carbons derived from biomass have somewhat always followed an unman-
aged process. The result of this ignorance is a randomized dispersion of porosities
(micropores, meso, and macro) over the carbonized biomass as well as an irregular
arrangement of graphitized structures, which significantly reduces the efficiency of
charge and ion transfer.

A path forward is needed for the device system’s commercialization despite the
effective use of biochar as diverse components for supercapacitors. To actualize the
useful applications for biochar, innovative improvements are still required. Superca-
pacitors are most likely the next generation of useful energy storage devices because
of their great gravimetric and volumetric density. One way to improve the life cycle
of the device is by making substantial changes in design strategies, which include
the synthesis procedure as well as the surface chemistry of the biochar. Furthermore,
a few properties/concepts must be taken into account when it comes to commer-
cialization such as (i) high energy density storage devices by increasing the loading
of active material (ii) economic factors which include low cost readily available



32 V. Molahalli et al.

precursors and synthesis methods. Adopting different energy storage technologies
in accordance with technological requirements may be carefully evaluated with such
substantial breakthroughs.

Despite the drawbacks that are already existing in the field of energy storage
device fabrication from biomass precursors, significant efforts have been made to
improve the device’s performance. The newly built devices are found to be an
excellent replacement for the existing device in the market. Moreover, the device
is enhanced by making changes keeping in mind the waste-to-wealth concept.

10 Conclusion and Future Scope

Biochar-based materials for supercapacitors’ electrodes showed enhanced capaci-
tance and cycle stability. Electrochemical performance can be enhanced to obtain
desired energy and power density by activation (both chemical and physical), which
results in a high surface area (Meso, micro, and macro) porous structure. In addition,
heteroatoms such as phosphorus, sulfur, and nitrogen can be incorporated into the
carbon structure via self-doping or post-biochar synthesis method. These methods
improve the storage capacity and lead to higher capacitances. Basically, it is crucial
to comprehend the chemical makeup of the wide variety of biomasses that represent
forestry, agriculture, urban, sludge, domestic trash, etc., because the elements vary
depending on the sort of biomass that is readily available. Understanding the various
chemical components found in the various forms of biomass precursors can help
determine whether or not they are appropriate for achieving specific objectives.
The use of carbon-based materials to enhance the electrochemical capabilities of
energy generation and storage systems has advanced to a critical point. As a result,
the researchers are forced to come up with innovative and affordable solutions to
the problem of source depletion for the synthesis of these materials. Recent research
demonstrates that biomass offers a real ocean to solve this issue with various bene-
fits. Particularly for supercapacitors, dependable changes are required, and carbon-
based materials obtained from biomass are essential. After thorough research, it was
discovered that biomass can synthesize highly porous carbon compounds with the
addition of a permanent, low-cost precursor. The research that has been published
demonstrates that the produced biomass-derived materials enhance the electrochem-
ical adhesion of the ions, increasing the specific capacitance of the electrode and
improving the cycling ability and stability of the supercapacitor. The selection of
biomass, the synthesis process, the preprocessing, and the type of supercapacitor are
listed as the key factors in the manufacturing of products produced from biomass.
Because the pore size and dispersion greatly differ depending on the precursor’s
content and the pretreatment procedure, precursor material and pretreatment play
a significant role. It is very essential to closely evaluate the inorganics and other
contaminants present in the biomass precursor that builds up in the production of
biochar-based products. The presence of the contaminants can drastically change
the specific capacitance. The charge storage efficiency is hsighly dependent on the
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interaction between ionic, organic, and quasisolid-state electrolytes. It is also impor-
tant to study the combined effect of biochar-based carbon electrode material in
different electrolytes. In this review, the details of the control over phase, surface
functional groups, and morphology for materials exhibiting both electrostatic and
electrochemical charge storage behavior were summarized.
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Methods for Production of Functional )
Carbon Nanostructures from Biomass Gy

Arpita Roy and Kalipada Manna

Abstract Biomass is high abundant, easily available, and renewable in nature.
Thus this chapter explores the suitability of biomass as a source for the synthesis
of various carbonaceous nano materials (CNMs). CNMs are nanomaterials which
have extraordinarily desired shapes. They also retain various striking features which
are extensively used in several of arenas, including the health sectors to energy
sectors. This chapter summarizes the synthetic designs, unique features, and func-
tionalization/modification strategies of CNMs including graphene, carbon nanotubes
(CNTs), Carbon nano-onions (CNOs), and carbon nanofibers (CNFs) which have
been developed using biomass as a precursor material. Primarily biomass contains
60-90% cellulose. Due to highly crystalline in nature the cellulose ha e very lower
solubility, hence ionic liquids (ILs) are introduced as the media to dissolute the
cellulose-comprising biomass to produce starting material for the synthesis of CNMs.

Keywords Carbonaceous nano materials - Biomass - Modification strategies -
Synthetic designs

1 Introduction

Worldwide, there is an upsurge in technical growth, which is to help life on the
earth more sustainable. This caused in a bigger claim for various materials being
used in the development of various products. Amongst these substances CNMs were
reported first by Kroto et al. in 1985 [1]. Subsequently, there have been many inquiries
and abundant reports on CNMs. Investigation has been focused by various unique
properties exhibited by CNMs, including high surface to volume ratio, great mechan-
ical strength, improved optical absorption, and better carrier (holes and electrons)
features [2, 3]. These features improves applicability of the CNMs in various func-
tions like sensing, [4] catalysis, [5] energy storage [6] harvesting and conversion,
and so on [7, 8]. Maximum of these uses necessitate a specific type of CNMs to be
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extremely effective. Hence, a different variety of CNMs with different shapes have
been introduced such as fibres, [9] spheres, [10] ribbons, [11] cylindrical tubes, [12]
etc.

The synthesis of these kinds of CNMs of different shapes mainly depends on
the properties of the carbon precursors used and also depend on the conditions of
the reactions. Bai et al. reported that use of benzene and ferrocene produces two
dissimilar kinds of CNMs, one is carbon nanotubes both single and multiwalled and
the other is carbon nanofibers [13]. They established that ratio of starting material to
catalyst controls the production of product. This phenomenon is also suggested by
Nyamori and Coville [14]. In their case iron to carbon ratio played an important role
in case of the size and shape of the CNMs. Furthermore, Sevilla et al. [15] reported
the synthesis of graphitic carbon nano-structures consuming gluconate dehydrates
of Fe and Co. Besides they have also conveyed that Fe and Co nanoparticles acted
as catalyst to the reaction (required temperature 900 or 1000 °C). Various structures
of CNMs were generated using Au and Si containing starting materials [16].

In several reports there are description for the synthesis of CNMs including CNTs,
CNFs, and so on using hydrocarbons consisting long chains and aromatic moieties as
the carbon source where various metal salt were served as catalysts [17, 18]. Usually,
CNMs are produced through the bulk pyrolysis and followed by solvothermal treat-
ment to obtain pure product. In pyrolysis using heat a mixture comprising soluble
metal salt (catalyst) and organic materials rich in carbon (carbon source) decomposes
to form char under inert environment (may be slightly reducing sometimes). In many
cases, H>O or O, are used for the partial combustion [19]. Consequently, in case of
pyrolysis, there are two steps; initially, the metal nanoparticles synthesis are synthe-
sized and then secondly, the coating material were grown utilizing the synthesized
nanoparticles as templates [20]. Besides, in case of solvothermal process the purifi-
cation of the synthesized nanomaterials after synthesis using various solvents in an
autoclave is required, and when solvent used for treatment is H,O then it is known to
be the hydrothermal process. The economical and large scale production is a prime
challenge of these types of synthesis processes as they leads to very small scale
synthesis of products [15]. Consequently, there is a requirement for more research
works that emphasis on the use of carbon precursors that are naturally abundant
and cheap. Henceforth, various substitute substances based on biomass and fossil
as renewable starting materials are extremely favorable. Thus widespread research
is currently on going for the surface modification and functionalization of various
CNMs like CNTs and graphene. Nevertheless, there are various limits regarding the
electrical conductivity, mechanical properties, optical absorptivity, and dispersibility.
Furthermore in many cases there are also the difficulties in the synthetic processes
have been detected.

So, in the present chapter we have discussed about various forms of carbonaceous
nanomaterials such as 0D, 1D, 2D, and 3D, [21, 22] developing the CNMs from
biomass, classification of biomass, and also various synthetic strategy, functional-
ization, and surface modification of CNMs like carbon nanotubes (CNTSs), carbon
nanofibers (CNFs), and graphene.
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2 Carbon Nanostructures

Carbonaceous nano materials (CNMs) are a special class of materials where the
main structural units like crystallites, molecule, or clusters of the materials are in
nano dimensions (1-100 nm).

All the nanostructured carbon allotropes irrespective of their synthetic techniques
can be generated in the nanoscale. Carbonaceous nanomaterials have many benefits,
and they have been extensively used in various industries as well as in scientific
laboratories. Due to the catination properties of the carbon, it can exhibit three types
of (sp, sp?, and sp®) hybridization.

These special features helps carbon to develop various crystalline and amor-
phous forms including variable dimensionalities. Typically carbon allotropes can be
zero dimensional (fullerene), [23] one dimensional (single and multi-walled carbon
nanotubes (CNT) and nanofibers (CNF)), two dimensional (carbon nanohorns [24]
and graphene [25]), and three dimensional (micelles, foams, aerogel, and hydrogel
[26-29]).

2.1 Various Forms of Carbonaceous Nano Materials (CNMs)

2.1.1 0D CNMs

Greek term “nanos” mean dwarf and from this term the “nano” term has been
introduced [30].

0D CNMs involves both uniform as well as heterogeneous particles arrays. Some
examples of 0D CNMs are quantum dots, nanolenses, fullerene, onion, hollow
spheres, etc. From last decades there is a huge progress in the synthesis and control of
dimensionality of 0D CNMs. Different 0D CNMs (graphene clusters, Buckminster
fullerene, nanocones or nanohorns, nanotoroids, nested giant fullerenes or graphitic
onions; short carbon chains) have been exhibited in Fig. 1. Several approaches have
been utilized to develop 0D CNMs [31-34]. 0D CNMs are so far widely utilized
in light emitting diodes (LEDs), [34] single-electron transistors, [35] lasers, [36]
composite materials for energy storage, [37] solar cells [38], and so on.

2.1.2 1D CNMs

From last few years, research on 1D CNMs have increased importance owing to
their unique properties and their potential application. 1D CNM:s are in general used
for the investigation of various nanoscale phenomena. Therefore they have been
widely explored in the development of LEDs, security devices, composite materials,
electronic materials, and optoelectronic materials [39]. Nanotubes were introduced
by lijima [40], and they have widespread usage as 1D CNMs. Different 1D CNMs
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Fig. 1 Different CNMs a C60; b graphitic onions or nested gigantic fullerenes; ¢ CNT; d nanocones;
e nanotoroids; f 2D graphene layer; g 3D graphite crystal; h Haeckelite layer; i graphene nanorib-
bons; j graphene nanoclusters; k helicoidal CNT; I short carbon chains; m 3D Schwarzite crystals;
n nanofoams; 0 3D CNT networks, and p nanoribbon (Reproduced from [54])

(carbon nanotubes, graphene nanoribbons, and helicoidal carbon nanotubes) has
been represented in Fig. 1. These 1D CNMs were successfully developed and used
by various researchers [41, 42].

2.1.3 2D CNMs

2D CNMs consist of nanosized two dimensions. Newly, the development of 2D
CNMs have created potential interest in the field of materials research. The main
reason is that they possess several unique properties in low dimension which is
dissimilar from the bulk. 2D CNMs are found to be used as the structural units of
nanodevices owing to their certain unique geometries and shape-dependent features
[43, 44]. Various 2D CNMs structures have been shown in Fig. 1. Moreover, 2D
CNMs are predominantly remarkable for their several potential applications like
sensing, photocatalysis, and so on [45].

2.14 3D CNMs

Owing to the high superficial area, quantum size effect, and several other exclusive
properties as compared to the bulk, 3D CNMs have exhibited extensive research
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attention and various 3D CNMs have so far been developed [46—49]. The perfor-
mances of CNMs are intensely dependent on their sizes, dimensionality, structures,
shapes, and their architectures. Thus controlling the structure and morphology of
3D CNMs is very essential. Furthermore, nanostructures with 3 dimensions are very
essential substance owing to their application ranging from the area of biology to
batteries [46—50]. Due to large surface area, high porosity and presence of various
functionalities on the surface these 3D CNMs can be used as absorption sites for
several molecules in a small molecules and can actively transport them to the desired
site [51-53]. Various 3D CNMs structures have been shown in Fig. 1.

3 Biomass: A Renewable Source of Carbon

3.1 Biomass

Biomass is a natural waste material and organic in nature. These are generally
obtained as waste from woods, animals, crops, and seaweed and is a renewable source
of carbon. Hence the biomass can be used to develop various CNMs which could be
further used for several applications. Different sources of biomass are demonstrated
in Fig. 2. From the ancient age, the wood is used in household for cooking purposes.
Thus biomass is considered as the oldest energy source after the sun. The nature
collects the solar energy and conserves it in it. Through photosynthesis, the planes
collect energy from sunlight and transform H,O and CO, into O, and sugars. The
sugar acts as an energy source to the plants and animals. Thus the energy is also
stored in the biomass and the energy supply is not restricted. More interestingly so
far the plants and animals are there, the waste (biomass) will always be produced
and thus biomass is a renewable source of carbon and energy [55].

Fig. 2 Different biomass
sources Residues
from plants

Residues Residues
from from
animals agricultures
Sources of
— Bromass

Urban and
mu n_i cipal
solid waste

Waste from
Industries
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Table 1 Classification of biomass [56]

Biomass Species and types

Wood and woody biomass Coniferous or deciduous; Angiospermous or
gymnospermous; Stems, sawdust, branches, foliage,
lumps, bark, chips, pellets, briquettes, sawmill, and various
other different wood species

Herbaceous biomass Flowers and grasses (cynara, bana, alfalfa grass, bamboo,
brassica, cane, miscanthus, switchgrass, timothy, and so
on)

Various straws (sunflower, various beans, oat, barley, corn,
mint, rape, rice, rye, sesame, wheat and so on)

Natural residues (fruits and their skins, pulps, pips, shells,
husks, hulls, grains, various seeds, coir, stalks, cobs,
cereals, bagasse, residual food, fodder, cakes, and so on)

Waterlife biomass Freshwater or marine algae; various macroalgae including
brown, blue, green, red etc. Various microalgae; sea and
lake weeds, kelp, water hyacinth, and so on

Animal and human waste biomass | Meat-bone meal; Bones, various manures, and so on

3.2 Classification of Biomass

Owing to the extensive variances of biomass epically in terms of diversity, amount of
and compositional features, so far there is no such univocal means for the classifica-
tion of biomass. Thus they can be classified depending upon the scope and purpose.
According to source, purpose, and ultimate products, in general biomass is divided
in two groups-

I. Biomass obtained in environment (depending upon the ecosystem or variety of
vegetation);

II. Application of biomass as feedstock [56]. Table 1 represents the classification
of biomass.

3.3 Chemical Characterization of Biomass

The biomass can consist numerous composition. For instance, biomass derived from
plants predominantly consist lignin, cellulose, and hemicellulose. These components
also have different percentages in different cases (Fig. 3 and Table 2). Whereas the
cattle manure contain high proteins and starch is the main component of the cereals. It
is obvious that due to various chemical structures biomass possess different chemical
properties [57].
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Fig. 3 Structure of a cellulose, b hemicellulose, ¢ lignin. (Reproduced from [55])
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Table 2 Chemical configuration and the structure of cellulose, hemicellulose, and lignin in herbal
cell walls [58, 59]

Element Subunits Type of bonds in | Composition Polymer
Subunits
Cellulose D-Pyranglucose units B-1,4-Glycosidic | -Glucan Several
bonds hundred
to tens of
thousands
Hemicellulose | D-Xylose, mannose, B-1,4-Glycosidic | Polyxylose Less than
arabinose, galactose, bonds in L-main | Galactoglucomannan | 200
glucuronic acid chains; B-1.2-, | (Gal-Glu-Man)
-1.3-, Glucomannan
B-1.6-glycosidic | (Glu-Man)
bonds in side
chains
Lignin Guaiacylpropane (G), Various ether G lignin, GS lignin, |4,000

syringylpropane (S),
p-hydroxyphenylpropane
(H)

bonds (mainly
p-O-4);
carbon—carbon
bond

GSH lignin

4 Biomass as a Renewable Carbon Source for CNMs

Synthesis

So far there are very few reports on the use of biomass for the synthesis of CNMs. This
may be owing to the fact that the conversion is somehow critical and requires a well-
established protocol as the biomass has various complex structure. Additionally, the
biomass in general does not dissolve in various solvents thus reacting them to form
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CNMs are limited [60-62]. Nevertheless, there are some process for conversion
of biomass to CNMs which has been discussed below. In normal procedure they
are macromolecular materials and under heat treatment they produce prospective
precursors for CNMs [63]. For example, lignocellulosic is considered as a potential
chemical resource as it consist of various biopolymers like cellulose, hemicellulose,
and lignin [64]. Cell wall of normal eukaryotic cells of living organisms are made up
of cellulose. It is considered as the most abundant organic substance with exceptional
properties like relatively high chemical and thermal steadiness, biodegradability, and
biocompatibility [65]. Cellulose is linear and possess high molecular weight [66].
Cellulose, when exposed to high temperature, is certainly able to produce carbon
remains without melting and develop appropriate CNMs starting materials [63].
Besides, various types of small gaseous molecules like CO, alcohols, CO,, and
ketones are generated from biomass during their pyrolysis (Scheme 1).

Sometimes is has been observed that very low oxygen containing starting material
is beneficial for CNMs synthesis [68]. Besides various fossil-based hydrocarbon
starting materials comprising acetylene, toluene, methane, and benzene are very
useful.

From the reports on the synthesis of CNMs from biomass, it is also known that
sometimes there are very low yields in case of pyrolysis. As in these cases before
pyrolysis of the final carbonaceous solid, the biomass need a hydrothermal pre-
treatment of sodium carboxymethylecellose using an autoclave at 800 °C under inert
atmosphere, followed by extraction and filtration [69].

Scheme 1. Flow chart of the production of starting materials for the synthesis of CNMs.
(Reproduced from [67])

Z
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5 Preparation of CNMs from Biomass

5.1 Carbon Nanotubes (CNTs)

CNTs have continuous hollow cylindrical structures, and they are exceptionally
lightweight usually developed by sp? carbon atoms which are covalently linked.
They possess good mechanical features comprising high toughness, extraordinary
mechanical/tensile strength. Thus they are appropriate as reinforcement materials
[70]. Furthermore, CNTs possess some other exclusive features like high conduc-
tivity (electrical and thermal both), [71, 72] striking optical features, [73] and high
flexibility [74]. Moreover, metallic or semiconducting features are typically detected
only with single or double-walled CNTs. This metallic type nature of CNTs provide
them great conductivity (even higher than that of Cu). Besides, CNTs demonstrated
high thermal conductivity as well as large heat capacity [75, 76]. The optical features
of the CNTs can be in between transparent to ideal black body absorber. Thus so far
CNTs have widely been used as electromagnetic interference defensive materials.
Various transparent films and coatings have also been prepared using CNTs [76].

Biomass cellulose and lignocellulosic have been utilized for the preparation of
CNTs through bulk pyrolysis [77]. For example, spongy cotton, [78] when treated
under 400-600 °C, generated CNTs typically with outer and inner diameters of 80
and 10 nm correspondingly. In this type of synthesis a purification of the developed
material using ethanol and water is necessary. On the other hand, CNTs with 24—
38 nm diameter have been synthesized though the pyrolysis of cellulose acetate at
750 °C in the presence of polyisocyanate and NiCl, (pre-catalyst) [79].

CNTs can also be prepared from biomass lignocellulosic including wood fiber
[60] or wood sawdust [80]. When carbonization was accomplished under oxidative
environments at temperatures 250-400 °C the synthesized products have diameters
between 10 to 20 nm. In this process extraction with acid (HCI) is required for
purification [60]. Another report was there where gumwood was pyrolysed under
inert atmosphere using microwave [81] at 500 °C for the synthesis of CNTs having
diameter ~ 50 nm using SiC. Bamboo charcoal also can be pyrolised at 1000—1500 °C
in the presence of ethanol vapour to yield CNTs using chemical vapour deposition
techniques (CVD) [82]. Grass when treated at 600 °C produces MWCNTs (diameters
~30-50 nm) [12].

These aforesaid examples demonstrate that CNTs can be effectively synthesized
using various biomass sources. Nevertheless, controlling the diameters or lengths of
the CNTs is still a great challenge.

5.2 Graphene

Physically, graphene occurs as atomic mono layer of graphite and it also possess
the basic structural element for CNTs and fullerenes [83]. Graphene possess carbon
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atoms with both sp?> and sp* hybridization closely packed into a honeycomb like
lattice structure. It also contains delocalized pi electrons [84]. Graphene is a 2D
material possessing exceptionally good electrical, thermal as well as mechanical
features. Therefore, they have been extensively used in energy devices [85].
Usually, graphene can be developed from only one chemical precursor [86]. Never-
theless, there are some reports on the use of various complex biomass-derived mate-
rials to synthesize graphene. For instance, chitosan extracted from crustacean waste is
helpful to produce a single layered nitrogen-doped graphene. This synthesis involved
pyrolysis of the material at 800 °C [87]. Shams et al. in a work used camphor leaf
to generate graphene through pyrolysis at 1200 °C, [88] followed by a purifica-
tion process to isolate graphene from the amorphous carbon particles. Chen et al.
effectively generated graphene using wheat straw, through hydrothermal and graphi-
tization techniques [89]. Remarkably, when grapheme oxide (GO) and milled sheep
horn was pyrolysed, a 3D porous nitrogen and sulphur doped graphene was gener-
ated [90]. Most importantly, here synthesis process does not involve any catalysts
or strong acid treatment to produce graphene. Thus using renewable resources for
CNDMs synthesis is now a striking area of investigation with exciting prospects.

5.3 Carbon Nanofibers (CNFs)

Carbon nanofibers (CNFs) are one of the well-known CNM, which are fibre like
and contains covalently bonded sp® hybridized carbon atoms. They have structural
resemblance with CNTs when observed using a low-resolution scanning electron
microscope (SEM). Conversely, when they are observed under a high-resolution
transmission electron microscope (TEM), they look like a solid substance because
they do not possess the hollow pipe like structure like the CNTs. CNFs have been
used as reinforcement ingredients in composites due to their excellent mechanical
features. Moreover, CNFs have also exhibit high electrical conductivity due to which
they are also used in energy devices.

The generation of CNFs has been described from the bacterial cellulose. This
biomass were usually pre-treated with a solution comprising doping heteroatoms,
before pyrolysis [91, 92]. Thus a 3D heteroatom doped (P or N/P or B/P) CNF has
been generated. The amount of doping of nitrogen can be controlled by controlling
the conc. of NHj3 in the solution [93]. Extraction with acid is the purification step
for these kinds of reactions. However, it is very problematic to modify the material
features because of the acid treatment. The acid action makes some morphological
and surface changes.
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5.4 Carbon Nano-onions

Carbon nano-onions are a new introduction to CNMs. They have multi-layered quasi-
spherical and polyhedral shaped shells with concentrically layered structures [94].
Here also sp? bonded carbon atoms are present. This type of substances demonstrate
various striking physical and chemical features, including good optical features and
reasonable capacitance; henceforth, they are used in supercapacitors [94, 95]. So far,
only there is a single report where carbon nano-onions were produced from biomass
wood wool [96]. Once wood wool is pyrolysed under a mixed environment of oxygen
and nitrogen at 600 °C carbon nano-onion is produced.

5.5 Carbon Nano-Spheres

Carbon nano-spheres (CNSs) are layered carbonaceous structure which possess
broken concentric layers. These concentric layers are held together through van
derWaals forces of interactions in agglomerates [97]. CNSs have extensively been
used in electrode material in lithium-ion batteries [98] and supercapacitors [99]
From biomass cassava/tapioca flour or carrageenan, CNSs were produced through
hydrothermal and carbonization approach after some chemical initiation steps
[100, 101].

6 Modifications of CNMs

CNMs generally agglomerate due to presence of strong Vander Waals forces inter-
actions; [102] thus it is essential to disperse them after synthesis. Throughout the
purification procedure, dispersion is attainable. Sometimes, this procedures lead to
the introduction of various functionalities on the surfaces of the CNMs and thus the
normal structures are modified. The modification of CNMs can be accomplished
using some key methods. They are (a) covalent bonding between various function-
alities and the pi-conjugated backbones of CNMs, (b) non-covalent attachments
or covering with numerous functionalities, and (c) endohedral filling of the vacant
interior cavities [102].

The covalent functionalization of CNMs are mainly two types: (a) on the CNMs
structural sides or (b) at the site of defects. This mainly depends on the position of the
functionalities [67]. Functionalization in the fullerenes can be achieved using both
electron-withdrawing and donating moieties on the aromatic rings [103]. Surface
functionalization of fullerenes vary from the general aromatic reaction outlines.
Moreover, the reactions for the fullerene surface functionalization be similar to the
reactions of confined electron-lacking polyolefins, i.e., dienophilic, electrophilic, and
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dipolarophilic. Thus in general the fullerenes are find to undertake cycloaddition reac-
tions, reacting with various nucleophiles. They also take part in addition reactions and
form complexes with the transition metal causing the surface modifications [104].
CNMs based on graphene are hard to modify due to the large interlayer cohesive
forces of attraction. Consequently, precise chemical reaction designs are essential
for functionalization like click chemistry (cycloaddition), fluorination/bromination,
biomolecules modification, electrophilic/radical/nucleophilic addition, and grafting
of polymers. Generally, mechanical and electrical features of covalently functional-
ized CNMs alter due to the defects in the structures which is introduced by the break-
down of the carbon—carbon double bonds of the main graphitic backbone during the
chemical procedures involved [67].

6.1 Modification Procedures of CNTs: Primary Designs

The chemical functionalization of CNTs is a developing arena of modern materials
science. Many uses of CNTs depend on the effective surface modification. Herein,
we have tried to summarize all the reported literatures on the covalent surface modi-
fication chemistry of CNTs (Fig. 4) and also concisely discussed about the chemical
procedures to modify the CNTs.

6.1.1 Carboxylation Reactions of the Terminal Carbons and Defect
Sites of CNTs

Initially, the modification of CNTs can be done through acid cutting using HNO3 or
mixed acids [106]. In this case, the terminal carbon atoms and the carbons atoms situ-
ated at the defect spots were transformed into~-COOH groups. Haddon group reported
that utilizing the acid groups for the attachments of long alkyl chains to SWCNTSs can
be achieved through the formation of amide linkages17 or by carboxylate-ammonium
salt interactions. Sun et al. reported that the carboxylic acids can also be modified to
esters to solubilise the CNTs having any effective length [107, 108]. These soluble
CNTs permit various characterizations which are solution based. There is now suffi-
cient investigational indication that a various functionalities can be deposited or
loaded onto the CNTs. This involves reactions with the various —-COOH groups
present in the CNTs [109]. Thus modified CNTs have extensive application in the
biomedical areas (Fig. 4).

6.1.2 Halogenation Reactions
Due to the high electronegativity, fluorine (F) can fluorinate the lateral walls of the

CNTs. The fluorination can take place in room temperature, or it may require high
temperature (600 °C) [110, 111] (Fig. 4). HR-TEM, [110, 112] scanning tunnelling
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Further derivatisation ,o

R~

Fig. 4 Various surface functionalization techniques of CNTs. (Reproduced from [105])

microscopy (STM), [113] and X-ray photoemission spectroscopy (XPS) [114] are the
general characterization tools to investigate the fluorinated CNTs. The fluorinated
carbon atoms present in the sidewall the CNTs exhibit sp®> hybridization with a
tetrahedral structure. Due to this tetrahedral structure the electronic band structure
CNTs (metallic or semiconducting) destroys resulting an insulating compound [115].
There is argument on the topic of the most favourable design of F-addition onto the
lateral walls of CNTs being either 1,4-addition or 1,2-addition. Though, theoretical
DFT calculations proposed that 1,2-addition is more favourable due to 4 kcal/mol
energy gain, but as there is not large energy gap so both types of addition reactions
might co-occur. From elemental analysis it is observed that so far C,F can achieve
the highest extent of functionalization [112]. Thus Fluorine functionalized CNTs
have a moderate solubility in alcohols (1 mg/mL) [116].
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The fluorine functionalization is very beneficial because further by replacing F
atoms other more useful functional units can be synthesized [117]. Some common
methods to substitute F atoms are (a) Grignard reactions through which they can be
replaced by the fluorine atom can be alkyl [118] or (b) use of organo-lithium reagents
[119]. These alkylated CNTs can be well dispersed in many organic media and can
be dealkylated entirely when heated at 500 °C under inert conditions, thus pristine
CNTs can be recovered. Various diols [120] and diamines [121] were also found to
replace F atoms of fluorinated CNTs. This F substitution of CNTs can be confirmed
from IR spectroscopy if there is absence of the C-F bond stretching at 1225 cm™!.
These functionalized CNTs, like aminoalkylated CNTs can be modified more. Thus
amino groups can be converted to more important functional groups, [122] which can
exhibit binding efficacy towards various biomolecules for biomedical applications.

Furthermore, chlorination or bromination of CNTs was achieved by electrochem-
ical reactions but the resultant products comprise noteworthy extents of ~-COOH or
—OH groups.

6.1.3 Cycloadditions Reactions

In Fig. 5 we have discussed the cycloaddition reactions of CNTs. Both
carbenes as well as nitrenes smoothly react with CNTs to produce cycloaddi-
tion adducts. Dichlorocarbene produced in-situ consuming a CHCI3/NaOH or a
phenyl(bromodichloromethyl) mercury substrate was first used by Haddon research
group [123]. The attachment of CCl, unit on the surface of CNTs was established
using XPS, IR spectra, and other chemical analyses. The -COOH groups added on
the CNTs can again be modified for other purposes. A latest report of Bingel cyclo-
propanation was for the modification of extremely short nanotubes (20-80 nm sizes)
with malonic acid bis-(3-tert-butoxycarbonylaminopropyl) ester in CBrs/DBU to
yield products of small dimensions. The covalent linkage and fitted packaging of the
products arms around CNTs were established by through thermogravimetry (TGA)
and solid-state NMR spectra.

Alkoxycarbonylnitrene was synthesized via thermal dissociation of organic
azide. The resulting nitrene was attached to the lateral walls of CNTs, leading to
alkoxycarbonylaziridino- CNT [124, 125]. Various different functionalities have
been added onto CNTs using various azides [126, 127]. The added functionali-
ties can be utilized in chelating metal ions, molecular recognition, cross-linking,
and so on. Functionalized CNTs are solvable in dimethyl sulfoxide (DMSO) or 1,
2-dichlorobenzene and can be studied by NMR, UV-vis, XPS, and IR analyses
[128, 129].

In an altered method, azomethine ylides (can be produced thermally in-situ by
condensation reaction of an aldehyde and an a-amino acid) were effectively attached
to the surface of the CNT through 1,3-dipolar cycloaddition generating pyrrolidine
rings fused with each other [130, 131]. This approach is unique for formulating an
extensive variety of modified CNTs. This design of chemistry has been applied in
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Fig. 5 Functionalization of CNTs using various cycloaddition reactions. (Reproduced from [105])

energy sectors, solar energy harvesting, medicinal chemistry, and sensing of specific
chemicals [132, 133].

There is an another report by Alvaro et al. where a different approach was opted
for the modification of CNT using microwave assisted 1, 3-dipolar cycloaddition
of nitrile imines [134]. Thus functionalized CNTs were thoroughly investigated
using various spectroscopic techniques like FT-IR UV—-vis-NIR, NMR, and so on.
Theoretical studies also support that 1, 3-dipolar cycloadditions are very effective
to functionalize the lateral walls of CNTs [135]. Besides various other kinds of
cycloadditions have been so far explored to functionalize the CNTs. Using microwave
and Diels—Alder cycloaddition reactions the lateral walls of SWNTSs can be modi-
fied. In this process o-quinodimethane is used [136]. This reaction intermediates
are stable by aromaticity and gives the more stable products as suggested from
the theoretical calculations [137]. Swager group recently reported a cycloaddition
method group using zwitterions [138]. Initially the nucleophile of the reaction (4-
dimethylaminopyridine) attack dimethyl acetylenedicarboxylate which acts as an
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electrophile. Finally the nucleophilic moiety attached is substituted with other nucle-
ophile including alcohols leading to the generation of the anticipated functional
groups.

6.1.4 Free Radical Addition Reactions to CNTs

The lateral walls of the CNTs are highly reactive towards the radical reactions as
proved from the molecular modelling studies [139]. There are also experimental
evidence of this type of modification reactions. One example is that using radical
reaction of diazonium salts (Fig. 5) the lateral walls of CNTs have been functional-
ized. However, in case of aryl substituted diazonium salts electrochemical reduction
process is required. These salts produce an aryl radical in the reaction media and that
radical can be added covalently to the CNTs [140]. The electrons are transferred from
CNTs to aryl diazonium salts to form the radicals and this helped the modification
process. Another report was there where diazonium salts which are soluble in water
have been employed to specifically functionalize the metallic CNTs [141, 142]. Thus
modified CNTs can be dispersed well in aqueous media as well as in DMF. In-situ
modification of CNTs using electro chemical methods was exhibited by addition of
substituted phenyl groups [143]. So far there are reports on two types of coupling
reactions. One is reductive coupling where aryl diazonium salts are required, and the
other is namely oxidative coupling where the aromatic amines are used. Radicals are
generated on the CNT surface, and they attack the carbon structure and develop the
covalent linkages. In the previous situation, the reaction formed a C—C linkage at the
surface. However in the latter case, the direct attachment of amines to the CNTs is
observed.

Reductive alkylation reaction of SWNTs using Li in liq. NH3 and then addition
of either alkyl or aryl sulphides/ iodides is too anticipated for a radical reaction [144,
145]. The reductive intercalation of Li* on the surface of CNTs in the presence of
NHj3; or in some other polar aprotic media has been detected using AFM and TEM
analyses. The negative charge present on the CNTs was initiated to the exchange
of electrons with aryl/alkyliodides having long chains, leading to the generation
of a transitory aryl/alkyl radical. An alike reaction pattern was described for the
modification of CNTs through single electron reduction of benzophenone using K
metal [146]. There is a generation of radical anion in the presence of K metal, and
this leads to the transfer of an electron from the K to the benzophenone. Thus in-situ
generated radical anion is easily attached to the lateral walls of the CNTs to produce
diphenylcarbinol-modified SWNTs [146].

Photochemical and thermal approaches are also explored for the effective covalent
modification of CNTs using free radicals. Aryl and Alkyl peroxides were dissociated
by heating, and the generated free radicals were attached to the graphitic units [147].
For example the reaction of CNTs with glutaric or succinic acid in the presence
of acyl peroxides generated carboxyalkyl free radicals which are added success-
fully onto the lateral walls. These acid-modified CNTs can then be transformed into
various kinds of important substrates. Attachments of perfluoroalkyl free radicals on
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CNTs were achieved by photoinitiated processes [148]. Under irradiation of light
with a proper wavelength an alkyl iodide dissociated homolytically to yield the free
radical. Besides, a silylation approach was established by the Wong and the research
group for the attachment of silanes to the SWCNTSs. Such as hexaphenyldisilane and
trimethoxysilane can be added to SWCNTSs using the irradiation of UV light. This
process is also known as a photo-initiated free radical reaction approach [149].

6.1.5 Modification Through the Grafting of Polymers

The presence of non-covalent interactions between the CNTs and polymers has
been widely explored using various groups. Several findings about the non-covalent
polymer-CNT composites have significantly progressive field of research [150, 151].
In contrast, the covalent interactions of polymers with CNTs are similarly significant
as the long polymeric chains support to solubilization the CNTs into an extensive
range of media even when there is a very little amount of modification. Two primary
approaches have been so far opted for the formation of covalent linkages of polymeric
chains to the superficial graphitic structures of CNTs, which are known as “grafting
from” and “grafting to” approaches (Fig. 4).

The “grafting from” approach is centred on the immobilization of the polymer
precursors onto the main backbone of CNTs and afterwards the polymerization
reactions and elongation of polymer chains in the presence of the monomers. In
this approach, the macromolecules produce at the outwards of CNTs [152, 153].
For example, Qin et al. described polystyrenesulfonate grafting on the surface
of CNTs through in-situ free radical polymerization [154]. An analogous design
was used by Viswanathan et al. Using in-situ anionic polymerization they have
incorporated the polystyrene chains to the raw CNTs [155]. The pristine CNTs
were treated with secondary-butyllithium, to introduce carbanion moieties on the
surface and origins the exfoliation of the bundles. Afterwards, once monomers are
supplied, the CNT-carbanions starts the polymerization leading covalent grafting of
the polystyrene.

The “grafting to” approach depend on the synthesis of a macromolecule having
reactive functionalities and succeeding formation of covalent linkage between the
synthesized polymer chain and the surface of CNTs using coupling reactions. For
instance, in monochlorobenzene solvent, poly(methyl methacrylate) (pMMa) react
with CNTs using ultrasonication method [156]. In another example, Wu et al. used
poly(vinylcarbozole) or poly(butadiene) and treated them using NaOH or Bu-Li
to produce the macromolecular anions and afterwards grafted them with CNTs
[157]. Otherwise, CNTs can be functionalized with n-Bu-Li and consequently can be
attached with halogenated polymers which was suggested by the Blau group [158].
Besides, various other reactions including radical coupling [159] or cycloaddition
[160] can be utilized to graft the chains of some macromolecules on the surface of
to CNTs.

The polymeric chains can be grafted on CNTs using another polymerization tech-
nique known as atomic transfer radical polymerization (ATRP) [108]. ATRP involves

Z
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the usage of initiators which are restrained covalently on the backbone of CNTs. In
this case the backbone of CNTs acts as a grafting agent. Adronov et al. used an
initiator which were very effective towards the polymerization of MMa and t-Bu-
acrylate. Nevertheless, these kinds of polymerization reactions were not controlled
and produce macromolecules with high molecular weight. Thus, the authors recom-
mended that, if the polymerization time increased, there is an increment in mass. As a
result there is an increment in the number of nanotube-immobilized macro-initiators
which cause the rapid and uncontrolled elongation of the polymer chains [108].

The synthesis of various nanocomposites including in-situ Ziegler—Natta cata-
lyst assisted polymerization of ethylene [161] or formation of nanotube-polyaniline
composites [162] on CNTs was also explored. Though, the proper mechanism for
the formation and the interactions present in the nanotube-polymer composites is
still to be invented.

6.1.6 Modification Using Electrophilic Additions

Among the various process of the modification of CNTs the electrophilic addition
is a well-established one. In this regard the electrophilic addition of chloroform to
SWCNTs was explored by Prato et al. This addition was carried out in presence
of a Lewis acid afterward a hydrolysis leading to the addition of -OH units to the
exterior of CNTs [163]. Additional esterification using propionyl chloride developed
corresponding esters. This ester functinalized SWCNTSs demonstrates a greater water
solubility and thus characterization of their structure become easy. Further multipur-
pose electronic addition to CNTs was accomplished by Balaban et al. Friedel-Crafts
reaction condition was applied to produce polyacylate nanotubes [164]. This modi-
fication restricts CNTs to become soluble in typical organic media. The overview of
this approach permits the effective penetration not only of standard acyl chains but
also of perfluorinated acyl remainders (Fig. 4).

6.1.7 Modification Through Nucleophilic Additions

Nucleophilic substitution reactions to modify CNTs have been reported first by
Hirsch and co-workers. Thus they have attached carbenes to the CNTs [124]. In
many cases the zwitterionic products were obtained instead of the cyclopropane
moieties (Fig. 4). The functionalized CNTs have good solubility in DMSO and can
be investigated using mass spectroscopy. Basiuk et al. explored nucleophilic addition
of octadecylamine to CNTs [105]. A direct amination method was adopted in this
case. This amination was taken place in the five member rings of the graphitic struc-
tures, whereas the six membered aromatic rings are inert towards the addition. The
lateral walls of the CNTs must possess several five membered rings as defects so that
they can be functionalized using octadecylamine to a comparatively higher amount.
Another example of a nucleophilic addition [165]. They have treated primeval CNTs
with secondary-Butyl Li and afterwards with CO, [166]. In this case the pristine
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CNTs were observed to be functionalized with both carboxylic and alkyl groups.
The resultant carboxylic and alkyl functionalized CNTs can be separately dispersed
in aqueous media opting a conc. of 0.5 mg/mL.

6.1.8 Ozonolysis: A Simple Approach

SWNTs in presence of CH3OH undergoes ozonolysis at bother at room tempera-
ture [167] and at elevated temperature like 78 °C [165] then a precised modifica-
tion can also be carried out. The action of various reactants like NaBH,4, H,O,,
and DMS on SWNT-ozonides produce a large amount of various functional groups
(-COOH, —COOR, —CHO, > CO, and —OH) on the surface of CNTs (Fig. 4). These
reactive functionalities can further be modified to develop CNTs with anticipated
functionalization. In this regards Banerjee et al. reported that the reactivity of lateral
wall of CNTs towards ozonation depends on the diameter of CNTs [168]. CNTs with
comparatively smaller diameter have high energy of strain per carbon atom because of
high curvature and larger rehybridization energy. Therefore they demonstrate greater
affinity towards the ozonolysis in solution-phase.

6.2 Chemical Modification Strategies of Graphene

The preparation of graphene is carried out in various processes like chemically, ther-
mally, or photochemically by the reduction of graphene oxide. However, dispersion
of graphene oxide without stabilizer are not possible, it can easily precipitate out
as graphite particles because it has inherent rapid and irreversible aggregation prop-
erty. Therefore, need to covalent or non-covalent functionalization through surface
modification of graphene oxide sheet by reduction process [169]. In this process,
organic solvent dispersible functionalized graphene sheets can be produced by the
reduction of alkylamine-modified graphene oxide. Also, in this process carboxylic or
sulfonate groups inducing GO produce water dispersion of functionalized graphene
sheets [169]. However, in this dispersible graphene oxide has been also synthe-
sized directly from natural graphite. Also, it has been synthesized electrochemically
by modification of ionic liquid [170, 171]. Several different techniques have also
been said for the guidance of strong dispersion of non-functionalized graphene with
excessive yields [172].

6.2.1 Modification of Graphene Using Covalent Functionalizations

In this section, we focus completely on the covalent functionalization of the graphene
structure. The modification of the graphene framework can only occur at the end of
the sheet or the surface of the sheet. After functionalization of surface structure, the
hybridization of one or more sp> carbon atoms can change into sp®> hybridization
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[173]. The modification or functionalization of grapheme framework can be accom-
plished by four different methods: nucleophilic substitution, electrophilic addition,
and condensation (Fig. 6).

Fig. 6 An easy pathway for the synthesis procedure of graphene sheets from graphite: a Oxidation
process of normal graphite flake to form graphite oxide (GO), b an aqueous dispersed solution of
GO is reacted with alkylamine to produce amine-functionalized GO (RNH-GO); ¢ RNH-GO is
subsequently reduced utilizing hydrazine to synthesize amine-functionalized graphene (RNH-G).
(Reproduced from [180])
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6.2.2 Nucleophilic Substitution Reactions

For the nucleophilic substitution reaction, here epoxide group of the graphene oxide
(GO) is the main reactive site. Basically, lone pair of amine groups can attack the
epoxide group of the GO. The main advantage of the nucleophilic substitution reac-
tion occurs at room temperature and in a water medium. Therefore, itis a good method
for the preparation of large-scale surface modification of graphene. Accordingly,
the preparation of functionalized graphene by use of various aliphatic or aromatic
compounds like amino acids, ionic liquids, aromatic amines, small molecular weight
polymers, etc., [174-177].

Bourlinos et al. reported surface-modified graphite oxide by the use of primary
amine, C,Hy, + NH, (n=2,4, 8,12, 18) [178]. He has completed the grafting process
at room temperature with C,Hy, + NH, (n = 2, 4, 8, 12,) for small-chain primary
amines and (n = 18) for long-chain amines with the heated of the reaction mixture
for 24 h. After that XRD analysis exhibits interlayer distance of the amine-modified
GO derivatives depending on the chain lengths of amine. Also, he represents the
tilted orientation of GO which is due to the hydrophilic nature of the graphite oxide
[179]. However, the reaction occurs in an alkaline medium of amino acid the single
bond NH; end group is simply attached to the epoxide group of GO. From XRD
evaluation indicates that the amino acid molecules adopt a flat alignment within the
interlayer sector of GO. Another, Kuila et al. and Wang et al. have also reported the
synthesis of organophilic graphene by use of dodecyl amine (DA) and octadecyal
amine (ODA) [174]. Figure 6 is a schematic representation of the synthesis of alkyl
amine-modified graphene.

6.2.3 Electrophilic Substitution Reaction

In order to electrophilic substitution reactions of graphene with the dissociation of
H-atom occurs by an electrophile. For example, the surface modification of graphene
by the grafting of aryl diazonium salt with the help of an electrophilic substitution
reaction. Moreover, graphene surface can be grafted by the diazonium salt of para-
nitro aniline [181]. Lomeda et al. and Zhu et al. reported organosoluble graphene,
which can be prepared by the surface modification of graphene with aryl diazonium
salt by electrophilic substitution [182, 183] Fig. 7 is a schematic representation of the
functionalization of graphene by diazonium salt. In presence of hydrazine monohy-
drate the sodium dodecyl benzene sulfonate (SDBS) surfactant can be wrapped on the
surface of GO by the reduction process at 80 °C for 24 h ata pH ~10. The formation of
functionalized graphene is dispersible in DMF solvent with high extent. Another Sun
et al. reported the edge-selective graphene functionalization with the help of diazo-
nium salt of 4-bromo-aniline. For this modification it is more dispersible than virgin
graphene. Microscopy data show that over 70% of the chemically modified graphene
flakes are less than 5 layers thick [184]. Also Si and Samulski et al. reported various
simplistic synthetic method for sulfonated graphene. These sulfonated graphene was
showed electrical conductivity around 1250 S m™!. From this, we can conclude that
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Fig. 7 Reduction modification of transitional SDBS-enfolded CCG with diazonium salts, starting
with SDBS-enfolded GO. (Reproduced from [182])

the sulfonated graphene show higher electrical conductivity than other functionalized
graphenes [185].

In recent times, Avinash et al. have established Friedel-Crafts acylation of GO by
Ferrocene. The preparation of covalently-bonded ferrocene-GO hybrid materials by
the reaction of solid phase alumina and trifluoroacetic anhydride at room temperature
[186]. Another, Pham et al. reported solvothermal process, this is the new idea for the
preparation of functionalization of graphene by using graphene oxide (GO) and N-
Methyl-2-Pyrrolidone (NMP) as starting materials [187]. During this process NMP
can produce free radical, which can assist the functionalization of graphene by aryl
diazonium salts. With increase in reaction time it was found that the conjugation of C
= C in graphene increases. That’s why the dispersible property increases with DMF,
NMP, polycarbonate (PC), THF, and ethanol solvent. Also, electrical conductivity
value increases which was found to be ~21,600 S m~! at room temperature [188].

6.2.4 Condensation Reactions

In order to condensation reaction, two molecules combine together to form a single
molecule with a decrease of entropy. In these case for graphene, condensation reaction
takes place with isocyanates, diisocyanates, and amine compounds to form amide and
carbamate ester bonds. Stankovich et al. reported various types of isocyanate series
compounds for the surface functionalization of graphene oxide [ 189]. Figure 8 depicts
the formation of isocyanate-modified graphene oxide. This reaction takes place when
solid isocyanate and graphene oxide dissolve in DMF under an inert atmosphere.
After completion of the reaction, the isocyanide-modified GO dispersed in DMF and
it is suitable for polymer nanocomposites preparation [190].

Parallelly like isocyanate, diisocyanate is also more important for the function-
alization and crosslinking of graphene oxide [191]. The surface modification of
graphene oxide by organic diisocyanate through the grafting process can be achieved
by activation of the carboxylic acid group of graphene oxide using thionyl chloride.

Z
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Fig. 8 Anticipated reactions during the action of on isocyanate GO, in which organic isocyanates
react with the —OH (left oval) and —COOH (right oval) of GO to form carbamate and amide functional
groups, correspondingly. (Reproduced from [189])

Upon functionalization the formation of amide bond between amine (-NH;) func-
tional group of diisocyante and carbonyl chloride (—COCI) functional groups of
activated graphene oxide. The formation of product G-CO NH(CH,),7CH3 is highly
dispersible in THF and also soluble in CCly; and DCM [192]. Also, Worsley et al.
suggested that the functionalized graphene can be produced by the reaction between
tetramethylethylenediamine (TMEDA) and graphite fluoride in hexane medium at
0°C [193]. After that, the reaction was continued for 3 days and then it was quenched
with isopropanol and ethanol. The subsequent can be well dispersed in halogenated
solvents like dichlorobenzene, DCM, and THF.

6.2.5 Noncovalent Functionalization

In this noncovalent functionalization is mainly induced by various physical inter-
actions such as van der Waals force, hydrophobic interaction as well as electro-
static forces and also physical adsorption. So this functionalization is accomplished
by polymer wrapping, adsorption of surfactants or small aromatic molecules, and
interaction with porphyrins or biomolecules such as deoxyribonucleic acid (DNA)
and peptides. Basically, this technique is most useful for the preparation of surface
functionalized carbon-based nano-materials [194, 195]. Previously this technique
has been used mostly in the surface functionalized of the sp? framework of carbon
nanotubes. In the current research appearances that the same skill can be applied on
the graphene using various type of organic modifiers [196-201].
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Firstly, Stankovich et al. proposed poly(sodium 4-styrene sulfonate) (PSS) for
the preparation of graphitic nanoplatelets by noncovalent functionalization way
[202]. In presence of poly(sodium 4-styrenesulfonate) the formation of noncovalent-
functionalized graphitic nanoplatelets can be highly dispersed in a water medium.
Moreover, the stable dispersion formed by the use of surface modifier sulfonated
polyaniline (SPANI). Due to its well electrical and electrochemical property it can be
shown acceptable electrical conductivity (30 S m~!) and exceptional electrochemical
properties [203].

7 Conclusion and Future Out-Scope

Biomass has been recognised as a substitute, easy available, cheap, and renewable
source of carbon for the production of various CNMs. It is informed that the gener-
ated CNMs and their specific features differ depending upon the types of biomass
used. This indicates that the nature of the biomass and its analogous amorphous
carbon plays an important role. Therefore, proper choice of an appropriate biomass
and modification the properties of the analogous amorphous carbons to generate
more suitable amorphous carbon starting materials for the successful generation of
CNMs is a main fact. This chapter has summarized about the current advances in
synthesis CNMs from biomass. In the starting part we have studied the recent liter-
atures available and categorised the CNMs. In the second part we have discussed
about the synthesis procedures of various CNMs from biomass including graphene,
CNT, CNF, and so on. Furthermore, we have also tried to accumulate various surface
functionalization procedures of CNTs and graphene. In view of the effectiveness
of surface-functionalized CNMs, more research should be carried out to develop
various easy and favourable approaches for reproducible, well-regulated, and large-
scale modification of CNMs for various applications. The polymeric surface func-
tionalizations may alter the stability, non-toxicity, and tissue reformative features
of CNMs where the shape, charge, building units, size, structure, and contact angle
with various solvents of the CNMs have a great influence. Using the surface modi-
fication of CNMs using some important biomaterials through non-covalent or cova-
lent interactions the field of nanomedicine enriched. To extend the possibility of
bio-applications of the CNMs, furthermore investigation is needed on the surface
functionalizations and its effects in various biological and biomedical applications.
The serious issue restricting the investigation of nanomedicine is the uncertainty in
the real interactions between CNMs and the biological moieties. A clear knowledge
on the actions of the nanomaterial, interactions with the biological entities, and clear
mechanism of interactions could simplify the use of them in future.
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Abstract As sustainability practices and Green Chemistry’s principles gathered
attention, the use of renewable sources became an urgent topic to be addressed by
the scientific community. In that way, biomass has become pivotal in a more sustain-
able future, especially for energy applications. Compared to the conventional carbon
nanostructures obtained from non-renewable sources, biomass has a great potential
for their replacement and to furnish similar materials for carbon-based supercapaci-
tors. However, to accomplish that biomass has to overcome a large variety of draw-
backs as suitable methods for increased porosity (hierarchical pore sizes and high
surface areas), reduced tortuosity, reduction of the number of some oxygenated func-
tional groups (avoiding secondary reactions that induce charge loss), and increased
wettability. The structure of carbon-based materials can directly influence their elec-
trical properties and thus affect their resistivity/conductivity, which is related to
the activation or preparation procedure employed to produce them from biomass.
Despite the efforts made on lignocellulosic-based supercapacitors, structural unifor-
mity continues to be a fundamental challenge for the field. Even the slightest change
in any treatment parameter causes critical differences in the final physicochemical
supercapacitor. In addition, it should also be mentioned that biomass source implies
the transformation of the electrochemical activities, needing to establish a comparison
between them. Also, biomass cultivation and the circular economy might represent
a vital bottleneck to be overcome. Despite these issues mentioned above, it is worth
noting that biomass efforts for replacing non-renewable sources of carbon-based
supercapacitors are essential to devote great attention to overcoming them to achieve
a more sustainable future for energy purposes.
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1 Introduction

From the second industrial revolution until today, the world has become highly depen-
dent on oil, both for energy production (fossil fuels) and petrochemicals (reagents,
solvents, and polymers) [1]. However, the high consumption of oil and its derivatives
is very worrying since it is one of the main responsible factors for climate change. In
this context, the interest in biomass, as a renewable raw material, to partially replace
oil and its derivatives has been growing over the years [2-8]. Biomass is an alter-
native and promising renewable raw material source for manufacturing biofuels and
essential building blocks. Lignocellulosic biomass is generally composed of 35-50%
cellulose (C6 sugars); 20-35% hemicellulose (C5 and C6 sugars); 10-25% lignin
(phenyl, guaiacyl, and syringyl groups); and a small amount of ashes (metal oxides),
extractives (essential oils and waxes), and water/moisture [6, 9-12].

The lignocellulosic biomass bioavailable on Earth is in the form of agricultural,
industrial, and forestry residues. In 2017, the total amount of bioavailable biomass
on the planet reached 550 gigatons of carbon in dry weight, of which about 80%
came from plants [13—18]. Its excellent bioavailability has aroused great interest in
science and technology, intending to use it as a raw material to produce bio-oils,
biofuels, lignin, biochars, and syngas (CO and Hy) [2, 19-22].

As sustainability practices and Green Chemistry’s principles gathered attention
[23, 24], the use of renewable sources became an urgent topic addressed by the
scientific community. This urge relied on energy field-related materials, especially
for constructing power storage devices such as supercapacitors [25, 26]. In this way,
employing renewable sources for making carbon-based electrodes to perform as
supercapacitors is an encouraging pathway to achieving more sustainable materials
and the future. Carbon-based supercapacitors are propitious materials since carbon
is a very abundant element in nature, presenting several allotropes with different
hybridizations (diamond, graphite, nanotubes, and fullerene), dimensionality (0 to 3D
structures), textural properties, and more organizations. The electrical conductivity
of carbon-based electrodes will depend on several parameters such as microtexture,
hybridization, heteroatom content, thermal treatment, and many others [27-29].

2 Opverview of Carbon-Based Supercapacitor
Requirements

Supercapacitors are energy-storage devices whose mechanisms can be classified into
electrochemical double-layer capacitors (EDLC) and pseudocapacitors. Capacitance
is based on the electrostatic adsorption of electrolyte ions on the surface area of porous
electrically conductive electrodes in the first case. Second, energy is stored through
reversible redox reactions at the electrode/electrolyte interface. These devices operate
by two main mechanisms (namely, charge separation in the electrical double layer),
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and many tasks are located in high surface area electrodes. The utilization of carbon-
based materials (CBMs) for that purpose is particularly interesting since they can be
easily modulated to achieve the desired physical-chemical properties. These proper-
ties are closely related to how the charges from an electrolyte solution will cross these
carbonaceous materials and how ions will move through the electrode’s surfaces [26].
It is worth mentioning that beyond textural properties, carbon-based electrodes also
should present (i) high conductivity, (ii) corrosion resistance, (iii) thermal stability,
(iv) controlled pore structure, (v) compatibility in composites, and (vi) low cost [26].

CBMs are widely applied due to their physicochemical properties, good electrical
conductivity, adjustable porosity, ease of processability, and variety of shapes [30].
Biomass-derived carbon materials are used as electrodes in supercapacitors, and
their performance might be improved compared to non-biomass materials. The most
common synthesis method for this type of material is direct pyrolysis or carbonization
of the biomass, but it offers limited control over the physicochemical properties of
CBMs [30-32].

The structure of carbon materials can directly influence their electrical proper-
ties, impacting mainly their resistivity/conductivity, which is related to the activation
or preparation procedure employed to produce them. In that sense, the material’s
conductivity depends on the temperature used for converting carbon-rich precursors.
This conversion might form a large amount of conjugated carbon in sp? hybridiza-
tion, which plays a vital role in the electrochemical properties (as more efficient
charge carriers). Therefore, highly disordered materials do not possess good conduc-
tivity and thus require a high graphitization degree, which is highly dependent on
the thermal treatment temperature [26]. In addition to this intrinsic resistivity, the
electrical resistance of carbon particles should be considered. The particle contact
resistance plays an essential role in the aggregated carbon powders. This resistance
depends on carbon particle morphology and overall pressure applied to the final
material in the supercapacitor, which is higher in smaller carbon particles [26].

Another essential requirement for an excellent carbon-based supercapacitor is the
presence of surface oxygen groups. High oxygen content in these materials increases
the barrier for electron transfer among the microcrystalline elements. However, the
company of these groups is still under debate in the specialized literature, and there
needs to be a consensus on their ultimately detrimental character to the functioning
of a supercapacitor [26]. The treatment of carbon precursors in an oxygen-rich atmo-
sphere is an issue to be addressed since it yields a material with a high amount of
this heteroatom and a supercapacitor with high electrical resistivity. These surface
groups are pivotal in the whole behavior of the carbon material [26]. They might
influence the wettability, ion adsorption, self-discharge, point of zero charge, and
electrical contact resistance.

Moreover, these materials also present other heteroatoms such as hydrogen,
nitrogen, sulfur, and halogens derived from the starting materials used to produce
them and incorporated due to the thermal treatments. Still, regarding oxygenated
carbons, the surface oxides can be classified as acid, basic, or neutral, as displayed in
Fig. 1 [26]. Typically, the acidic functionalities are not desired since they lead to high
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rates of self-discharges. On the other hand, basic and neutral oxygenated functional-
ities are required because of the improved wettability, leading to increased specific
capacitance [26]. Carbons with a low functionality on their surface can lead to a
broader potential window, and higher energy density since functional groups might
react with the electrolytes, solvent molecules, and additives. Moreover, oxygenated
groups also might react with themselves, promoting their oxidation or reduction,
leading to current leakage and low stability [28]. From this perspective, controlling
the presence of functional groups is considered a factor of higher relevance when
compared to other essential features, such as textural properties, since these groups
will determine the supercapacitor performance [28].

In this context, the following reactions (1)—(3) are typically found in oxygenated
surface groups in carbon-based electrodes [27]:

—C—OH = —C=0+H"+e" (1)
—COOH = —COO+H" +e” )
—C=0+e¢ = —C-0" 3)

As mentioned before, the surface characteristics of the electrode material are
of pivotal importance to the supercapacitor performance [33, 34]. In that matter,
heteroatom doping with elements such as N, O, B, S, and P has been drawing
attention since they can enhance the material’s capacitance because of the pseu-
docapacitance effect related to Faradaic redox reactions [13, 33—35]. The presence
of heteroatoms that acts as electron donors or electron acceptors provides chemical
polarity to surrounding carbons, improving ion adsorption increasing the number of
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active sites, and decreasing hydrophobicity, thus impacting the penetration of guest
species on the inner pores of the structure [13, 34].

Usually, doping can be performed using heteroatom-rich biomass as feedstock,
post-treatment of the material, or during the carbonization step. The oxygen doping
can be performed during chemical activation with alkaline treatment with NaOH
and KOH, while phosphorous doping occurs in the acid treatment with H;PO,4 [13,
33, 34]. Nitrogen atoms can be inserted into the structure through simple pyrolysis
with precursors containing N or by adding a nitrogen source, such as NH3; or HCN.
Three nitrogen-containing functionalities can be formed in a carbon matrix: pyridinic
nitrogen, pyrrolic nitrogen, and quaternary nitrogen. The first two present a pseu-
docapacitance role, while the last improves the charge transfer through the carbon
electrode [13, 33].

Considering the porosity of a carbon-based supercapacitor, when the electrode
pores are smaller than electrolyte ions, it is known that the electrode cannot provide
charge storage. Therefore, a material’s pore size must be appropriate for a selected
electrolyte [29]. The size and distribution of pores on carbonaceous electrode mate-
rials are critical for electrolyte adsorption at the electrode—electrolyte interface. The
most desired property in a carbon-based material applied as an electrode is high
porosity and specific surface area. It is suggested that larger specific surface areas
lead to higher capacities; however, this correlation reaches a limit determined by
the porosity of the carbon-based electrodes [29]. The pore size exerts a critical role
in the carbon-based supercapacitors, and the carbonaceous precursor can directly
affect the size of these porous materials. In the electrochemical charge/discharge
process, the macropore, mesopore, and micropore structures play different roles.
Although some micropores are inaccessible to adsorb ions, it still affects the charge
status by controlling ion diffusion and molecular sieve effects and then changing the
capacitance. Macropores serve as ion-buffering reservoirs for meso- and micropores;
mesopores provide abundant transport channels for ions’ diffusion [34]. Micropores,
particularly 0.7 nm in aqueous electrolytes and 0.8 nm in organic electrolytes, are
the most efficient diameters for ion accumulation, resulting in higher capacitances.
On the other hand, micropores centered at 1.3 nm are the most required for providing
the highest number of active sites for ion adsorption [34].

Typically, the high specific surface area of carbons is assigned to the majority of
micropores in their structure. Micropores can be both beneficial and deleterious to the
final electrochemical behavior of carbons. This type of porosity can directly affect
the capacitance by variations in the discharge current due to the possible restric-
tions in the electrolyte’s diffusion, particularly organic electrolytes [26]. Micropores
often fall in the double-layer dimensions, and the electrolyte ions’ limitation to form
this double layer will not significantly contribute to the overall capacitance. In addi-
tion, since narrow micropores limit the ions’ diffusion, they also will retard their
movement in charging/discharging and thus poorly cooperate for the charge-storage
capacity [26]. Of course, which electrolyte is used and its hydrodynamic size should
be considered for these considerations. On the other hand, micropores can selectively
impose specific adsorption processes, thus acting as a molecular sieve and possessing
a greater adsorbent—adsorbate affinity [26].
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Larger pores, such as mesopores, allow improved accessibility because they
provide a more comprehensive transport of electrolytes, especially those of bulkier
molecules. In contrast, macropores do not contribute remarkably and are more critical
in allowing the access of electrolytes to narrower pores [26]. Mesopores provide low-
resistance channels for fast ion transport to the inner space of electrodes, resulting
in higher rate capacity and power density. At the same time, macropores may reduce
the ion diffusion distance by acting as ion-buffering reservoirs. Multiscale pores
(hierarchical structure or pores) inside carbons are favorable for achieving supe-
rior electrochemical performance. Hierarchical carbons with micro-/mesopores can
accommodate large ions, whereas meso-/macropores have many channels for ion
transport and mass diffusion, resulting in high capacitances and rate performances
[34]. In summary, pore size is vital for improving supercapacitors’ efficiency. Carbon-
based materials from natural sources, such as biomass, often present all porosity types
but commonly display a higher degree of microporosity [26].

However, porosity is still a matter of debate in the scientific community [27, 28,
34, 36]. For example, it is possible to find studies regarding micropores as vital for
high energy storage for the same reasons mentioned as drawbacks before, such as
controlled diffusion effects. Still, the presence of hierarchical pores is often required,
especially the carbons with interconnected hierarchical porosity, which promote the
electrochemical pathways.

The wettability of the carbon surface, which is governed by the type of surface
functionality, is another factor that influences the capacitance values (using organic or
aqueous electrolytes), as shown in Fig. 2. The capacitance of porous carbon materials
should be measured after the electrodes have been entirely soaked [29]. Suppose the
electrolyte has a low wettability on the electrode surface. In that case, it becomes
difficult for the electrolyte solution to penetrate the pores, thus resulting in a low
utilization rate of its surface area. Since the energy density of supercapacitors is
related to the surface area, a low utilization rate results in a low energy density [37].

Fig. 2 Role of wettability in the carbon-based electrode area [37] (Copyright © 2019 Institute of
Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf
of KeAi Communications Co., Ltd.)
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Another essential requirement of a carbon-based supercapacitor is the tortuosity
factor. The tortuosity is a variable linked to the solid carbon structure that describes
the difference between theoretical and measured (or practical) diffusion in a single
dimensionless parameter, including all deviations from straight diffusion routes.
Thus, this parameter reflects the random porosity in the carbon-based supercapac-
itor, which will negatively affect the electrolyte diffusion and energy density [38,
39]. Ordered porous carbons are desired to decrease the tortuosity through a rapid
diffusion of the electrolytes into their structure to avoid this issue.

3 A Brief Review of the Strategies to Improve
Carbon-Based Material Properties for Supercapacitors

Although CBMs have been highlighted in the energy field due to their desired proper-
ties, their characteristics, when derived from biomass, might need to be more satisfac-
tory compared to metal oxides and other materials. In this sense, it became necessary
to develop strategies to enhance some electrochemical and electrical properties of
these CBMs, especially for building supercapacitors with higher power density [34].
As mentioned in the previous section, some critical characteristics are the focus of
these procedures, like specific area, electrical conductivity, safety, low cost, and the
pore structure [34]. Fortunately, CBMs have been studied for several applications,
making possible a rapid development of procedures to tune their properties. These
strategies may include doping, chemical, physical activation, functionalization with
various functional groups, distinct structural shapes, and large pore distribution.
Here, we will briefly explore some of these strategies, their fundamental limitations,
and their impact on these materials’ properties [34, 40]. Table 1 compares carbons
prepared from different sources and their main properties [13].

CBMs derived from biomass are rich in functional groups and produced more
sustainably than fossil fuel-based activated carbons and carbon black. In addition,
they provide several advantages: (1) itis a by-product of the biomass industry; (2) it is

Table 1 CBMs preparation from different sources and their features and preparation methods

Biochar Activated carbons Carbon black
Source Biomass Asphalt, coal, biomass, | Oil, asphalt and
etc. coal tar, etc.
Carbon amount (%) | 40-90 80-95 >95

Features

Enriched surface
functional groups,
amorphous, and porous

Porous and amorphous

Carbon particles,
microcrystal, or
amorphous

Preparation

Pyrolysis (400-600 °C)
followed by activation
(physical or chemical)

Carbonization
(700-1000 °C)
followed by activation
(physical or chemical)

Combustion in the
presence of air
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cost-effective and environmentally friendly since it uses thermal conversions to make
bio-oil; (3) it is plentiful; (4) it is chemically and physically stable; (5) it has a variety
of surface functional groups (e.g., different types of polymers) that contain oxygen
or nitrogen, which can be tweaked by changing the feedstock or the thermochemical
conditions; (5) because it is permeable or hierarchically structured by nature, it can
enhance electrolyte accessibility to electrodes and reduce ion transport time [26, 41].

Thermochemical decomposition processes must be performed to convert feed-
stock biomass into carbon energy-storage materials. Two thermal methods are widely
used to obtain such products: hydrothermal carbonization (HTC) and pyrolysis
[13]. Although pyrolysis conditions might be optimized for biochar production, the
material formed presents low conductivity, low specific surface area, and inferior
pore characteristics [13, 35, 42]. HTC is a thermochemical transformation tech-
nique carried out in sub-critical liquid water media and high autogenous pressure
[13, 34, 35, 43, 44].

Both methods present vantages and disadvantages, but the materials obtained
in both cases still need improvement to be used in energy-storage systems.
Hence, carbonization methods are usually combined with activation methods to
improve characteristics such as specific surface area and porous structure and to
form functional groups. The activation methods are divided into two categories:
physical/thermal activation and chemical activation [13].

Physical activation consists of the controlled gasification of the biochar at high
temperatures in the presence of oxidizing gases [13, 26, 45, 46]. The desired charac-
teristics for the final product can be tuned by changing the activation conditions. It
is possible to control not only the materials’ porosity but also the pore size and the
nature of internal surfaces through alterations in the activation temperature and flow.
The pores and specific surface area are increased due to the elimination of volatile
products [13, 26, 44, 45]. By increasing activation time, micropores and mesopores
are generated, but a high duration will lead to the collapse of the porous structures
[13, 34].

Among the advantages of using physical activation, the elevation in the content of
oxygen-containing functional groups can be mentioned, leading to increased polarity
and hydrophilicity of the material’s surface. On the other hand, this process requires
high temperatures, is highly energy-consuming, and presents poor porosity control
compared to chemical activation [33, 46].

Chemical activation occurs at slightly lower temperatures, which vary from 400
to 900 °C, and acids, strong bases, or salts are added to the precursors acting as
dehydrating and oxidizing agents. Several activating reagents, such as KOH, NaOH,
H3POy, ZnCl,, MgCl,, and K,COs3, can be used in this process [13, 26, 33, 34, 44,
45]. Chemical treatments present several advantages, such as high control in the
development of pores and their sizes, high surface area and porosity, high carbon
yield, and lower temperature and duration of the procedure. In contrast, activating
reagents are corrosive, and washing is required to remove reactants and inorganic
residues, leading to waste generation [13, 26, 35, 46].

When it comes to supercapacitors, one of the most exciting insights is how specific
surface area is related to capacitance, as aforementioned. Several methods to activate
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CBMs aim to enhance the particular area values by modifying the porous structure
using heat or chemicals (KOH, ZnCl,, and many others). Different temperatures
might be selected depending on the carbon source (500-1200 °C). However, the
principle is the same for all procedures: high temperatures can promote the oxidation
of structural carbons, forming gases such as CO,, CO, and other oxides [47, 48].
Removing these carbons as gaseous molecules allows the formation of new pores and
cavities, causing an increase in specific area values. On the other hand, the removal of
these molecules can be performed through chemical reactions with structural carbons
on the surface. One of the most popular methods consists in to submit the CBM to
high temperatures, in the presence of KOH or other bases, to remove carbons, as
shown by the reactions (4)—(7) in the following [49]:

6KOH + 2C — 2 K 4 3H1 + 2K,CO3 G))
6KOH + CO, — H,01 4 2K,CO;3 (5)
2K,CO3; + 2C — K,0 + 2CO% (6)
K,0 4+ CO — 2K + CO?t @)

The parameter selection is also a crucial attention point in these procedures.
The pore structure and the specific area might be different by modifying the reac-
tion time, temperature, atmosphere, and other parameters. Also, various carbon
sources may interfere with these results, especially for biomass sources that contain
different concentrations of other species and dopants. Activated CBMs generally
present specific area values around 1000-3500 m?/g, which leads to a capacitance
of 150-350 F/g in aqueous media [50, 51]. It is also expected that the pore struc-
ture might contribute to these values. Some studies have established the relationship
between pore size distribution with capacitance values and power density, revealing
that monodisperse distributions and narrow pores can tune some of the electrical
properties of these materials. As already mentioned, the pore size might determine
the carbon-based supercapacitor functionality, in which larger pores can be used as
buffers. In comparison, the smaller pores might help the diffusion of the ions and
charge storage [52, 53].

For supercapacitors, the presence of functional groups is also a promising pathway
to optimize the CBMs properties. It is essential to address that functionalization does
not insert atoms in the lattice as a dopant; instead, heteroatom-containing groups are
attached to the material’s surface. Functionalization is an encouraging way to over-
come the hydrophobicity of CBMs, which may reduce their power density in some
electrolytes. Furthermore, these groups give extra pseudocapacitance and resistance,
especially in non-aqueous electrolytes [46].

The shape of the CBMs is also a point of discussion in energy utilization as
supercapacitors. Some studies discuss that it may influence the capacitance value by
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limiting the electrolyte access to the material’s surface. In this way, it is suggested that
plane and aligned carbon nanotube structures present better performances as super-
capacitors, allowing the improvement of charge storage. On the other hand, there are
proper ways to facilitate electrolyte access to the surface, introducing vacancies in
the structure to overcome that issue [33, 54, 55].

In all these cases, the advance in CBM chemistry helps to design materials with
improved properties. This is particularly important for sources like biomass due
to their non-homogeneous structure and composition. As different kinds of biomass
might present other properties and performances, improving these CBM’s final prop-
erties is a promising pathway to be used as supercapacitors. In that way, Table 2 shows
several carbon-based supercapacitors prepared from different types of biomasses and
submitted to specific activation treatments [13, 56].

Table 2 Comparison of textural and electrochemical properties of CBMs prepared from different
biomass sources

Biomass source Activation Surface area (m?/g) | Specific capacitance (F/g)
Coconut shell Steam 1532 228 at 5 mVs~!
Onion husk K>CO;3 2571 188 at 1 Ag™!
Peanut shell ZnCl 1549 340 at 1 Ag™!
Palm kernel shell KOH - 210at 0.5 Ag~!
Watermelon rind KOH 2277 3334at1 Ag™!
Tea leaves KOH 2841 330at 1 Ag™!
Tea waste buds KOH 1610 332at1 Ag™!
Sugarcane bagasse KOH/KNO3 | 1940 298 at1 Ag~!
Withered rose flower KOH 1980 350 at 1 Ag™!
Albizia flowers NaOH 2757.6 406 at 0.5 Ag~!
Jujube fruit KOH 1135 460 at 1 Ag™!
American popular fruit waste | KOH 942 423 at1 Ag™!
Corncob KOH 800 390 at 0.5 Ag~!
plastic waste KOH 2326 169 at 0.2 Ag™!
Rice husk KOH 3145 367 at 5 mVs~!
Soyabean pods NaOH 2612 352.6 at 0.5 Ag-1
Orange peel KOH 2160 460 at 1 Ag™!
Mangosteen peels NaOH 2623 357at1 Ag~!
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4 Main Challenges of Biomass Utilization to Produce
Supercapacitors

As explored previously in this chapter, biomass can generate a variety of materials
for special applications, including energy storage. Since biomass is a renewable and
cheap source, scientists have been developing methods to convert it into desired mate-
rials. Each biomass presents different compositions, producing various compounds
with distinct properties. However, some challenges will be overcome, which will be
further explored in this section [57].

Firstly, for preparing carbon-based supercapacitors, the pyrolysis of the raw
precursors is a classical methodology in this field. This thermal treatment submits
the raw biomass to high temperatures under a controlled atmosphere to produce
biochar. Also, biomass fractions can be depolymerized, primarily to obtain lignin-
based materials, as this fraction has a higher carbon content and high hydrophobicity
[58, 59]. Several biomass sources are suitable for this, including tea leaves, tree
products, bagasse, sawdust, shells, wood, and wastes. However, depending on the
origin of the biomass source, it might be more challenging to control the CBMs’
properties. The selection of a suitable source relies on the desired properties of
CBM for the chosen application. The produced materials might differ in properties
like aromaticity, inorganic compound content, presence of heteroatoms, and others
[58, 59].

Plant biomass draws attention to the search for more sustainable alternatives and
renewable sources. It is produced in large quantities as a by-product in industry,
agriculture and forestry, bioethanol fermentation, pulp and paper manufacturing,
and crop planting. Billions of tons of biomass residues are produced in these sectors
each year. Therefore, when consumed in manufacturing CBMs, these biomasses
cease to be waste and act as a precursor, becoming a possible solution to an urgent
environmental problem [60]. Pyrolysis is one of the most common methods for
synthesizing conventional CBMs like biochars. Despite being a standard method,
there are some challenges, including scalability cost and low-yield manufacturing
[61, 62].

Still, it is challenging to predict essential properties for biochar or lignin-based
materials, such as specific area, porous structure, and composition. Beyond the
biomass selection, the methodology might produce different materials in biochars,
e.g., the influence of the pyrolysis atmosphere and temperature in biochars’ porous
structure. Also, the pyrolysis time and temperature can interfere with the material’s
aromaticity and stability level, and even the concentration of heteroatoms (especially
oxygen) in the structure might be affected [63-65].

In addition, it is vital to address that another challenging issue in biomass utiliza-
tion is finding a balance between eco-friendly low-cost sources and the efficiency of
CBM to required employment, respecting the eco-friendly proposal. Usually, phys-
ical activation offers a sustainable pathway, but there needs to be more property
control. On the other hand, chemical methods increase the system cost and reduce
the sustainable character. Moreover, the energy investment must be considered in all
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cases because these processes often need high temperatures for a long-time synthesis
[49, 54]. These materials generally do not have large porosity or surface area, and
further action is required in most cases. Also, introducing some groups in the struc-
ture through distinct functionalization methods is a common strategy for these mate-
rials. These post-synthesis methods improve some of the electrical properties of
these materials; however, they often use harmful chemicals to achieve this purpose.
Moreover, these additional activation methodologies often increase the cost of these
supercapacitors. Another drawback, in this case, is the non-homogeneous structure
of these materials, which can impair the reproducibility of these anodes and hinder
their use as supercapacitors [34, 56, 66].

Another exciting aspect of biomass pyrolysis is the gas released during the process.
Biomass pyrolysis, in general, can generate three fractions: biochar, the desired
material for energy application; bio-oil; and pyrolysis gases. Usually, to be considered
a green process, these gases need to be converted into other chemicals to avoid their
release into the atmosphere; however, on an industrial scale, this might be harder. The
pyrolysis gas is mainly composed of CO,, but also some hazardous compounds like
SO,, NOy, HCI, and many other gases are released during this process. Again, it is
crucial to consider this topic as an issue in producing these materials since releasing
these gases represents an environmental problem [58, 59].

The different porosity developed according to the composition of the raw biomass
starting material and related to the activation process employed is another challenging
barrier, as illustrated in Table 3 [13]. For example, the pyrolysis process of lignocellu-
losic biomass yields carbon materials with different specific surface areas, micropore
and mesopore volumes, and pore diameters due to their distinct composition. It is well
known that lignocellulosic-derived starting materials present a wide range of wt.%
of cellulose, hemicellulose, and lignin constitution. Each fraction is typically decom-
posed at different temperatures. Since these fractions are deeply interconnected, their
percentage is closely related to the plant species and growth stage [13].

In this context, preparing biochar to use as carbon electrodes in supercapacitors
will depend on the lignocellulosic biomass source, yielding materials difficult to
reproduce regarding their physical-chemical properties, especially textural proper-
ties. Typical treatment processes, such as pyrolysis, furnish biochars with a hier-
archical structure, i.e., containing both micro- and mesopores, however, in distinct
amounts and not interconnected. These different types of pores should present a
high degree of interconnection to allow good electrolyte diffusion and avoid loss of
capacity [34]. The linked porous network of biomass-derived nanostructured carbon
materials can provide multimodal electron transport channels and reduce transport
lengths between electrodes and electrolytes, which are essential for supercapacitors
with higher energy density. In this way, even though graphitic carbon materials are
created from biomass-derived CBMs, it isn’t easy to regulate the pore geometry, pore
size, and pore connectivity using chemical activators to achieve high specific surface
area and hierarchical porous structure [35]. To surpass this issue, some strategies
are used to obtention biomass-derived CBMs, but they still mainly employ soft/hard
templates, which might represent a high cost and residue formation [34]. However,
it is worth mentioning that some biomasses might naturally furnish interconnected
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Table 3 Lignocellulosic compositions of commonly used materials for carbon production [13]

Lignocellulosic materials Cellulose (%) Hemicellulose (%) Lignin (%)
Hardwood stems 40-55 24-40 18-25
Softwood stems 45-50 25-35 25-35
Nut shells 25-30 25-30 3040
Corn cobs 45 35 15
Grasses 25-40 35-50 10-30
Miscanthus 34-36.5 42-44.8 28-30
Sugarcane bagasse 25-27.7 48-50.3 31-32.2
Paper 85-99 0 0-15
Wheat straw 30 50 15
Cotton seed hairs 80-95 5-20 0
Newspaper 40-55 25-40 18-30
Waste paper from chemical pulps 60-70 10-20 5-10
Solid cattle manure 1.6-4.7 1.4-3.3 2.7-5.7
Coastal bermudagrass 25 35.7 6.4
Switchgrass 45 314 12
Swine waste 6 28 n.a

mesopores, such as those comprised of fibrous structures [34]. Moreover, since these
pores are mostly randomly organized and poorly ordered due to the decomposition
reactions of cellulose, hemicellulose, and lignin, they often present a significant
degree of tortuosity and thus decrease the supercapacitor efficiency [38, 39].

Lignocellulosic biomass typically possesses a high amount of oxygen in its frac-
tions, i.e., cellulose, hemicellulose, and lignin. In that perspective, porous carbons
present more oxygenated compounds in their structures. Although it is suggested that
these compounds are closely related to a good wettability of the carbon materials,
they are widely accepted to be deleterious for a supercapacitor operation, as afore-
mentioned in Egs. (1)—(3). Considering that, the adjustment of the oxygen content in
the final carbon materials needs to be addressed for a broad application of lignocellu-
losic biomass as a renewable source. Thermal treatments can achieve this in a unique
atmosphere, such as nitrogen, argon, or hydrogen, representing a cost increase for a
broad application of this renewable source.

Despite the efforts made on lignocellulose electrodes, structural uniformity
continues to be a fundamental challenge for the field. Even the slightest change
in any parameter causes lignocellulosic biomass characteristics to change. Different
surface morphologies can be seen depending on the pre-treatment technique and
biomass source. Because the surface and structural morphology of the biomass-
derived active material differs depending on the method utilized, different electrode
preparation procedures alter capacitive performance. Itis also possible that functional
groups and their bonding may vary. Each lignocellulosic biomass source has different
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surface chemistry and morphology, which causes differences in capacitive perfor-
mances. Therefore, these sources yield a carbon material with variable capacitance,
energy density, and power density due to the peculiar structure of cellulose, hemicel-
lulose, and lignin. The electrodes derived from these several lignocellulosic origins
will have relatively low energy densities, despite their high specific capacitance and
power density values, as shown in Fig. 3 [63].

Furthermore, Fig. 4 presents the capacitance of biochars prepared from different
biomass sources and their pore size and specific surface area (SBET) [44].

The adjustment of microstructure and pore homogeneity is imperative to employ
biomass as the carbon material source, which consequently requires a deep knowl-
edge of the different physical or chemical activation methods, i.e., to establish a stan-
dard procedure for the treatments of the raw material to achieve more reproducible
carbon [63]. As mentioned in this chapter, there needs to be more progress in creating
biomass-derived materials with finely adjusted structural and property characteristics
for commercial electrochemical energy devices with large-scale manufacturing capa-
bilities that are both inexpensive and ecologically beneficial [35]. Several efforts must
be directed to fabricate hierarchical porous carbons with well-established synthesis
parameters through further thermal treatments or chemical agents’ activation [33].
Because biomass has unpredictable morphologies, it is challenging to precisely regu-
late pore parameters like shape and structure, limiting rate performance, and power

Fig. 3 Specific capacitance, energy density, and power density of different biomass sources
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Fig. 4 Capacitance, pore size, and surface area as a function of biomass source [44]

density. Furthermore, the electrochemical performance of biomass-derived energy-
storage devices is unknown mainly due to pore size, surface area, and surface chem-
istry impacts. Investigating the ion diffusion mechanism in hierarchical pore structure
remains a significant issue [63]. Also, it should be mentioned that even for the same
type of lignocellulosic biomass, the seasonality of the crops is another barrier to be
overcome due to the different compositions of cellulose, hemicellulose, and lignin.

The graphitization degree is also a crucial parameter to be adjusted since biomass-
based carbon materials have various electrochemical properties, such as internal
resistance, rate capability, power delivery, and energy efficiency. Improving the
graphitization of active carbon increases the electrode’s surface in an aqueous elec-
trolyte, speeds up ion diffusion and charge transfer, and enhances supercapacitor
performance [33]. Since a high electrical conductivity is closely related to a high
graphitization degree, biochars produced from biomass pyrolysis typically present
a low degree and thus represent a barrier to be surpassed to achieve more efficient
materials [33, 59, 67]. Moreover, there is a compromise between the graphitization
degree and the specific surface area since these carbons often present low areas and
porosity, as presented in Fig. 5 [68]. Electrochemical characteristics such as internal
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Fig. 5 Specific surface area, ﬂ Low temperature
functional groups, and -
conductivity as a function of
the carbonization ﬁ
temperature [68]

‘ High temperature

| Optimal temperature

Conductivity

resistance and energy efficiency are related to the materials’ graphitization degree.
A high level of graphitization provides a high electrical conductivity and surface
hydrophilicity, enhancing ion diffusion and charge transport. On the other hand, it is
also related to a small surface area and undeveloped pore structure. Consequently,
there must be a trade-off between the graphitization degree and the porous structure
to obtain a better electrochemical performance [33].

The mechanisms proposed for the catalytic graphitization process are (i) dissolu-
tion—precipitation, where amorphous carbon is dissolved into metallic particles, then
precipitated as graphitic carbon and (ii) formation—decomposition of carbide interme-
diates, where metal carbides are formed, as an intermediate, and them they decom-
posed at a specific temperature, leaving graphitic carbon [69, 70]. As discussed,
catalytic graphitization and thermochemical activation produce layered graphitic and
porous nanostructured carbon materials. Therefore, it became interesting to inves-
tigate the combination of the two methods. Through the studies developed, it was
observed that some parameters influence the material obtained. These are the type
of precursor, pre-treatment, and operating parameters applied [71-74]. In addition,
another difficulty is the obtention from biomass of some carbon structures that are
highly efficient and already used as supercapacitors. We can mention structures such
as nanotubes, nanofibers, and nanosheets [71-74].

Another critical factor to be mentioned is the presence of heteroatoms in the
lignocellulosic biomass, such as O, H, S, and N. Several thermal or chemical treat-
ments might remove these heteroatoms, but oxygen is a persistent heteroatom in
the final carbon material. However, oxygenated groups can be beneficial for good
wettability and widening the working voltage window, thus increasing the energy
density. In contrast to oxygen, nitrogenated groups (pyridinic, pyrrolic, and quater-
nary ammonium) are less reactive, and their presence in the carbon structure increases
the conductivity and the pseudocapacitance. In addition, mineral traces, such as Ca,
K, Mg, Na, and Si, can significantly affect the electrochemical properties of the final
carbon-based electrodes [33].
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Despite this, the production of carbon from biomass faces some difficulties. For
instance, the various growth circumstances, harvest periods, and essential micronu-
trients for many plants may be found in different parts of the world because of their
abundance. Because of this, it is challenging to replicate all these effects for obtaining
the same carbons with similar electrochemical properties. The decomposition of
biomass and pest damage are significant issues for a feasible action plan. Mean-
while, market prices also have to be considered considering the economic benefit, a
lack of storage, a substantial financial commitment to farming, and avoiding using
large-scale use with high economic value [68].

The use of biomass as a raw material for supercapacitor production has been
drawing more and more attention, and several studies on the subject have already been
carried out. Some of the characteristics that explain this interest are related to the fact
that biomass is a low-cost renewable feedstock that is also widely available in nature.
Furthermore, it has the advantage of presenting an intrinsically porous structure;
different functional groups; and heteroatoms such as nitrogen, phosphorous, and
sulfur, which generate various active sites in the material [13, 34, 35, 46, 63].

Using lignocellulosic biomass to produce biochar makes the process economical
and ecological, with excellent waste management and recovery method [13, 75—
78]. However, they also release CO, CO,, SOy, NOy, and CHy, which are harmful
to the planet and contribute to the greenhouse effect. This fact can be remedied
by inserting a Fischer—Tropsch process in the plant to produce hydrocarbons and
alcohols [46, 79, 80].

Scale-up from a laboratory process to a pilot plant is challenging, as the results
obtained in laboratories generally present many variations concerning the results
obtained in the scale-up. In addition, scale-up requires a large amount of raw mate-
rial, adequate conditions of transport and storage, efficient process management,
product purification and recovery, quality control, waste treatment, and concerns
with the legislation in force in each country. The increase in scale also involves
economic studies; process flowcharts; process modeling and simulation; evaluation
and monitoring; improvements and development of new processes; and analysis of
costs, risks, and environmental impacts [19].

Lignocellulosic biomass processing plants exist in Asia, Europe, and the Amer-
icas. In this context, the expenditure on biomass pre-treatment reaches 40% [22, 81],
and pre-processing, transport, and storage are responsible for 50% of the total cost
of processing. The other 50% is concentrated on expenses with energy, chemical
reactants, and operation/maintenance of the reactor, necessary for the pre-treatment
[22, 82].

This fact prompted the industry to review its lignocellulosic biomass technologies
due to the complexity of the process and pre-treatment difficulties. At first, the studies
were carried out to reduce operating costs from an economic point of view. However,
currently, they are more focused on reducing environmental impacts and ensuring
sustainability throughout the process [19, 22, 82].

The main factors to boost lignocellulosic biomass commercialization are bioavail-
ability; conversion costs into products with added value; public policies and invest-
ments implementation; process automation; and process expansion, development,
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and technological maturity [19, 22]. Currently, governments of several countries
in Asia, Europe, and the Americas are financing these projects. Still, the industrial
sector also needs to be engaged in production, commercialization, sustainability, and
reduction of environmental impacts [19, 22, 83].

In the USA, agricultural residues and other crops result in the highest bioavail-
ability of biomass (577 million dry tons per year). In contrast, in Canada, this
bioavailability is concentrated in bulk crops and forest residues (561 million dry
tons per year). This difference is due to the greater agricultural area of the USA than
Canada. The icy climate significantly limits agriculture in Canada, making it difficult
to grow and harvest crops. In addition, forest fires, insect infestations, and poor forest
management also contribute to reduced biomass production [19, 22].

In Brazil, the tropical climate favors agriculture and lignocellulosic biomass
bioavailability. Examples of Brazilian lignocellulosic biomasses are residual sugar-
cane bagasse (186 million tons per year) from first-generation ethanol production
and forest residues from eucalyptus cultivation for the paper and cellulose industry.
Brazil has already established itself as one of the primary producers of biofuels in
the world [19, 22].

In Europe, the bioavailability of biomass is concentrated in waste from water
treatment plants, municipal solid waste, and agricultural and forestry waste. It has
been predicted that biofuels from lignocellulosic biomass could result in around
70-85% reduction in greenhouse gas emissions by 2050, including a 10% target for
domestic biofuel production through the implantation of non-food and lignocellulosic
biomasses. However, as these biomasses require very complex technologies, they
increase the costs of collection, transport, storage, handling, bioprocessing, and final
product purification [22].

Many African countries face devaluation in their agricultural exports, and many
losses to their competitors occur. The impact of bioenergy on African food security
has resulted in land competition issues and a neglect of the expected potential to
promote rural development. However, the continent has great potential for lignocel-
Iulosic biomass bioavailability. Like straw, grasses and wood do not require complex
farming techniques. In addition, grasses grow and regenerate in degraded soils and
dry lands [22].

The bioavailable lignocellulosic biomasses on the Asiatic continent are residues
of rice, cotton, wheat, corn, and pineapple; banana stem; sugarcane bagasse; and
coconut husk. Other potential lignocellulosic biomasses include forest residues,
wood, straw from paper and cellulose industries, logging activities, and other agricul-
tural residues. China is the world’s largest producer of rice and wheat, ranking second
in corn production after the USA. They have generated annually and cause envi-
ronmental problems of degradation and recycling in bulk. Such situations open the
prospects for deriving liquid fuels and chemicals from these lignocellulosic materials
[19, 22].

Most of Oceania’s lignocellulosic biomass comes from residues from forest
management practices and decomposed residues. Lignocellulosic biomass is the
most cost-effective opportunity to complement the continent’s dependence on fossil
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fuels for primary energy for electricity, transport, and heating. The supply of ligno-
cellulosic biomass generally increases with the development of new forestry and
agricultural technologies integrated into arable land, without any need for wastewater
and competing with food and fiber production [22].

Thermochemical methods have yet to be evaluated for large-scale production,
which may contribute to the lack of control over global warming and climate change.
Making it necessary to create a route that aims to increase productivity and reduce
environmental impacts [19, 22, 83]. According to the literature, only some models
study all the variables of the lignocellulosic biomass conversion process. Some
authors address the bioavailability and biomass type; others are more concerned
with location, storage, and biomass transport, and other authors address conversion
statistics, process development, and operating cost. Therefore, it is necessary to create
a single model where all variables are considered whole and not separated [19, 22].

5 Conclusions

Itis undeniable that biomass possesses a high potential for the replacement of carbon-
based electrodes for supercapacitors obtained from non-renewable sources. Biomass
is an abundant carbon source and might yield auspicious materials to achieve this
goal. However, as demonstrated in this chapter, several issues must be faced to be
suitable as materials for supercapacitor construction, such as high specific surface
area, the presence of a hierarchical system of pores sizes, good wettability, and the
absence of some oxygenated groups (mainly the acid ones) that might contribute
to a fast discharging and a higher graphitization degree. In addition, since carbons
produced from biomass-derived sources often present low specific surface area, an
efficient and well-consolidated method for activation must be used, which is repro-
ducible and easy to perform. The biomass source also plays an essential role as mate-
rials derived from distinct lignocellulosic might furnish different carbons with very
dependent electrochemical properties. One of the most critical issues to overcome
is the consolidation of a circular economy for a high amount of biomass production
without affecting the regional production center. After all, a carbon with reproducible
properties will be employed at a large scale.
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and Porosity Derived from Biomass
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Abstract This chapter discusses the role of surface morphology/architecture,
different pore types, and pore size distribution on the performance of superca-
pacitors. A honeycomb-like structure of pores in surface morphology/architecture
together with pores distributing evenly appeared to be the most beneficial morphology
for the supercapacitors. Each of pore types (macropore, micropore and mesopore)
contributes differently to the electrostatic double-layer capacitor, with macropore
being the gateway for bulk electrolyte to enter the pore network, mesopore enhancing
the diffusion of electrolyte into micropore, and micropore being the active sites for
the electric double layer to interact with carbon electrode. The use of carbon black and
binder when preparing electrodes can block micropores and mesopores, so this could
be the reason why pore size distributions did not show a significant correlation to the
supercapacitors. The chemical activation (KOH, ZnCl,, etc.) or physical activation
(CO,) can be used to alter the pore structures with surface area up to 3326 m? g~!
and total pore volume 2.372 cm® g~!'. More comprehensive analysis, focusing on
morphology and macropore structure of not only biomass-derived carbon activated
through chemical and physical methods but also the mixture of carbon with addi-
tives and binders in future studies, is necessary to enhance the adoption of biomass
carbons in supercapacitors.
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1 Introduction to the Nanostructure of Carbon Electrodes
in Supercapacitors

Electrostatic double-layer capacitor (EDLC) depends on the ability of generating
electrical double layers on the surface between a conductive electrode and the liquid
electrolyte. Therefore, materials with high surface area are commonly used as the
electrode material in EDLC. Biomass is a redundant and renewable source of carbon
(up to 50 wt%), so biomass-derived carbon is potentially applied in EDLC. However,
there are many factors influencing the surface area of biomass-derived carbon such
as biomass precursors, heat treatment temperatures and activating methods. The
structures of biomass-derived carbon (the morphology and the volumes of microp-
ores, mesopores and macropores) control the diffusion of electrolyte ions and the
accessibility of ions to the surface.

The surface area and porosity of biomass-derived carbon are normally measured
by gas adsorption—desorption techniques via N, adsorption—desorption isotherm at
—196 °C and Brunauer—-Emmett—Teller (BET) equation to analyze the surface area
(BET SA) and total pore volume, and CO, adsorption—desorption at 0 °C and Dubinin
Radushkevich (DR) equation to determine the ultra-micropore volume <0.7 nm (DR
Vcoz) [11, 30]. The former provides a general view on specific surface area of the
material, total pore volume (Viy,), BET micropore volume (Vpicro) and mesopore
volume (V,es0). However, using BET equation to calculate the BET SA could be
misleading if the adsorption isotherm falls into type I according to IUPAC classifica-
tion [26]. One essential requirement to apply BET equation is the infinite accumula-
tion of adsorbate layers on the surface of the adsorbent. In the case of type I adsorption
isotherm (which is frequently observed for carbon materials), the number of adsor-
bate layers is likely to be inhibited due to narrow micropores, and this results in the
pore filling phenomenon instead of forming adsorbate layers. The low temperature
at —196 °C also inhibits the diffusion of the adsorbate e.g., N», leading to activated
diffusion effect. Therefore, BET SA values do not reflect the correct surface area of
the carbon samples, and V ;o may only account to bigger micropores in the range
of 0-2 nm. The latter (CO, adsorption) is a suitable method to complement the V picro
measured from N, adsorption isotherms at —196 °C. However, these two methods do
not cover the macropore volume. Until now, the main method to examine the macro-
pore volume is the mercury porosimetry [27]. The mercury intrusion method can
provide information of any pore higher than 6 nm and cover most pores in the scale
of micrometer. Performing all these analyses on one sample is imperative to under-
stand the performance of the supercapacitor, but it could be difficult due to limits in
experimental instruments. The complexity of micropore, mesopore and macropore
also hinders the understanding of the surface area and porosity even if all analysis
could be performed. To visualize the pore architecture in one carbon sample, imaging
techniques such as transmission electron microscope (TEM) and scanning electron
microscope (SEM) are conducted [6, 40]. These techniques help understand how
pores are organized in the carbon and how they are connected to each other because
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this information could not be obtained through the gas adsorption—desorption tech-
niques. This chapter will try to unveil the relations between surface area, pore types
and surface morphology and the performance of supercapacitors.

Biomass-derived carbon is commonly obtained via thermochemical process such
as pyrolysis at a temperature range of 250-900 °C in an inert environment e.g. N,.
However, solely pyrolysis has little enhancement in BET SA and Vi, e.g2. BET SA
of biomass-derived carbon was only 2-8 m? g~! at a temperature range of 350-700 °C
[7, 8]. Increasing temperature only has a small increase in BET SA [8]. Therefore,
activation methods are required to improve BET SA and Vi, of biomass-derived
carbon. This chapter will also discuss on some methods to improve the surface area,
pore volume and morphology of biomass-derived carbon.

2 Roles of Morphology, Surface Areas, Pore Size and Pore
Distribution on Specific Capacitance and Energy Density

2.1 Surface Morphology and Pore Size Distribution

Table 1 summarizes the specific capacitance of biomass-derived carbons with their
porosity properties. The majority of biomass-derived carbons demonstrated high
specific capacitances >200 F g~! at a current density of 0.5-1 A g~!, and the capac-
itance range of 374-409.7 F g~! was among the highest capacitances reported. The
morphologies of carbons demonstrating high specific capacitance in the range of
374-409.7 F g~' at 0.5 A g~! are illustrated in Fig. 1, presenting honeycomb-like
structure carbons with pores up to 2-3 pm. The pore networks are channeled through
the whole samples in the micrometer scale, and the pores were distributed evenly
with thin pore walls. Furthermore, these carbons showed the sheet-like carbon layer
structures without any carbon lumps and various small pores in the nanometer scale.
This architecture supported the electrolyte diffusion throughout the carbon samples,
allowed EDLCs to form on the surface of carbon and helped explain the high super-
capacitances in all five carbons despite the differences in biomass precursors and
preparation processes. Although BET SA and Vi, of these carbons varied signif-
icantly in a range of 973.5-3326 m? g~! and 0.54-2.372 cm? g~!, the change in
specific capacitances is negligible. These reveal that pore shapes and pore architec-
tures are crucial for supercapacitors as shown in Fig. 1, and the measured BET SA and
Viotat Were not the main factors governing the performance of the supercapacitors.
Figure 2 summarizes the SEM and TEM images of some carbons with specific
capacitances in the range of 162-194 F g~! using 6 M KOH electrolyte at 0.5 A g !,
exhibiting specific capacitances lower than those illustrated in Fig. 1. Pores with
thick pore walls were randomly distributed in these carbon particles, and there were
big carbon flakes rather than pore network structures. Also, they appeared to have
multilayer structures in a particle at the nanometer scale, so this structure decreased
the number of carbon active sites and the EDLC on the carbon surface subsequently,
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Fig. 1 Carbon materials
with similar morphology
demonstrated high specific
capacitances of 335-409.7

F g~!: a Zizania latifolia
carbon (2 M-800°C)
(adapted from [43]). b
Birchwood carbon (AC-800)
(adapted from [32]). ¢ Wheat
straw and food waste
carbonized at 800 °C
(WFT-800) and d at 900 °C
(WFT-900) (adapted from
[22]). e Soybean straw
carbon (SSC-700) (adapted
from [15]). f Fungus carbon
(PGC) (adapted from [23]).
The specific capacitances
were obtained from
galvanostatic
charge—discharge curve
using three electrode systems
in KOH 6 M as electrolyte
(SSC-700 used KOH 1 M).
Note BET SA: BET surface
area, Vioral: total pore
volume, Vpicro: micropore
volume. These were obtained
from N» adsorption isotherm
at —196 °C

leading to lower specific capacitances. This structure is significantly different from
the honeycomb-like structure observed in Fig. 1. BET SA and Vi, of these carbons
varied in the ranges of 950.3-2787.3 m? g~! and 0.486—1.60 cm® g~!, overlapping
with the surface areas and pore volumes reported in Fig. 1. Therefore, it can be
concluded that these carbons did not provide excellent electrolyte diffusion and
accessibility although they have similar BET SA and V. This further ascertains
that the BET SA and Vi, are not the only factors controlling the performance of
biomass-derived carbons, and it is required to use imaging technique such as SEM
and TEM to have a better understanding on the pore structure of carbons.
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Fig. 2 Carbon materials
with different morphologies
demonstrated specific
capacitances of 162-294 F
g~ ! a Chitosan carbon
(NHPC) [45], b Chitosan
carbon (HPC-1) [24], ¢
Sugar beet pulp carbon
(SC-Zn-700) [13],d
Miscanthus carbon (MG-18)
[38], e Wheat bran carbon
(HHC) [36]. The specific
capacitances were obtained
from galvanostatic
charge-discharged curve
using three electrode systems
using KOH 6 M as the
electrolyte

Figure 3 presents the pore size distributions of all biomass-derived carbons that
have a majority of micropores in the range of 0.5-2 nm with small portions of
mesopores in the range of 2-20 nm. No pore sizes <0.5 nm was observed due to
activated diffusion effect at extremely low temperatures (—196 °C), which inhib-
ited N, from diffusing into ultra-micropores of carbons. In addition, no pore size
distribution >50 nm (macropores) was shown, indicating the limits of gas adsorp-
tion—desorption techniques, so no relation between pore observed in SEM images
and pore volumes could be concluded. In the cases of carbon AC-800 °C (Fig. 3b),
the pore sizes <20 nm were not demonstrated clearly, which hindered the under-
standing of relations between micropores and mesopores and the performance of
supercapacitors.

Pore size distributions of carbons in high specific capacitance range (335—409.7
F g!) are illustrated in Fig. 3a—e. Majority of pores in carbon 2 M—-800 °C (Fig. 3a)
were micropores <2 nm with little mesopores [43]. The pores of WFT-800 were
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distributed relatively even in the range of 0.5—4 nm (Fig. 3¢) [22]. Most micropores
of SSC-700 were smaller than 2 nm with little mesopores (Fig. 3d) [15] whereas
PGC had some micropores at ~1 nm and only mesopores at 4 nm (Fig. 3e) [23]. The
pore size distribution of AC-800 did not provide a clear insight due to the lack of
resolution (Fig. 3b) [32]. When comparing carbon samples in the same studies, WFT-
900 had more pores in the range 3—-5 nm and a slightly higher capacitance (409.7
F ¢~') compared to WFT-800 (379.7 F g‘l) [22]. However, SSC-800 had lower
capacitance (204.5 F g~!) compared to SSC-700 (380.5 F g~!) even though there
was an addition of mesopores in the range of 4-8 nm to SSC-800 [15]. By comparing
the surface morphology (Fig. 1) and pore size distributions (Fig. 3a—e), it showed that
the differences of pore size distributions of carbons (Fig. 3a—e) from N, adsorption—
desorption isotherm could not describe the changes in carbon morphologies and pore
architectures observed in SEM and TEM images (Fig. 1). The comparison of the pore
distributions of carbons with lower specific capacitances (162-294 F g~!) (Fig. 3f-g)
and their corresponding surface morphologies (Fig. 2) also gave a similar conclusion.
SEM and TEM images provided specific information about surface morphology and
complemented the understanding of pore size distributions.

This also revealed that there is a little relation between pore distributions and the
performances of supercapacitors. NHPC carbon (Fig. 3f) had more micropores and
mesopores distributing in the range of 0.5-5 nm compared to PGC (Fig. 3e) [45]
although the capacitance of NHPC (233.3 F g~!) was lower than PGC (374 F g1).
Majority of pores in MG-18 (Fig. 3i) were micropores [38], similar to 2 M-800 °C
(Fig. 3a) [43], but MG-18 demonstrated a much lower capacitance at only 162 F
g~!. HPC-1 (Fig. 3g) had the same pore distribution but less pores at each diam-
eter compared to NHPC (Fig. 3f), but HPC-1 still showed a slightly higher capaci-
tance compared to NHPC. Therefore, there is no significant correlation between pore
size distributions and capacitance values. The presence of hierarchical pore struc-
tures in all biomass-derived carbons with plenty micropores and mesopores does not
guarantee the optimal performance of supercapacitors.

2.2 Role of Each Pore Type in Supercapacitors

Honeycomb-like structures might play an important role in supercapacitors, but it is
evident in different studies that increasing surface area and pore size still have effect
on the supercapacitors. For example, the study on chitosan carbon showed that a lack
of BET SA (28 m? g~!) and Vo (0.127 cm® g=!) resulted in a low capacitance of
41.1Fg'at0.5 A g~!in KOH 6 M, compared to 233.3 F g~! of NHPC carbon with
BET SA 1067 m? g‘1 and Vi 0.486 cm? g‘1 [45]. In some studies, the correlation
between BET SA and V.. Were well observed, such as chitosan carbons obtained
through freeze-drying and activation with KOH showed that the increase in BET SA
from 1273.9 m? g~! t02787.5 m? g~! and Vg from 0.66 cm? g~! to 1.60 cm?® g~!
improved the specific capacitance to 253 F g7! at 0.5 A g~! in KOH 6 M [24]. The
correlation of specific capacitances of hibiscus flower derived carbon electrode and
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BET SA and Vo, was also reported [39]: increasing BET SA increased from 1577
m? g~ to 1700 m? g~! and Vo from 0.86 cm?® g~ to 0.95 cm® g~! enhanced the
specific capacitance from 177 F g~! to 216 F g~'. This also followed the trend of
soybean powder carbons [20]. However, further increase in BET SA (1726 m? g~)
and Vi (1.07 cm?® g") of hibiscus flower derived carbon decreased the specific
capacitance from 216 F g~! to 184 F g~! [39]. More amorphous carbon could be
generated due to the activating reactions between KOH and carbon materials, and
subsequently this decreased the size of ordered carbon crystals that were responsible
for the transport of electrons.

The differences in these studies and the results discussed in Sect. 2.1 reveal that
there is a discrepancy in interpretating the influence of surface area and pore size on
supercapacitors. Besides the honeycomb-like structures assembling from sheet-like
carbon layers (observed in TEM and SEM images), biomass-derived carbons require
certain pores and surface areas to form the EDLC, and the relations between these
characteristics of carbon with supercapacitors need to be explored.

Micropores are important for the formation of EDLC because they (0.7-2 nm)
serve as a storage for electrolyte ions in the electrodes where electron exchanges
occur. Therefore, depending upon the properties of electrolytes, the requirements of
the size of micropores and pore distributions may vary, and increasing micropores
should generally enhance the capacitances. Micropores >0.7 nm benefit the specific
capacitances due to the ability to create the EDLC in this pore range [10]. However,
micropores in the range of <0.7 nm—at the expense of micropores of 0.7-2 nm—
decreased the capacitance of the electrodes [1] since they decrease the available
electrode surfaces, inhibit the accessibility of electrolyte ions onto the surface of
electrodes, and prevent the formation of EDLC. Mesopores (2—-50 nm) are the path-
ways connecting micropores and macropores for the diffusion of electrolyte ions.
The mesopore volume (Vneso) in the range of 20-50% of V. benefits the specific
capacitances because it enhances the diffusion of electrolyte ions into micropores,
and some electron exchanges could occur in this pore range [ 12]. However, increasing
the mesopore volume ratio beyond this range decreased the specific capacitances due
to the decrease in carbon active sites [38]. For example, miscanthus grass was directly
soaked with KOH at a mass ratio biomass/KOH 1:4 at different soaking times and
is activated at 800 °C in N; [38]. The V picro Varied only in the range of 0.205-0.262
cm? g7!, indicating the soaking time of 6-24 h did not influence micropore struc-
tures. However, the minimum V ,eq 0.635 cm? g’1 was achieved at 18 h of soaking
time, yielding the specific capacitance of 162 F g~! at 0.5 A g™, but the capacitance
decreased to only 112 F g~! at the maximum mesopore volume of 0.943 cm? g~!.
High V50 decreased the number of active sites, and the EDLC could not form on
the surface of the material, leading to the reduction in capacitance.

Unlike micropores and mesopores, macroporosity could only be obtained from
mercury porosimetry, so there is a limited number of studies reporting macrop-
osity. The micropores, mesopores and macropores of cellulose derived carbons were
analyzed in the study of Abouelamaiem et al. [1]. The a-cellulose was dispersed
in H,O and stirred for 2 min in a blender to create a homogeneous mixture. This
mixture was pressed to remove the water, and the obtained cellulose was mixed with
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KOH at the mass ratio KOH/cellulose 0.005:1 (KOH-0.005), 0.1:1 (KOH-0.1), 0.5:1
(KOH-0.5) and 2:1 (KOH-2). These mixtures of KOH and cellulose were carbonized
at 850 °C for 2 h under N».

The mercury porosimetry revealed that the macropore volume (Vo) Of
KOH-0.5 carbon (1.01 cm?® g~!) was significantly higher than KOH-0.005 (0.008
cm?® g71), indicating that increasing the mass of KOH remarkably enhanced V macro-
When mixing these two carbons KOH-0.005 and KOH-0.5 with carbon black and
polyvinylidene fluoride (as a binder), KOH-0.5 retained most of its micropores and
mesopores (2—10 nm) while all micropores and mesopores of KOH-0.005 were
blocked. The results demonstrated the importance of macropores in preserving the
micropore and mesopore structures for EDLC with the areas under cyclic voltam-
metry curve of these samples increased with the increase of V ,cro from 0.008 to 1.01
cm?® g~!'. Mixing carbon black and polyvinylidene fluoride blocked all micropores
and mesopores in the carbon and turned the carbon into an open surface electrode,
but this phenomenon was not observed with other cellulose carbons with higher
Vimacro (1.01-5.17 cm?® g=!). Increasing mass ratio KOH/cellulose to 1:1 improved
the Vpacro of KOH-1-3.45 cm® g~! but it did not result in any remarkable difference
in supercapacitance between KOH-0.5 and KOH-1 (162 and 161 F g~! respectively).
Vmacro higher than 1.01 cm? g’1 is suitable for the carbons used in the supercapacitor
electrode [1], and the pore blocking effect observed in this study may also explain
why there is a significant change in the pore structures among carbons in Table 1
although their specific capacitances were similar.

Table 2 summarizes the energy density of some biomass-derived carbons. The
energy density is related to the amount of energy that a supercapacitor can store and
release in one charge—discharge cycle, and the energy densities in Table 2 were
obtained from the two electrode systems simulating a real supercapacitor. Energy
densities varied remarkably with changing carbon samples and the electrolyte ions.
When using KOH 6 M as the electrolyte, NHPC presented the highest energy density
of 25.7 Wh kg~! with power density of 500 W kg~! [45], and HPC-1 showed the
lowest energy density of 6.53 at a power density of 250.1 W kg~! [24]. Higher
BET SA and V of HPC-1 (2787.5 m? g~! and 1.60 cm® g~!) compared to 1067
m? g~! and 0.486 cm® g~! of NHPC did not correlate with the energy density of the
supercapacitor. This showed that the energy densities did not correlate with surface
areas and pore volumes, similar to specific capacitance in Table 1. Furthermore,
most studies only reported energy densities of one single carbon among a range of
prepared carbons, resulting in a lack of data in literature. A wide range of electrolytes
and concentrations available in the literature also made the data scattered. Different
ion activities of electrolytes directly influence the energy density, so future studies
of supercapacitors should pay more attention to how surface areas and morphologies
control the energy density of the supercapacitor.
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3 Biomass-Derived Carbons

KOH is commonly used to prepare high surface area and porous carbon materials [7,
19, 29]. Either original biomass or the biochar from pyrolysis can be activated with
KOH at high temperatures (700-900 °C). In the case of biochar, the temperatures
of the pyrolysis process significantly influenced the porosity of the material, which
affected the permeability of KOH. High pre-treatment pyrolysis temperatures e.g.
>750 °C, created a rigid structure of biochar, and KOH activation has little effect on
BET SA [7]. At lower temperatures of pyrolysis (<700 °C), the biochar activated in
KOH (AC) demonstrated the improvement in specific capacitance due to an increase
in micropores (1-2 nm) in flaxseed derived carbon (LMiPC2) (the biochar pyrolyzed
at 700 °C was activated with KOH at mass ratio biochar/KOH 1:4) [19] and pine
sawdust-derived carbon (the biochar pyrolyzed at 700 °C was activated with KOH
at the mass ratio biochar/KOH 1:4) [29]. The micropore of LMiPC2 carbon was in
the range of 1-2 nm, up to 70.1% of total Vyicro, €qual to 0.988 cm? g‘l, leading to
a high specific capacitance of LMiPC2 of 369 F g~ at 0.5 F ¢~! in KOH 6 M [19].
Micropores of pine sawdust AC were dominant with the portion up to 92-96% of
Viotar at 700-800 °C, while increasing the activation temperatures to 900 °C enhanced
the Vineso 10 0.939 cm® g7! (49% of V1) The differences in pore structure from AC
showed that heat treatment temperatures played an important role in determining the
ratio of micropores and mesopores. High treatment temperatures (900 °C) enhanced
the etching reactions between KOH and carbon, resulting in more carbon consump-
tion and widened pores. This high mesopore volume supports the diffusion of KOH
electrolyte, resulting in the capacitance of 176 F g~ at 0.5 A g~! [29]. However, one
drawback in the experimental approach of this study was the lack of the graphitic
carbon structure in the electrode. High pre-treatment temperature at 700 °C changed
the sawdust into turbostratic carbon, and further treatment with KOH at 900 °C could
not promote the formation of any graphitic carbon structure to support the electron
conductivity.

Increasing activation temperatures is effective to increase BET SA when using
KOH. The BET SA of Amygdalus pedunculata shell derived carbon increased to 2054
m? g~ ! after being treated with KOH at 900 °C for 1 h at the mass ratio biomass/KOH
1:2.5 [18]. This is significantly higher than BET SA of KOH activated birch wood
carbon obtained at 800 °C (Fig. 1b) (973.5 m? g~!) [32] but lower than the BET SA
of wheat straw and food waste carbon activated with KOH at 900 °C (WFT-900)
(Fig. 1d) (3326 m? g, Viniero 0.208 cm?® g=! and Ve 2.164 cm® g=1) [22]. Birch
wood was pyrolyzed in N, at 300 °C for 4 h, and the biochar was activated with
KOH at 800 °C at the mass ratio 1:2 for 4 h in N, (AC-800) [32]. This increased
the BET SA of AC-800 to 973.5 m? g’1 and Vi to 0.75 cm? g’1 [32]. Analysis
of the morphology of birch wood carbon also revealed that the BET SA and Vg
increased with increasing temperatures: at 600 °C the BET SA and Vi, were 624
m? g~ and 0.34 cm® g~!, respectively. This agrees with the activating mechanism
of KOH that heat treatment temperature of 600 °C was not sufficient for the reaction
between KOH and carbon. When increasing temperatures to 700-900 °C, the KOH
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started to react with carbon in the biochar/biomass to form the pore network, and the
etching effect of KOH increased with increasing temperatures.

Wheat straw and food waste were used to cultivate the trichoderma viride (a type
of fungus) and used as the precursor for carbon materials [22]. The mixture of wheat
straw, food waste and trichoderma viride after being cultivated were hydrothermally
treated at 200 °C for 12 h before being activated with KOH at the mass ratio 1:4 at
700 °C (WFT-700), 800 °C (WFT-800), and 900 °C (WFT-900) for 2 h in N, [22].
The WFT-900 carbon presented the BET SA of 3326 m? g‘1 with Vi of 2.372
cm? g~!, and these supported the high specific capacitance of 409.7 F g~ at 0.5 A
¢!, and even 297 F g~! at 10 A g~!. This is higher than the specific capacitance
observed in other studies. The reason for the high BET SA and pore volumes among
these carbons could be due to the cultivation process prior to heat treatment. During
the cultivation procedure, trichoderma viride used the materials in wheat straw and
food waste, degraded cellulose and lignin inside the biomass, made the structure of
the biomass more fragile and allowed more KOH to be adsorbed into the original
cellulose and lignin. The increase in interactions between cellulose and lignin of
wheat straw and food waste and KOH resulted in a better catalytic activity during
heat treatment, generated more micropores and mesopores and enhanced the surface
area of the obtained carbons.

Another method to increase the immersion of KOH into the biomass is through
freeze-drying. The egg white was freeze dried at —51 °C before being pyrolyzed
at 400 °C in N, [47]. The obtained biochar was mixed with KOH at the mass ratio
biochar/KOH 1:1 (EWC-1), 1:2 (EWC-2), and 1:3 (EWC-3) and then carbonized at
800° for 2 hin N,. BET SA of these three carbons varied in the range of 2838-2918
m? g~!, but EWC-2 presented the highest specific capacitance of 335 F g~! at 0.5 A
¢! due to the balance between the micropore (0.661 cm® g~!) and mesopore (0.663
cm?® g~!). This indicates the importance of a well-balanced structure between the
micropore and mesopore in supercapacitor electrodes.

The soybean powder was used to synthesize AC for the supercapacitor [20]. The
synthesis route was more complex than other studies due to the attempt of doping
nitrogen functional groups into the carbon. 3 g soybean powder was mixed with
0.25 mL aqueous ammonia, 10 mL of ethanol, 25 mL of DI water and 0.75 g of
tetraethoxysilane, and this mixture was carbonized at 800 °C in Nj for 2 h. The
solid product was washed with hot NaOH 2 M to remove the silica template, and the
obtained biochar was further activated with KOH at the mass ratio biochar/KOH from
1:1 to 1:3 at 700 °C for 2 h in N, to obtain carbons ANPC-1, ANPC-2 and ANPC-3
[20]. Increasing the KOH content fostered the reaction between KOH and carbon
skeleton and increased BET SA from 679 m? g~! to 1749 m? g~! and V41 from 0.490
cm? g7 t00.924 cm® g~! [20]. This increase in BET SA and Vq led to the increase
in capacitance from 150.5 F g~! (ANPC-1) to 243.2 F g~! (ANPC-3) at 0.5 A g~!
in KOH 6 M, and the highest capacitance of ANPC-3 was ascribed to the superior
BET SA and V. However, due to the high temperatures in the first carbonization
step, carbonaceous structure of these carbons remained at turbostratic, and limited
the electric conductivity of the electrodes. Furthermore, the specific capacitance of
ANPC-3 was in the same range with those in Fig. 2 and lower than those in Fig. 1,
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indicating that the increase in nitrogen contents did not lead to a superior performance
and several pores were blocked during the preparation of electrodes.

When adjusting the ratio between the biochar and activating agent such as KOH,
there is no universal ratio which could be applied to all types of biomass. The kapok
flower was pyrolyzed at 500 °C in N, for 2 h before being activated with KOH at
700 °C at different mass ratios [44]. The mass ratio of kapok flower biochar/KOH
1:4.5 (ACg-4.5) was optimal to achieve the BET SA of 1904 m? g‘1 and Vi, of
1.019 cm? g~! in the mass ratio range from 1:3 to 1:5 [44]. When increasing the mass
ratio from 1:3 to 1:4.5, it fostered the reaction with carbons in the biochar, formed
new pores and widened micropores into mesopores with the maximum micropore and
mesopore volumes of 0.533 and 0.466 cm® g~! in ACg-4.5 respectively. Increasing
the mass ratio to 1:5 led to the significant consumption of carbon and remarkably
decreased the V picro to 0.333 cm? g‘1 and Vipeso to 0.232 cm? g‘l. The high Vyicro
and Vs improved the specific capacitance to 286.8 F g=' at 1 A g~! in KOH
6 M, and the capacitance is still retained at 180 F g~! at 10 A g~!, indicating 62.7%
retention with increasing current density.

In the attempt to simplify the activation procedure, the one step activation of
sechium edule leaves was conducted [14]. The sechium edule leaves were mixed
with NH4Cl and KOH at the mass ratio 1:1:2 respectively using a mortar, and the
mixture were carbonized at 600 °C (SE-600), 700 °C (SE-700) and 800 °C (SE-
800) for 2 h in Ny. The maximum BET SA was 476 m?> g~!' (SE-700), much lower
compared to other carbons, due to the low activating temperature (700 °C compared to
800-900 °C) inhibiting the reactions between carbon in biomass and KOH. Despite
the low BET SA, SE-700 demonstrated the specific capacitance of 273 F g~! in
H,S0,0.5M at2 A g~! compared to 43 F g~! of SE-600 and 180 F g~! of SE-800
[14]. This indicates there were improvement in the macropore structure to enhance
the electrolyte diffusion, but it was not measured in the study.

Besides the conventional heat treatment approach, microwave-assisted conversion
of biomass is also a promising method to increase the pore structure to enhance the
supercapacitor. The squeezed camellia oleifera residue was first pyrolyzed at 400 °C
for 2 h in N,, and the obtained biochar was mixed with KOH at the mass ratio 1:3
before being activated in the microwave at 2450 MHz for 2 min [5]. This resulted in
the carbon MAC with Vg of 0.890 cm® g7, Vieso 0.448 cm® g7! (50% of Vo)
and BET SA of 1726 m? g~!. The increased the capacitance of MAC carbon to 367
Fg'at0.5A g~!in H;SO4 2 M, and still retained at 244 F g~! at 20 A g~!. This
performance was superior to the camellia oleifera residue carbon obtained through
KOH conventional heat activation DAC-800 (pre-carbonized at 400 °C and activated
with KOH at the mass ratio 1:3 at 800 °C) with the capacitance of 298 F g~! at
0.5 A g~! [5]. The DAC-800 had the BET SA of 1140 m?> g~! and Vo of 0.584
cm? g~!, smaller than those of MAC. Furthermore, the Raman spectrum of DAC-800
also showed more broadening D and G peaks compared to MAC, indicating that the
carbon structure of MAC was more ordered than DAC-800, and this benefited the
electric conductivity of the carbon.

KOH appeared to be more effective than ZnCl, and H3BOs3 in improving the
morphology and surface area of carbon. The dead gingko leaves were carbonized at
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900 °C in N, for 2 h, and the obtained biochar was activated with KOH, ZnCl, and
H;BO; at the mass ratio biochar/activating agent 1:4 at 900 °C for 2 h in N, [46].
BET SA and V,, of KOH activated gingko leaves carbon (KGC) were 853.4 m? g’1
and 0.38 cm® g~!, which were superior to H;BOj3 activated carbon (BGC) with BET
SA 346.4 m? g! and Vi 0.34 cm® g=!. The ZnCl, gingko leaves carbon (ZnGC)
had BET SA of 824.6 m?> g~ and Vg of 0.43 cm® g~!, similar to the morphology
of KGC, but ZnGC demonstrated a lower capacitance of 102 F g~ compared to
281 F g~! of BGC when scanning at 10 mV s~! in H,SO,4 1 M. This indicates
the influence of the activating agent on the performance of carbon. The activation
with KOH resulted in a hierarchical nanoarchitecture from macropores, mesopores
and micropores while the activation with ZnCl, significantly lacked macropores. The
addition of macropores in KOH activation supported the movement of the electrolytes
and increased the specific capacitance compared to ZnCl, activation.

Some studies explored other activating agents such as ZnCl, for the activating
process. Chitosan carbon was prepared by hydrothermally treating the mixture of 1 g
of chitosan +1 mL 1 M CH3COOH + 3 g of ZnCl, in 40 mL of H,O at 160 °C for 8 h,
and the hydrochar was carbonized at 800 °C in N, for 1 h (10 °C min~') to obtained
carbon NHPC [45]. ZnCl, acted as a dehydration agent to absorb the moisture inside
the biomass and increased the BET SA of NHPC to 1067 m? g’1 and Vi, of 0.486
cm?® g~!, which helped increase the specific capacitance to233.3F g~ at0.5 A g ! in
KOH 6 M. This was superior to the chitosan carbon synthesized without ZnCl, (NC)
with the capacitance of only 41.1 F g~ at 0.5 A g~!. This indicates the importance
of the porosity of carbon which aided the transport of electrolyte ions and formation
of EDLC.

The specific capacitance of sugar beet pulp carbon was 216 Fg=' at 0.5 A g~ ! in
KOH 6 M [13]. Sugar beet pulp was mixed with water and citric acid monohydrate at
mass ratio 1:10:0.03, hydrothermally treated at 200 °C for 2.5 h, and the hydrochar
was mixed with Mg(CH3COQ),.4H,0 at the mass ratio 1:1 or ZnCl, at the mass
ratio 1:3 before being carbonized at 700 °C to attain SC-Mg-700 and SC-Zn-700
respectively. At 700 °C, Mg(CH3COO),.4H,0 decomposed into CH;COOH and
Mg(OH)CH3;COO and MgO subsequently [21, 25]. This process encouraged the
formation of Viee of 0.741 cm? g=! compared to 0.171 cm® g=! of Vpiero in SC-
Mg-700, resulting in the high BET SA of 624.3 m? g~!. On the other hand, ZnCl,
influenced the surface area and pore volume through the dehydration, and increased
BET SA to 950.3 m? g’1 and Vipeso to 1.200 cm? g’l, while Viyicro was only 0.086
cm?® g~!. The higher specific capacitance of SC-Zn-700 of 263 F g~' at 0.5 A g~!
compared to 172 F g’l of SC-Zn-700 can be ascribed to the formation of V e, Which
facilitated the diffusion of electrolyte ions.

Not all the activated carbons had the high specific capacitances in supercapacitors.
The empty fruit bunch was first de-ashed by immersing in HF for 1 h, and the obtained
precursor was hydrothermally treated at the mass ratio biomass/ZnCl,/H,0O 1:2:3
at 275 °C for 1 h [16]. This hydrochar was activated in CO, at 800 °C for 2 h
(10 °C min~") to obtained AC-ZnCl,. ZnCl, enhanced the BET SA of AC-ZnCl, to
1571 m?> g~!. However, the specific capacitance of this AC-ZnCl, was only 2.45 F
¢~! in KOH 6 M, so that prepared carbon was not suitable for the supercapacitor.
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SEM images of AC-ZnCl, showed large particles of carbon, so the low capacitance
could be ascribed to the lack of pore network. This inhibited the transport of the
electrolyte and decreased the electric double layer capacitor on the carbon surface,
and ZnCl, is more selective than KOH in activating the effect on biomass carbons.

Changes in the pre-treatment environment from inert e.g. N, to CO, affects the
properties of the carbon. At elevated temperatures (>700 °C), carbon reacts with
CO, via Boudouard reaction to form CO [42]. The reaction between carbon and CO,
results in the consumption of carbon, creates more pores in the structure, connects
existing pores, and decreases the thickness of the pore walls. Furthermore, it leads
to the shrinkages of production particles. However, this activation method was not
favored in the literature survey although a previous study [35] demonstrated that the
electrochemical behavior of the carbon obtained from CO, activation was similar to
other carbons activated using KOH and K,CO3. Soap nut seed was first carbonized
in N, at 700 °C for 3 h, and then activated with CO, at the same temperatures for
2 h [35]. BET SA of soap nut seed carbon (CBAC) was 786 m? g~! and Vo was
0.212 cm® g~!, lower than other biomass carbon activated by KOH. Interestingly,
this CBAC carbon demonstrated the specific capacitance of 449 Fg=!at 1 A g~! in
6 M KOH, higher than 286.8 F g~! (kapok flower carbon ACg-4.5) [44]. The cyclic
voltammetry of CBAC showed a small peak at —0.6 V, indicating that it may involve
pseudo-capacitance from redox reactions. This suggested that the heat treatment
temperature at only 700 °C retained some oxygen functional groups in CBAC and
these groups join in the redox reactions to enhance pseudo-capacitance.

In some rare cases, such as activated carbon from caesalpinia sappan pods, the
direct pyrolysis under N, atmosphere at 800 °C for 1 h was conducted (CSPCNS)
[4]. BET SA increased to 675 m?2 g’1 with Vg of 0.268 cm? g’l, and the specific
capacitance was 261.8 Fg~! at 0.5 A g~ in KOH 5 M. The relatively high surface area
of CSPCNS could be due to the release of volatile out of biomass during pyrolysis,
but it is not common for the biomass-derived carbon to achieve high BET SA because
of the shrinkage of carbon skeleton during heat treatment, and it is not recommended
to use direct pyrolysis to prepare carbon materials for supercapacitors.

4 Current Challenges and Conclusions

This chapter discusses the surface morphology, surface area, pore types, and pore
size distributions of biomass-derived carbons, how these properties influence the
performance of supercapacitors, and the activation methods. It reveals that:

e Evenly distributed honeycomb-like pore network assembling from thin pore walls
and a few-layer carbon structures prove to be the most suitable carbon architectures
for supercapacitors. The honeycomb-like structure ensures that the electrolytes
can equally transport to the entire surface of biomass-derived carbons.

e Macropores are important for supercapacitors because they act as a gateway for
the bulk electrolyte to enter the surface of carbon, and macropores also protect the
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micropores (<2 nm) and mesopores (2—10 nm) from being blocked by additives
and binders used during the electrode preparation. However, the lack of reports
on macropores in literature inhibits the optimization and scaling-up of biomass-
derived carbon for supercapacitors. Furthermore, the lack of data on macropores
also explains why the remarkable differences in BET SA, Viotat, Vnicro and Vineso
were observed in Table 1. despite relatively similar specific capacitances of those
biomass-derived carbons.

e Mesopores are the pathways connecting micropores and macropores, SO main-
taining a percentage of mesopores benefits the diffusion of electrolytes in carbon’s
structure.

e Micropores in the range of 0.7-2 nm act as the active sites for the EDLC, so
the increase of micropores should increase the capacitance of carbons. Narrower
micropores (<0.7 nm) are inaccessible for electrolyte ions and do not benefit the
supercapacitors.

e There is no correlation between the pore size distributions and surface morpholo-
gies, and no correlation between pore size distributions and the performance of
supercapacitors was observed in the reported studies. Due to the blocking effect
of binders and additives when preparing electrodes, EDLC does not form on most
micropores and mesopores in carbons. For many studies, the shortage of data on
surface area, porosity, and pore distribution of not only biomass-derived carbon but
also the mixture of biomass-derived carbon, binder and additive creates difficul-
ties in comparing and analyzing data. A more comprehensive analysis of surface
morphology and porosity of the mixture of biomass-derived carbon, binder and
additive in future studies will solve the discrepancy of the data and create a better
relation between surface morphology, porosity, and electrochemical performance.

e To increase the surface area and pore volumes, chemical activation (KOH,
K,CO3, ZnCl,) and physical activation (CO, gasification) are frequently applied.
Most studies focus on the influence of mass ratio of the activating agent and
biomass/biochar, temperatures on the surface area and pore volumes, but it is
evident that they also control the surface morphology and macropore structures.
With a better understanding about how these activating methods affect the surface
morphologies and macropore structures, it will help the scaling up and adoption
of biomass-derived carbon in supercapacitors.

e Many studies used only a small amount of biomass precursors, and the vast array
of biomass used in literature posed difficulties in scaling up the biomass-derived
carbon production. This is crucial for the mass production of biomass-derived
carbon. More studies on the transition of laboratory scale testing into pilot scale
testing are therefore encouraged.

e Even though this is still at an early stage, more study on the techno-economic
challenges of biomass-derived carbon in supercapacitors will support a sustainable
adoption of this material in the future.
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Abstract Porous nanostructured nitrogen and S-doped carbon derived from biomass
have been extensively studied as electrode materials for supercapacitor applica-
tions. Supercapacitors are high-surface-area electrode-based electrochemical energy
storage technologies that may be dominant in applications requiring high power
supply or absorption. In high-performance supercapacitors, several electrodes,
including biomass-derived carbonaceous electrodes, have subsequently shown
significant potential due to their ubiquitous availability, renewable behavior, and
cheap power storage. However, it is possible to design and optimize biomass with or
without the presence of nitrogen in order to produce porous nanostructured nitrogen
doped carbon by a variety of processes, including pyrolysis, hydrothermal carboniza-
tion, and several other routes. The N doped carbon increases ion absorption sites,
electronic conductivity, carbon—sulfur bonding, and electrochemical catalysis. This
chapter discusses the synthesis routes of natural biomass-derived porous nanostruc-
tured N and S doped carbon, as well as heteroatomic doping of biomass-derived
carbon and its end-use applicability in the field of supercapacitors.

Keywords Biomass derived carbon + N & S doped - Heteroatom doping * Fuel
cell - Supercapacitor

1 Introduction

The cumulative reliance on fossil fuels has made meeting the demands for both
energy and environmental sustainability a pressing problem on a worldwide scale.
Fuel cells, wind, lunar, and tidal energy are just some of the renewable energy options
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that have emerged as a result of rising demand and related environmental concerns
[1, 2]. But for safe and continuous power acquisition, the sporadic energy supply
from these devices needs an effective storage mechanism [2]. Supercapacitors and
lithium-ion batteries (LIB) have been mentioned as viable storage technologies in
terms of energy [3, 4]. Despite having an elevated energy density (gravimetric), LIB
has a low power density, limited availability, and a sluggish stored energy transfer
rate [3]. Moreover, the supercapacitors have attracted a lot of interest due to the fact
that they have a superior density of power, a rapid charge or discharge rate, and
the capacity to tolerate harsh environmental scenarios [4, 5]. The supercapacitors
bridge the gap between lithium-ion batteries (LIBs) and regular capacitors, which
have excellent power densities but limited energy storage capabilities (energy density
increases with diminished power) [6]. The supercapacitors may theoretically supply
energy to a broad avenue of transportable electronic gadgets, hybrid electric cars,
and emergency power systems [7, 8].

The greatest drawback of a supercapacitor is its diminished energy density value,
which restricts the variety of uses for it [S]. So, researchers have tried to come up with
different electrode supplies and electrolytes with superior-recital output in order to
increase the density of energy. According to their charge storage method, supercapac-
itors are often divided into two main classes: electrochemical double-layer capacitors
(EDLCs) and pseudo capacitors. EDLCs (stimulated carbon, graphene, and others)
concentrate on electrostatic charge storage at the electrode/electrolyte interface,
while pseudo capacitors (conductive polymers, nano-metal oxides, sulfurides, and
others) use the method of charge storage through redox processes [5, 9]. The pseudo
capacitors have a higher specific capacitance than that of EDLCs, but they have low
cycle stability, and their electrode structure changes when redox reactions occur [10].
EDLCs, on the other hand, have a higher rate capability and extremely long cycle lives
with no electrode deterioration. Researchers have therefore concentrated on creating
a cutting-edge porous carbon electrode material for supercapacitors. It is necessary to
consider the graphitization level, specific surface area, and surface properties of the
EDLC electrode material in the research, development, and design processes in order
to produce great performance from the EDLC electrode material. As a consequence of
this, scientists have studied a diverse selection of electrodes (carbon-based), ranging
from zero-dimensional nanostructures to 3-dimensional nanostructured materials
like fullerenes [11], carbon nanotubes [12], graphene [13], triggered carbon [14],
and porous carbon made from metal organic frameworks (MOFs) [15, 16]. The
manufacturing of these carbon electrode materials is complex, time-consuming, and
energy-intensive; hence, their usage is restricted, despite the fact that they possess
excellent electrochemical and structural qualities. The petroleum coke and graphite-
derived activated carbons are non-renewable and were produced in polluted envi-
ronments [17, 18]. In contrast to previous carbon nanostructures, the development
of carbon materials derived from biomass has garnered a lot of interest. As renew-
able carbon precursors, biomass resources are plentiful, non-toxic, and sustainable
[19]. They are also thought to be environmentally beneficial. Animals, plants, and
microbes that are used for waste disposal provide a wide variety of biomass precur-
sors, including scales of fish [20], shells of coconut [21], wood [22], algae [23], etc.
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Using a straightforward conversion procedure, the carbon obtained from the biomass
precursors can take on certain shapes and develop leaky behavior [24]. Activation
and carbonization processes were used to create porous carbon electrode materials.
In the carbonization process, biomass is pyrolyzed at temperatures between 400 and
900 °C to produce carbon nanostructures in an inert gas environment. Activation tech-
niques such as chemical or physical activation convert pyrolyzed biomass into useful
porous carbon compounds. The two stages of the physical activation approach are
carbonization at low temperature and activation at elevated temperature, employing
vapor or CO, as activating agents. For instance, using a physical activation approach,
porous activated carbon was created from coconut shells [25]. After carbonization,
the coconut shell biochar is treated with hydrochloric and hydrofluoric acids before
being rinsed with deionized water (DI). The acid-activated biochar was then put
through physical activation while being heated to 900 °C by CO, gas. Because the
stimulated carbon does not have a large surface area with proper porous structure
development, this activation procedure requires more energy than chemical activa-
tion. Alternatively, the chemical activation process consists of three distinct steps,
including low-temperature pyrolysis, chemical agent activation, and carbonization at
high temperatures between 500 and 900 °C. The activation process uses a number of
chemical activating agents, including KOH, NaOH, KCl, NaCl, H;POy,, and ZnCl,,
to produce an extensive variety of pore sizes with big conduits for quick ion transmis-
sion and effective stowage [26]. KOH is the chemical substance used to activate most
frequently because it produces carbon with a large, specific area of surface, in contrast
with physical initiation. For instance, Wang et al. [27] produced stimulated carbon
from lettuce leaves that had been activated with a KOH solution that was tuned. The
vegetables were first pyrolyzed at 600 °C, triggered with KOH, and then carbonized
at high temperatures before being washed with hydrochloric acid and DI water to
remove potassium ions. The permeable carbon with doped nitrogen produced from
bovine gelatin directly through carbonization and NaOH activation without the use
of any additional doping chemicals is one example of this [28]. The use of doped
processes, which produce a larger specific capacitance of 385 F/g and great rate
capability, was made possible by the presence of different proteins. In contrast to
artificial doping, the self-doping procedure is therefore extra affordable, straight-
forward, and environmentally friendly. Review articles on the doped heteroatoms
in the network of carbon for energy storage applications focus on different doping
techniques and how they affect the performance of electrochemical reactions. For
numerous applications in energy systems, including supercapacitors, batteries, fuel
cells, and hydrogen storage, an indication of the nobbling of carbon with N, P, and
B was published [29]. Although self-doped carbon compounds have shown promise
as a viable option for energy storage, there have been very few studies summarizing
the landscape of the most efficient and environmentally friendly approaches. Here,
we provide a concise introduction to the use of supercapacitors containing carbon
produced from biomass that has been doped by itself with different atoms (mostly
nitrogen, sulfur, and phosphorus). Before a single heteroatom doped carbon mate-
rial can be discussed as a supercapacitor electrode, the behavior of different atom
bonding and the consequences of doping must be described. After providing some
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background information on dual and multiple diverse-atom doping with biomass
carbon for applicability in the domain of supercapacitors, we move on to discuss the
most important future doping insights.

2 Fabrication of the N and S Self-doped Hierarchical
Porous Carbon

The permeability and electrochemical efficiency of carbon materials have been
thought to be greatly improved by heteroatom doping techniques [30, 31]. Although
N-doping improves the conductivity and electrochemical activities of the carbon
matrix as well as its permeability, nitrogen-doped carbon is widely used to discuss
energy-related issues [32-34]. Research on S-doping is still limited when compared
to N-doping. The Fermi level in the carbon material has been shown to change signif-
icantly toward the conductive band as a result of S-doping [35]. This process will
create a surface that is more polarized, improving the permeability of the carbon
surface while accelerating the transport of electrolyte ions inside the porous carbon
matrix [36]. Consequently, S-doped carbon has a huge capacity for energy storage.
The latest evidence by certain organizations has focused on N and S co-doped star
carbons, such as graphene and carbon nanotubes, in the hopes that the combined
effects of nitrogen and sulfur doping will also enhance the star’s carbon electrochem-
ical performance [37—41]. For instance, in a step-by-step doping process, Gopalsamy
et al. [42] synthesized co-doping with N and S graphene by employing cyanamide
and benzyl disulfide as the N and S sources, respectively. The results indicated that
the dual-doped graphene performed better electrochemically compared to the single-
doped and undoped graphene. Wang et al. [43] developed a one-step procedure that
results in the co-doping of carbon with N and S made up of pomelo peel with superior
specific capacitance (317 F/g~') and a remarkable capability rate (69.7%). However,
the same technology was used in the processing of another two, specifically bamboo
fiber and sugarcane bagasse, both of which exhibited remarkable electrochemical
activity. This is primarily because the morphology and conformation of the pomelo
peel and subsequent carbon are quite similar to those of the pomelo peel.
According to the X-ray diffraction (XRD) analysis (shown in Fig. 1), synergistic
activation was discovered in pomelo peel resulting carbon samples processed in a
step-by-step process by carbonization at different temperatures. Finally, the results
reveal the significant application of symmetric supercapacitors for energy storage by
showing high energy density (30,624.6 Wh kg~!). Similarly, Lei and her coworkers
investigated the three dimensional structure of dually doped carbon fibres, that is,
nitrogen and sulphur doped carbon fibers, by utilizing an absorption-swelling method.
As per the report, it was found to have a best specific capacitance of 202 F/g~! for
dual doped NSCF as compared to a pristine, un-doped one, which is 2 times less than
the doped one. It demonstrates the manufacture of a supercapacitor electrode that has
excellent power performance as a result of optimal electrical conductivity, quick ion
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transport, and the greatest wettability [44]. Wan et al. [45] have presented a hierar-
chical absorbent carbon candidate made from rape pollen and directly activated with
amalgamated salts of ZnCl, and FeCl;, which is co-doped with nitrogen and sulfur.
Due to the interaction between the consistent hierarchical aperture structure and the
congenital spherical shape, the resulting hierarchically porous carbon displays a high
specific capacitance of 361.6 F g~! at a current density of 1 A g~! and exceptional
rate capability. But the plentiful surface unfastened channels, and number of doped
N, S atoms had the right level of graphitization (217.0 F g~! at 100 A g~!). Addi-
tionally, it exhibits improved cycle steadiness with 94.5% capacitance preservation
after 20,000 cycles at 5 A g~

These amazing discoveries could offer a novel strategy for converting biomass into
superior-performing carbon compounds for applicability in supercapacitor applica-
tions. Dai and his team fabricated a unique, low-cost supercapacitor with high power
density and energy. Herein, they apply the methods of activation, electrospinning,
and carbonization to N and S co-doped graphene with polyacrylonitrile, which is
based on the biomass of lignin in carbon nanofibers. In order to successfully collect
HCN, NH3;, and SO, produced from lignin and PAN during carbonization, GN is
utilized as a nitrogen and sulfur immobilization mediator. As a result, the concen-
tration of heteroatoms of N and S in ACNFs is enhanced. The produced ACNF has
a maximum specific surface area of 2439 m? g~! and a GN content of 0.30 wt%.
It exhibits the highest heteroatom doping and a characteristic 3-dimensional porous
network structure with high crystallinity. The assembled supercapacitor performs
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better electrochemically because of its extremely up surging specific capacitance
of 267.32 F g~!, diminished corresponding series resistance of 5.67, and excellent
cyclable stability of 96.7%, giving a maximum of 5000 cycles of charge/discharge in
both techniques with 6 mol L~! KOH as electrolyte. The built-in symmetrical super-
capacitor most clearly demonstrates that doping ACNFs with GNs enhances their
energy—density value from 4.12 to 9.28 Wh kg~! without slightly reducing power
density [46].

3 Effect of Heteroatoms Doping into Carbon

Doping carbon with a wide range of heteroatom mixtures makes it possible to study
in depth how these mixtures affect the electrochemical performance and properties
of the doped carbon.

3.1 Nitrogen Doping (N-doping)

In the case of doping strategies, which are mainly used in carbon materials, the most
common heteroatom is nitrogen. The following factors are particularly effective for
N-doping carbon [47]:

i. Since N is an adjacent element to C in the periodic table, doping may cause
many electrons to be tuned.

ii. Most of the electrons that N gives to the delocalized carbon chain are what make
the electronic conductivity of the carbon network go up.

iii. The occurrence of N atoms, which have a radius close to that of C atoms, makes
it less probable that the lattice would crack.

iv. The C-N bond is formed in a manner analogous to n-type semiconductors, and
it has several potential uses in the electrical industry.

In a broad sense, it has been shown that adding N atoms to sp? carbon
chains may lead to the production of four distinct nitrogen bonding forms.
These nitrogen bonding forms are referred to as pyridine-N, pyrrolic/pyridone-N,
graphitic/quaternary-N, and pyridine-N (oxidized). While pyrrolic-N is chemically
similar to pyridine, which forms rings with sp?-hybridized carbon atoms in the five-
carbon family via a single hydroxylic group, pyridine-N forms rings with di-sp>
carbon atoms in the six-carbon family via the contribution of electron lone pairs
[48]. Graphitic-quaternary-N has a significant N-doping effect because the majority
of its unpaired electrons are covalently bonded to neighboring carbon atoms through
three-bonds, filling the sp?> carbon atoms’—state with one electron from N and
pushing the other into the conduction band [49]. In addition, nitrogen and a plethora
of oxygenated functional groups in the carbon obtained from biomass all play a
role in the faradaic reactions [50]. Therefore, N’s presence in carbon modifies its
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symmetry and other features that are advantageous for electrochemical performance
by facilitating redox processes. Analytically and conceptually, Wang et al. [51] inves-
tigated how N doping affects redox reactions during electrochemical processes. Their
research was published in the journal Electrochemistry Communications. According
to the conclusions drawn from the theoretical research, redox pairs are formed when
oxidized pyridine-N with a high affinity for electrons and oxidized pyridine-N with a
lower positive charge interact. This well-described method, which first increases the
amount of space available for storing hydrogen atoms and subsequently endorses
the binding of protons, is exemplified by the interaction among pyridine-N and
pyrrolic-N.

SN H N\ H

| 26 +2H" ——= +H0

Z Z

N-doping of carbon occurs since nitrogen-rich biomass has regular nitrogen
dispersion worldwide. In addition, in order to produce superior performance,
the combination of several types of N-species (pyridine-N, pyrrolic/pyridone-N,
graphitic-quaternary-N, and oxidized pyridine-N) would definitely be beneficial. Li
and colleagues created a material using cherry stones as a source to create porous
carbon with a carbon support that was functionalized using heteroatom nitrogen atom
doping. The whole process of development was carried out using a chemical activa-
tion approach, and the high mechanical strength and shape of carbon obtained from
cherry stone (CS) that was produced as a consequence made it a major contender for
use in industrial applications. These cherry stones turn black at calcination temper-
atures of 800 °C while retaining their spherical shape and high mechanical strength
(as shown in Fig. 2). Furthermore, scanning electron microscopy (SEM) surface
morphology (Fig. 3a, b) reveals an intriguing fact about CS: it is composed of stacked
flakes, each with numerous cavities on its surface. The majority of the cavities are
large, and some of them aren’t even through. Figure 3c, d depict TEM characteriza-
tion of this unusual texture, where the holes remain perplexing due to their varying
orientations (highlighted in red dashed box). Because there are always channels
present in cellulose materials, we conclude that the macro-pores likely originated
in the cherry stone’s primary structure. According to HRTEM (see Fig. 3e), CS is
predominantly made up of amorphous carbon with minimal graphitization. More-
over, with the application of N-doping, the material exhibited a sizable surface area
of around 1155 m?/g in addition to a characteristic hierarchical pore structure that
was associated with macro and micro pores [52].

Guo et al. [53] developed a carboxymethyl chitosan nanocomposite material
that combined crystalline Mn3 O, particles of nanoscale porous carbon spheres with
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Fig. 2 Schematic depicting the manufacture of N-doped hierarchical porous carbon from cherry
stones. Reproduce with permission from the Ref. [52]. Copyright 2018, Elsevier

Fig. 3 Characterization of CS material by SEM (a, b) and TEM (c—e). Reproduce with permission
from the Ref. [52]. Copyright 2018, Elsevier

doped nitrogen. However, lithium ion batteries that employ Mn3O4—NPCS nanocom-
posite as an anode material show an elevated specific capacity of 1629 mAh g~!
at 100 mA g~! after 100 cycles, compared to the values for neat Mn;O, and
NPCS, respectively. The exceptional electrochemical activity of the Mn3;O4—NPCS
nanoscale-particle may be attributed to both the N-doped and the one-of-a-kind
hybrid structure of the nanocomposites. The majority of the carbon-based nanosheets
with N-doping pores were created by Zuo et al. [54] by a hydrothermal proce-
dure and carbonization using pemole peel and melamine as the starting materials.
The inherent sponge-like structure of the pomelo peel was exploited as a carbon
source, and melamine was used to control the development of nanosheets by acting
as a nitrogen precursor. The outcome showed that the carbonization temperature,
pomelo peel to melamine ratio, amount of nitrogen doping, and surface area were all
related. Following the loading of Pd onto a porous carbon-based nanosheet doped
with nitrogen, the catalytic hydrogenation of nitrobenzene was assessed. Because of
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the designed pore structure, increased nitrogen, and very low Pd particle, the conse-
quences disclosed that PdA@PCN had nearly 100% adaptation and virtuous cycle
activity towards the hydrogenation of nitro-benzene; it was better than some other
nanoparticles and supports and demonstrates significant application potential [54].

3.2 Sulfur Doping (S-doping)

Sulfur interacts with carbon to create thiols, sulfides, and disulfides, functional
groups that are structurally analogous to oxygen’s alcohols, ethers, and peroxides
(sulfur is part of the oxygen group and hence is positioned in the period IInd of
the periodic table). The incorporation of second-row atoms with a larger radius than
carbon disrupts a flat geometry because these imperfections serve as active species
in redox reactions [55]. According to a survey, different sulphur bonding species,
including thiol, thiophene (aromatic sulphur), thioether/sulfides (aliphatic sulphur),
sulfoxide, sulfone, and sulfonic acid, are produced when sulphur atoms are added
to the sp> carbon framework. Zhao et al. [56] described the function of S doped
inside the network-carbon, so that had an impact on improving the capacitance effi-
ciency in S-doped mesoporous carbon structures. The results are owing to (i) a
larger density of electrons being present on the interface of carbon as a result of
its harmonious instigation with the electron-efficient sulphur and (ii) a sequence of
redox reactions (i.e., faradaic reactions) involving sulfone and sulfoxide types [57].
An increased electric dipole moment during the electrochemical process causes the
overall polarization of the medium to increase within an applied electrical field.
According to the following equation, the total polarization (P) is multiplied by the
electrolyte’s dielectric constant (r), increasing the normalized capacitance. There-
fore, a greater r increases capacitance, and surface polarization facilitates the charge
transfer mechanism.

C/A = ge0/d and P = (¢, — 1)/ (e, +2)

where A is the electrode’s electro active surface area, ¢, and g, are the dielectric
constants of the electrolyte and free space, and d is the average ionic distance from
the electrode surface.

So, S-doping of the carbon framework causes the band gap to open and localized
states to form, which change the electro negativity by causing polarization impact.
Additionally, S-doping can effectively change the distribution of spin/charge densi-
ties that modify the carbon matrix by generating a significant number of electroac-
tive sites. Chen et al. [58] synthesized an ecologically friendly approach that was
used to create S-doped microporous carbon nanospheres with a TiO, nano-covering
(CNS-S@TiO;) (as shown in Fig. 4a), which were then investigated as a poten-
tial anode material for SIBs/LIBs. Greater as predicted values of both graphite and
TiO, for Li* and Na* stowage, the composites used as anodic demonstrated superior
revocable capabilities of 768 and 480 mAh g~!, that might be attributed to surface
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storing because of availability in sulphur atoms. It has been found that S-doping may
significantly boost the binding energy of sodium ions on graphite and enhance the
efficacy of C4Na surface production. Additionally, TiO, nano-coverings are having
a significant impact on the constancy of Li*-ion and Na*-ion storage in these mate-
rials, leading to an extremely extended life cycle. However, CNS@TiO, hybrids
with almost monodisperse widths of around 200 nm are shown in Fig. 4b1. Further,
it is suggested that the (enlarged TEM image, Fig. 4b2) i.e., CNS interface was
coated by TiO; nanoscale-particles. Figure 4b3 shows presence of TiO, nano-units
(yellow ellipse) through sizes extending from 4 to 8 nm in CNSs. Figure 4c1 shows
the CNS-S@TiO, nanohybrid was found after S-doping. In high-resolution TEM
images (Fig. 4c2) show that CNS-S@TiO; is greatly sander than CNS @TiO,, with
the exception of several giant TiO, nanoparticles. However, three nanocoatings, indi-
cated by yellow lines in Fig. 4c3, are displayed on CNS-S@TiO,. The widths of the
lattice fringes (0.33 nm for rutile and 0.35 nm for anatase) and the presence of poly-
morphs of TiO,, as shown by selected area electron diffraction (SAED), show that
nanospheres were heavily coated with TiO, nano-coatings. Figure 4d1, d2 demon-
strate that the TiO, shell treated over carbon of nano-spherical shapes of diameters
vacillating from 100 to 200 nm have retained after a portion of the carbon core was
removed by calcinating CNS-S@TiO; in air, indicating the excellent stability of
TiO;, nano-coatings. The SAED (inset) shows that the TiO, is polycrystalline and
conforms to the (101), (004), (200), and (105) planes of anatase TiO,, which are
shown in Fig. 4d3.

Heetal. [59] investigated chemical activation using potassium hydroxide, alignin-
based pitch recovered from dark liquor has been employed as a preliminary to create
triggered carbon (AC) exhibiting lofty specific pore volume and interfacial area
(KOH). It was also investigated how the characteristics of activated carbon were
affected by the activation temperature. At an stimulation temperature of 850 °C, the
improved activated carbon (PAC-5-850-60) was made. The PAC-5-850-60 attained
its maximum specific surface area and total pore volume at this temperature. Gassy
benzene has been employed by way of adsorbing agent in the adsorption investigation,
and only a dynamic adsorption experiment has been run to examine the adsorption
activity and process of PACs. The partition coefficient and adsorption capability for
gassy benzene on PAC-5-850-60 under 5000 ppm (or 500 Pa partial pressure) seem
to have been 802.06 mg g~! and 0.20 mol kg~! Pa~! at 10% breakthrough level and
819.77 mg g~! and 0.02 mol kg~! Pa~! at the 100% breakthrough level, respectively.
The recycling adsorption performance of PAC-5-850-60 was excellent, and it may
work effectively as an absorbent to get rid of gaseous benzene. Similarly, Raj et al.
[60] propose a significant contender for supercapacitor applications after a fruitful
conversion of Borassus flabellifer flower into stimulated carbon (AC), by the greatest
uptake of sulphur (S) levels in the doped-S AC method. As per report, at the current
density of 1 A/g, S-doped activated carbon exhibits an excellent specific capacitance
of 275 F/g at a current density of 1 A/g~'. The specific surface area (PM6) for AC
is 474.99 m?/g, with the maximum 10 wt% S achieved after activation at 600 °C for
an hour via 30 wt% KOH [60].
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Fig. 4 Morphology and structural characteristics: (a) CNS-S@TiO; material. TiO, nanoparticles
and micro-pores are shown in a ellipse of yellow colour and a tiny green ring in the SEM and TEM
images of CNS@TiO; (b1-b3). TiO» exhibits nanocoatings shown by yellow lines in the S-doped
CNS-S@TiO; as exposed in (c1-¢3) SEM and TEM images. Neat TiO; remained after part of the
carbon was removed from CNS-S@TiO; in medium of air at a temperature 450 °C, as shown by
the matching SEM and TEM (d1-d3). Reproduce with permission from the Ref. [58]. Copyright
2018, Elsevier

4 Biomass-Derived and Self-doped Heteroatoms-Built
Carbon Materials

In the past ten years, a lot of biomass precursors have been used for energy storage
purposes. Due to their very porous nature and heteroatom doping, electrodes’ electro-
chemical performance has increased. Heteroatoms appear spontaneously in a variety
of protein configurations in certain biomass precursors. However, these were utilized
as alow-cost, environmentally acceptable method of uniformly doping carbon, which
serves as a strategy leading to applications involving storing of energy. On the basis
of mentioned benefits, individual-doped biomass carbon as an anode/cathode for
supercapacitors can be used for and has the following features: Zou et al. [61] inves-
tigated a material with a sustainable and low-cost carbon-based electrode, which is
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used as the most abundant resource other than fossil fuel for energy device appli-
cations. These materials are used in this study to create suitably doped heteroatom
carbon materials in order to determine the outstanding electrochemical behaviors and
porosity via alkaline activation and carbonization. However, the activation method
increases the pore distribution, specific surface area as well as helps in the construc-
tion of active sites for heteroatom doping. Similarly, Ma and colleagues proposed
a self-doped heteroatom concept based on porous carbon materials with low-cost
and renewable precursors. Herein, they used the concept of carbonization and acti-
vation strategies to achieve hierarchical multi-heteroatom co-doped porous carbon
materials. Initially, the biomass porous carbon was derived from tea leaves, which
function as an ideal precursor to provide the secondary hetero-atomically function-
alized carbon nanosheets. Hence, these nanosheets are adjustable by changing the
different conditions of pyrolysis, which successfully increases the petrochemical
activity of porous carbon. Thus, it results in outstanding capacitance retention of
nearly 94.8% over 14,000 cycles at 3 A/g~" and reveals the best strategy for storing
energy at high performance for use in the industrial sector. The self-doping method
is still improving their ability to use supercapacitors by resulting biomass derived
from various carbon-containing materials [62]. Bhattarai et al. [63] proposed the
concept of self-doped nitrogen atoms with activated carbon, which is derived from
wastes of cherry flowers, to function as variable energy storage materials for green
and sustainable energy solutions. However, they examined the energy storage appli-
cations of activated carbon derived materials like an electric double layer capacitance
and sodium-ion battery electrode material.

4.1 Solitary Heteroatom Doped Biomass Carbon

Numerous biomass resources high in nitrogen are readily available out of usual
resources and used in the process of conversion for applicability in the field, energy
storage. The N-efficient biomass may be divided to three categories: microorganisms,
plants, and animals. The use of this N-doped carbon produced from biomass in
supercapacitor applications is described in more depth below. Plant-based biomass
consists of the seeds, fruits, leaves, and stems/bark of plants, which are rich in
minerals, proteins, and other compounds, including collagen and chitin. The by-
products of animal life, such as skin, bones, and other body parts, include a large
no. of hetero-atom functions in the form of keratin protein, amino acids, and chitin.
Animal waste is a cheap, plentiful, renewable, and eco-friendly source of doped
carbon nanostructures.
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4.2 Biomass with Carbon with Dual-heteroatom Doping

A carbon network’s dual doping may provide a harmonious coupling consequence
among hetero-atoms, enhancing the network’s chemical or corporal characteristics.
N-doped primary element, while co-dopants such as S, P, and O are often utilized. Co-
doping with nitrogen and sulfur occurs naturally in close-packed carbon hexagonal
rings, and their combined effect may increase the total doping level. The N-H-S—
and N-H-S— =hydrogen bonding groups allow pyridinic and graphitic nitrogen to
communicate [64]. While S and P widen the gap between layers and provide elec-
trochemically dynamic regions for pseudo capacitance, graphitic N-doping allows
electricity to flow more freely through the material. Density functional theory (DFT)
was used by Zhou et al. to determine that nitrogen and sulphur co-doped carbon had
a larger binding energy (Eb) associated with the LiSH molecule than nitrogen and
sulphur alone (Ey, = 1.43 and 1.02 eV, respectively) [65]. In contrast to graphene
without doping, E,, at the thionic S site increases while E;, at the thio-phenic S site
decreases. In contrast, intense contact raises the E,, of LiSH at the pyridinic N and
pyrrolic N sites. The LiSH molecule exhibits a higher binding energy in the case
of N- and S-co-doped graphene, with thionic S and pyridinic or pyrrolic N closed.
Because N and S atoms are more electronegative than C atoms, they act as electron
withdrawing agents, polarizing nearby C atoms and the group C-O and forming
hydrophilic interfaces. DFT simulations show that dual-doped graphene is superior
to mono-doped graphene as a result of its synergistic impact.

4.3 Multi-heteroatom Doped Biomass Carbon

Carbon atoms receive greater asymmetrical spin and charge density when they are
doped with several heteroatoms. These few biomass precursors contain multiple
heteroatoms on their own, as opposed to single or co-doped heteroatoms; pyrolysis
of these precursors yields multi-heteroatom doped carbon at the nanoscale. To stabi-
lize oxygen functions by enhancing reaction stability, doping with N, S, and P in
that order will correspondingly introduce an n-type dopant interface of polarization
for pseudo-sites, increase pseudo-capacitive characteristics coupled with electronic
conductivity, and increase pseudo-capacitive characteristics. For instance, using a
one-step technique, Zhao et al. [66] have synthesized N (11.2 at%), S (0.64 at%),
and P (0.82 at%) co-doped hierarchically porous structured carbon (N-P—S—-HPC)
from peanut meal. To further comprehend the capacitive behavior of N-P-S—-HPC
and commercially stimulated carbon, the Trasatti analysis has been utilized to quan-
tify the involvement of EDLC as well as pseudo capacitance (AC). This result is more
in accordance with the Dunn technique of study, which found that heteroatom-doped
carbon showed 23% pseudo-capacitive behavior compared to AC’s 8%. However,
urea is the primary nitrogen source in human urine, and it can be easily converted to
heteroatom-doped porous carbon via pyrolysis and acid action [67]. Moreover, the
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chemical compositions of heteroatoms like N, S, and P vary from higher to lower
percentages. The most common waste material in sericulture, agronomic waste from
silkworm feces, has recently been used in the fabrication of multi-heteroatom doped
carbon with appreciable porosity. This waste is comprised of rudimentary forms
of proteins, lipids, amino acids, carotenoids, and other substances. Hydrothermal
treatment [68] or activation/pyrolysis of silkworm poop yielded heteroatom-doped
porous carbon for use as electrodes in high-performance supercapacitors [69]. Chitin,
a polymer often found in insect exoskeletons and cell walls, contains amines, as was
previously documented. Heteroatom-incorporated porous carbon (PCS) was made by
carbonizing and activating cicada slough (cicada shell) [70]. The XPS analysis reveals
the presence of heteroatom doping at 2.72 at% for nitrogen, 0.13 at% for sulphur, and
0.27 at% for phosphorus, with all N-species, C—P—C bonds, oxy-phosphorus, and all
S-species, like thiophene, sulfonate/sulfate, etc. Yang et al. [71] have claimed that
employing a laver to produce porous carbon that was doped with various heteroatoms
(P, S, Ca, Mg, K, and Fe) improved the capacity of supercapacitor devices to power
LEDs.

5 Biomass Derived N-doped Carbons as Fuel Cell Catalyst
Support

Carbon black is made from Vulcan XC-72, and because of its large surface area
and high electrical conductivity, it has found widespread use as a catalyst in the
advancement of technology for fuel cells. The feeble connection amongst XC-72
blacks of carbon and Pt nano-scale units led to the accumulation of Pt nano-sized
particles, which decreased the active sites on the particles [72—74]. As a consequence,
the durability of the material was deficient. Moreover, the surface active sites that
anchor metal nanoparticles might be introduced by doping carbon with nitrogen,
resulting in more homogeneous and better bonding between both the nanoparticles
and carbon-based materials. In contrast to non-doped carbon nanotubes, Pt nanopar-
ticles anchored by nitrogen-doped surface carbon nanotubes have been shown in
recent studies to have increased durability and ORR activity [73, 74]. The use of
nitrogen-doped carbon-based biomass acts as a catalyst for electrochemical activity.
A higher electrochemically dynamic area of surface and enhanced properties of
electro-catalyst performance for oxidation in alcohol and reduction of oxygen were
found in a NCs-supported catalyst in comparison to that of a standard carbon black-
supported noble metal nanoparticle [74—76]. Besides, nitrogen, which may alter the
Pt chemical state and shape the nanoparticles into their characteristic dendrites, was
found to be present in the soybean-derived NC, resulting in the formation of Pt
dendrites (Fig. 5a) with a dimension of nearly 20 nm. In addition, as can be shown
in Fig. 5b, the Pt dendrites demonstrated increased electro-oxidation of methanol in
comparison to that of the normal Pt—C catalysts. Superior-interfacial-area nitrogen
doping of carbon aerogel generated from chitosan is an appropriate electrochemical
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substrate because it can create highly distributed and uniform Pt nanoparticles with
large electrochemically active sites for methanol oxidation. However, because of
their mutually influential bond, the electronic configuration of PT was altered when
nitrogen was introduced into a carbon support. The results of the XPS experiment
also established that the Eb of Pt 4f undergoes a positive transition toward a high-
state energy state (Fig. 5c, d), which suggests that it is capable of demonstrating
a lowering trend when shown by adsorbates on the surfaces of metals. This helps
remove CO-based transitional chemicals and enhances methanol oxidation Kinetics,
lowering the onset potential and increasing intrinsic activity [72-76].

Fig. 5 a Ptdendrimers on nitrogen-doped carbon: a morphological picture, b Pt—C catalyst, ¢ XPS
spectra of P-C catalyst and d Pt-XC-72 carbon black. Reproduce with permission from the Ref.
[75]. Copyright 2014, Elsevier
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6 Supercapacitor Activity of N-based Doped-Heteroatom
Biomass Carbon Electrodes

Electrochemical capacitors (ECs), sometimes acknowledged as “supercapacitors,”
are a promising photovoltaic technology for mobile electronics, cold-starting aids,
electric automobiles, etc., because of their higher rate capability and longer cycle
life compared to battery systems. Rescindable ion adsorption on the superficial high-
surface area electrodes charges the electrical dual layers in ECs, which then serve
as energy storage devices. The primary elements of an EC, the electrodes, typi-
cally comprise absorbent activated carbon. This substance is particularly suited for
this application due to the fact that it has great chemical stability, superior elec-
trical conductivity, accessibility, is kind to the environment, and has a cheap cost.
Furthermore, the permeability of significantly higher exterior-area carbon can be
custom-made and altered to match the properties of the electrolyte used in ECsb6.
Additionally, the inclusion of certain heteroatoms into the carbon framework can
have pseudo-capacitive effects that increase the capacitance of the carbon mate-
rials employed as electrodes. For instance, nitrogen groups can increase specific
capacitance by combining the charging of the double layer with extra-faradic redox
processes. Ferrero et al. [77] have developed a supercapacitor based on Li; SOy that
uses electrode material that is inexpensive and kind to the environment. In this work,
defatted soybean (i.e., soybean meal), an extensively accessible and lucrative protein-
rich biomass, was used as an ingredient in an ecologically sound hydrothermal
carbonization procedure, yielding nitrogen-doped carbon through a large specific
surface extent, optimized micropore assembly, and surface chemistry.

In Fig. 6, we can see that the rate capabilities of these activated carbons are quite
high, and samples produced at low activation temperatures had a capacitance fade
of 50% when subjected to a current density of roughly 20 A g~'. Furthermore, at
an increased current density of 40 A g~!, the AS-700 and AS-800 samples show a
greater value of capacitance of 140 F g~! (87 Fem™3) and 170 F ¢! (99 F cm™),
respectively, and outstanding capacitance retention of 45 and 56% for 400 times the
rise in discharge rate from 0.2 to 80 A g~!. Zhou et al. [78] have investigated the
most environmentally friendly biomass that has carbon pores, which will be vastly
utilized in the near future as a domain of energy conversion technology. However,
they reveal the use of soybean dreg in a simple KOH activation and high-temperature
carbonization process using both aqueous (6.0 M KOH) and ionic liquid (EMIMBF4)
electrolytes to make a high efficiency electrode material for supercapacitors. It is
favorable for both large-scale ion storage and high-speed ion transport that the mate-
rial that carbonizes at 800 °C has a significant number of micropores (0.71 cm? g~!)
and a highly ion-accessible surface (1837.26 m?> g~1).

Han and his colleague planned the development of high-quality, low-cost electro-
chemical energy storage systems using activated carbon derived from plant waste.
Because of its low cost and simple production procedure as an electrode material
for supercapacitors, activated carbon has a promising future, especially compared to
graphene, carbon nanotubes, and other pricey carbon materials. By activating KOH
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Fig. 6 Specific capacitance
of N doped porous carbon in
1 M H,SOy at a voltage
window of 1.1 V varies as a
function of current density
[771

with bamboo shoot shells, porous carbon (KAC-700) with heteroatoms (O, N) is
created. At a current density of 1 A g~! in 1 M H,SOy electrolyte, the symmetric
supercapacitor based on KAC-700 possesses gravimetric and volumetric capaci-
tances of 223.21 F g~! and 167.63 F cm?, respectively. With a power density of
546.60 W kg~! and a high energy density of 13.15 Whkg~!, this supercapacitor also
has a high capacitance retention rate of 93.62% after 4000 cycles at 5 A g~! [79].
Similarly, a research group identified celery derived N-doped microporous carbon
material, which is synthesized using a one-step self-activation process. Herein, the
manufactured samples demonstrate a hierarchical porous structure with open micro-
pores, with a specific surface area of up to 1186 m?> g~! and an average micropore
width of 0.94 nm. These samples inherit the evolved water transport system found in
celery living tissue. The addition of nitrogen heteroatoms increases the manufactured
samples’ wettability, conductivity, and surface activity, as well as the accessibility
of the electrolyte in the micropores, which results in better capacitive performance.
The manufactured samples have a capacitance of up to 245 F g~! [80]. Jia and his
co-workers have reported the Metasequoia fruit (dawn redwood cone) may be used to
obtain naturally nitrogen-doped porous carbon in two simple steps: pre-carbonization
and chemical activation. In 6.0 M basic electrolyte, current collectors covered with
porous carbon are tested as electrodes for electrochemical capacitor applications.
According to the findings, porous carbon that was produced at a temperature of
700 °C for activation maintains the highest specific surface area (1,831 m? g~')
and the biggest pore volume (0.92 cm?® g=!). The carbon-based electrode exhibits a
steady cycling characteristic in a three-electrode test, in addition to having an excep-
tional capacitive performance up to 326 and 236 F g~! at current densities of 0.5 and
10 A g~!, respectively. Due to the accessibility of materials, our research implies that
the cone may be used as a viable and nearly cost-free precursor in the fabrication of
porous carbon samples for supercapacitors [81].
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7 Supercapacitor Performance of S-based Heteroatom
Doped Biomass Carbon Electrodes

Chadha et al. [82] proposed the concept of lithium—sulfur batteries using carbon-
based electrode material as well as describing the recent development of a flexible
Li-S battery device. Due to their high energy density, theoretical capacity, and low
price, lithium—sulfur batteries are one of the fastest-growing categories of recharge-
able batteries. However, a number of obstacles, such as degradation brought on
by polysulfide dissolution, low conductivity, and other limiting factors, delay their
widespread application. Li—S batteries have been developed for decades with the
goal of enhancing battery performance by changing the electrode material to address
these issues. Meanwhile, the need for process modifications to enhance battery
performance is more critical than ever due to the depletion of fossil fuels and rising
energy demand. Due to their low cost, accessibility, high cycle stability, and remark-
able electrical, thermal, and mechanical qualities, carbon-based materials, including
conducting polymers, carbon nanotubes, graphene, and activated carbon, have drawn
alot of attention. A comparison of Li—S batteries and their rival rechargeable batteries
based on comparable characteristics is also covered, as is a comparison with various
non-carbon-based electrodes used in the lithium—sulfur battery. A basic conclusion
and recommendations for the future are provided. Similarly, Gu et al. [83] analyze
the new technique to obtain lithium—sulfur batteries with a significant potential by
replacing lithium-ion batteries. This study examines the different uses of carbona-
ceous materials in Li—S batteries and offers ideas for their future development with
the goal of creating a sulfur-based cathode with a high energy density, extended cycle
life, and little impact on the environment. Because the impacts of climate change are
just now becoming apparent, society must develop measures to lessen the influence
of humans on the environment. It is apparent that more ecologically friendly power
sources are needed because energy production is one of the main causes of green-
house gas emissions. Research is constantly being done to improve renewable energy
sources such as solar and wind power. However, due to the intermittent nature of their
power generation, efforts must be made to develop methods of storing this sustainable
energy for times when production circumstances are not at their optimal level. One
potential addition to these renewable energy sources is battery storage, but as present
Li-ion technology has reached its theoretical capacity, new battery technology needs
to be researched. Sustainable carbonaceous materials have been sought after for
applications such as carbon—sulfur (C—S) composite cathodes, carbon interlayers,
and carbon-modified separators in an effort to reduce environmental impact.
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8 Supercapacitor Performance of Dual N and S Based
Heteroatom Doped Biomass Carbon Electrodes

Multi-heteroatom doping makes the spin and charge density of carbon atoms more
asymmetrical than either single-heteroatom doping or co-doping of heteroatoms.
There are only a handful of biomass precursors that naturally contain multiple
heteroatoms, but when pyrolyzed, they yield multi-heteroatom doped carbon nanos-
tructures with sequential N, S, and P doping, resulting in n-type nanoparticles with a
polarized surface for pseudo-sites that improve quasi-properties and electron mobility
and stabilize oxygen functions for greater reaction stability. One example is the
production of nitrogen (11.2 at%), sulphur (0.64 at%), and phosphorus (0.82 at%)
co-doped hierarchical porous carbon (N-P—S—HPC) from peanut meal by Zhao et al.
[84], utilizing a one-step technique. In order to appreciate the capacitive behavior
of N-P-S—-HPC and commercial activated carbon, the Trasatti analysis was used to
evaluate the contribution of EDLC and pseudo capacitance. This was done using
the EDLC and pseudo capacitance values (AC). It reveals that the heteroatom-doped
carbon exhibited 23% pseudo capacitive behavior as compared to AC’s 8%, which
is more in keeping with the results of the Dunn method of analysis as given above.
AC’s behavior was measured at 8%. In addition, the human organic waste, often
known as “urine,” which contains urea as the principal source of nitrogen in addi-
tion to other organic and inorganic elements, was readily turned into heteroatom
doped porous carbon material by the processes of pyrolysis and acid treatment [85].
The chemical makeup of heteroatoms containing nitrogen, sulphur, and phosphorus,
respectively, is 5.7, 0.8, and 0.2 at%. Recently, multi-heteroatom doped porous carbon
nanosheets were manufactured utilizing agricultural waste from silkworm feces. Silk-
worm excrement is the primary byproduct of the silkworm farming industry and is
comprised of crude proteins, lipids, amino acids, and other substances. Excreta from
silkworms were subjected to hydrothermal treatment [68] or activation/pyrolysis
[69] in order to produce heteroatom-doped porous carbons for use as electrodes in
high-performance supercapacitors [70]. Activation/pyrolysis [86] according to the
findings of a recent study, the polysaccharide chitin, which is normally found in the
exoskeletons and cell walls of insects, has a significant quantity of amines. Cicada
slough, also known as cicada shell, was one of the materials that were used during
the carbonization and activation procedure [87] in order to produce heteroatom-
incorporated porous carbon (PCCS). According to the results of the XPS analysis,
the elements nitrogen (2.72 at%), sulphur (0.13 at%), and phosphorus (0.27 at%)
are all heteroatom-doped. Among all of the species of nitrogen are all of the species
of sulphur, including thiophene, sulfonate, and sulfate, and phosphorus is oxidized.
The ability of a solid-state supercapacitor device to power LEDs was shown by Yang
et al. [43] after they used a laver to create multi-heteroatom doped porous carbon (P,
S, Ca, Mg, and K) and then used the porous carbon to power LEDs. Si et al. success-
fully used the hydrothermal carbonization approach as well as KOH activation to
prepare N-doped or dual N- and S-doped microporous carbons using glucose and
human hair as carbon precursors. Its goal is to alter the amount of human hair used in
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N- or S-doping. The generated carbons exhibited a considerable pseudo-capacitance
as a result of the synergistic effects of the various N, O, and S-doped species. It is
possible for the capacitance of AHC-4 in KOH electrolyte to reach 264 F g~!. With
a good cycle life of 1000 cycles and a very high capacitance value of 154 F g™ 1, the
AHC-1 has proven to be an excellent choice. Utilizing renewable biomass allows for
the production of adjustable dual heteroatom-doped carbon composites with high
surface area and capacitive performance [88]. In a similar vein, Wang and one of his
co-workers have successfully synthesized N, S co-doped pomelo peel-derived carbon
using a one-step technology. Because of its large SBET, high heteroatom doping rate,
and acceptable graphitization degree, the carbon that was obtained demonstrates a
high specific capacitance (317 F g~') and an exceptional rate capability (69.7% of
capacitance retention at 15 A g~!), These outcomes are superior to those obtained
with PPC and NSPPC2, for which the respective capacitance retentions are 59.3%
and 66.9% (as shown in Fig. 7). The one-step approach is used to deal with the other
two biomasses (bamboo fiber and sugarcane bagasse). Because of their comparable
microstructure and chemical make-up to the generated carbon from pomelo peel,
the other two biomasses still display outstanding electrochemical performance. This
indicates that the one-step approach may be used on a wide variety of other types
of materials. All of the carbon materials used in the series of symmetric superca-
pacitors have been found to have high energy densities (30.6-24.6 Wh kg~!), which
indicates that there may be potential uses for such carbon materials in the field of
energy storage [43].

Heteroatom-doped, biomass-derived carbon has gotten a lot of attention lately
because its precursors are cheap and there is a lot of it. This is especially true in oxygen
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Fig. 7 Three different EIS curves for PPC, NSPPC2, and NSPPC1. Reproduce with permission
from the Ref. [43]. Copyright 2020, Elsevier
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reduction processes and supercapacitors. He and his co-workers manufactured a
porous carbon material, like a ladder, from mulberry leaves. This material has a high
nitrogen content (8.17 at%), a high sulfur content (1.97 at%), a large surface area
(1689 m?> g~!) and a porous structure with a mass of micropores and mesopores.
The nitrogen—sulfur dual-doped ladder-like carbon has a huge specific capacitance
of 243.4 F g~! at 0.1 A g~! and exceptional durability (94% retention after 5000
cycles at 3 A g=!). This is the electrode material for the supercapacitor. Additionally,
as compared to the Pt/C catalyst, the ladder-like porous carbon doped with nitrogen
and sulfur demonstrates superior electrochemical performance in terms of long-term
stability (90.2% retention after 20,000 s) and resistance to methanol crossover for
the oxygen reduction process. This research may successfully offer a new device for
exploiting natural resources to make heteroatom-doped carbon for energy conversion
and storage [88].

9 Conclusion and Outlooks

An overview of the recent developments in high-performance electrochemical energy
storage and conversion applications using porous nanostructured nitrogen and sulfur-
doped carbon produced from biomass is presented in this current chapter. A better
understanding of the factors that limit the efficiency of electrochemical catalysts and
energy storage devices and strategies for overcoming these challenges are discussed.
There are two techniques that may be used to convert biomass into PNCs: pyrolysis
and hydrothermal carbonization. When dealing with biomass that is deficient in
nitrogen, the reaction system may need the addition of ammonia in order to acquire
nitrogen. In addition, the presence of nitrogen functional groups within the carbon
crystal structure impacts the kinetics of catalytic reactions as well as the sites of
absorption for ion storage. For instance, pyridinic N and quaternary N are both
active in oxidation reduction reactions, and the production of these compounds at
low temperatures would result in an increase in the amount of iron present in the
compounds. Moreover, the nanostructured materials produced from biomass have
the potential to be widely employed in high performance electrode materials for
supercapacitor (SC) applications. These materials developed from biomass are a
cost-effective, environmentally responsible, and sustainable product.

This chapter examines the relationship between the dimensionality, chemical
composition, and microstructure of biomass-derived carbon materials and the elec-
trochemical performance of SC electrodes. The precursors are great for making large
quantities of carbon materials made from biomass that have specific functions for
SC applications. In this way, optimal carbon materials derived from biomass can be
engineered by selecting appropriate precursor techniques, carbonization or activation
methods, and structures to facilitate the synthesis of carbon electrodes with a specific
surface area and pore size. Thus, biomass-derived carbon materials may be rationally
designed to meet high-performance SC criteria for SSA, pore size distribution, and
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Fig. 8 Prospects for porous carbon materials generated from biomass

composition. Using biomass-derived carbon sources to make high-performance SCs
has made progress, but challenges remain (as shown in Fig. 8).

Selection of precursors: It is crucial to understand the similarities and distinctions
of biomass precursors, especially microorganisms, biological minerals, plant organs,
and bio-macromolecule precursors. By selecting the right biomass precursors, low-
cost, high-quality carbon products may be produced.

Activation and Carbonization: The structural transition of organic precursors
into inorganic carbon compounds during carbonization needs more study. During
carbon activation, the link between chemical additions and carbon structural charac-
teristics must be determined. To increase biomass precursor conversion efficiency,
carbon yields, heteroatom contents, and tap densities should be considered, as should
cost-effective ways for scaling up production.

Composite electrodes: To maximize gravimetric and volumetric energy densi-
ties, SC electrode components must have a high theoretical capacity, acceptable
interfacial carbon compatibility, and/or good structural stability. New solutions like
highly concentrated electrolytes or aqueous solutions may help resolve interfacial
difficulties.

Theoretical simulation: Theoretical models of capacitor operations, molecular
interactions, and chemical reactions may guide capacitance augmentation. These
models can predict ion diffusion and dynamics.

Performance and evaluation: Traditional gravimetric capacitance data leave out
mass loading, electrolytes, and SC volume, which makes them useless. For high-
performance SCs, an effective method for evaluating biomass-based, high-mass-
loading carbon electrodes is required.

Effect on the environment: Creating clean and efficient SCs is a practical and
effective way out of the energy crisis. Improvements in the disposal of waste SCs and
other device enhancements might have a significant impact on waste management,
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carbon emission reduction, and energy security, all of which would contribute to
global carbon management targets and clean air programs.
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Carbon Nanotubes and Similar )
Nanostructures Derived from Biomass L
for Supercapacitors Application

inal Kaan Duygun and Ayse Celik Bedeloglu

Abstract Carbon nanotubes are advanced carbon materials with unique physico-
chemical and mechanical properties that make them important candidates for super-
capacitor applications. However, their synthesis mostly requires carbon precursors
derived from fossil fuel-related compounds. Recently, the use of biomass as a carbon
source for energy storage materials has attracted great attention. Biomass precursors
are considered an alternative carbon source to fossil fuel-related compounds in energy
storage devices. In this section, the importance of biomass-based carbon nanotubes,
their composites, and similar nanostructures for supercapacitor applications is evalu-
ated. The potential use and common applications of biomass-based carbon nanotubes
for high-performance SC applications are assessed. The synthesis methods for carbon
nanotubes from biomass precursors are presented. A future perspective of biomass-
derived carbon nanotubes and the fabrication of high-performance supercapacitors
are also discussed.

Keywords Carbon nanotubes + Biomass - Supercapacitors + Carbon nanostructures

1 Introduction

Fossil fuels are the main energy sources today for heating, electricity generation,
transportation, and other fields of modern life. Fossil fuels, including coal, natural
gas, and petroleum are formed naturally over millions of years by the decomposi-
tion of plant, animal, and plankton remains that are subjected to tremendous heat
and pressure below the Earth’s crust [9, 57]. The limited resources of the nature
make necessary the replacement of fossil fuels with alternating and efficient energy
resources. In addition, the possible energy crisis and related environmental issues
may cause the important problems for the world economy and the future of the envi-
ronment [53]. Moreover, global warming and the depletion of natural energy sources
encourage scientists to find alternative energy sources. In order to bring efficient
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solutions to these problems, biomass-derived energy sources have attracted a great
interest as an alternative to fossil fuels [30].

Sustainability and renewability of an energy source have a critical importance in
terms of using the limited sources of the nature efficiently. On the other hand, the
storage of the produced energy for later demand, energy shortage, and different appli-
cations is another important issue due to the depleted fossil energy sources. Superca-
pacitors (SCs) are the most promising energy storage devices with excellent specific
capacitance values compared to the conventional capacitors [52, 62]. SCs have a
high power density and lower energy density unlike lithium-ion batteries and there-
fore, they take place in many improved electronic devices that require high power
densities and good cyclability [62, 88]. SCs are mostly used in portable electronic
devices, hybrid electric vehicles, various power systems, UPS, active filters, and
similar electronic systems [8, 41, 52]. There are three different classes of SCs: elec-
tric double-layer capacitors (EDLC), pseudocapacitors, and hybrid capacitors [52].
EDLC’s electrodes mainly consist of carbon-based electroactive materials because of
their high specific surface area, electrical conductivity, good chemical, and thermal
stability [8, 52]. In this type of SCs, electrical energy is stored by non-faradaic
reactions (ion adsorption and desorption) at the interface of porous carbon-based
electrodes and electrolytes [8]. On the other hand, pseudocapacitor electrodes are
basically derived from conducting polymers or metal oxide materials and faradaic
reactions take place for energy storage [12, 14, 20]. The properties of EDLCs and
pseudocapacitors are combined in hybrid capacitors and higher specific capacitance
and energy densities are obtained owing to the resultant faradaic and non-faradaic
reactions during charge storage [8].

Carbon-based materials and their composites have a great importance especially
for SCs applications. Carbon nanotubes, graphene, graphene nanoribbons, activated
carbon, hierarchical porous carbon, carbon nanofibers, and carbon aerogels are
widely used for the fabrication of high-performance SC electrodes [13, 37, 40].
In the last few years, the use of biomass materials as precursors to produce carbon
nanotube (CNT) and similar nanostructures has attracted a great deal of interest and is
regarded as an alternative way to obtain energy materials for energy storage devices,
instead of fossil fuel-related sources [57].

Biomass is basically a biomaterial that comes from woods, plants, agricultural
products, or household wastes [9, 30, 57]. In this regard, biomass is promising,
versatile, and less expensive carbon source especially for the production of advanced
carbon nanomaterials and high-performance energy storage devices. In this chapter, it
is aimed to evaluate the current status of biomass-based carbon nanotubes and similar
nanostructures for SCs. The potential use and common applications of biomass-based
CNT materials for high-performance SC applications are assessed. The production
methods of these unique materials are presented. A future perspective of biomass
materials for CNT production and the fabrication of high-performance SCs is also
discussed.
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2 Carbon Nanotubes

Carbon nanotubes (CNTs) are advanced one-dimensional (1D) carbon nanomaterials
with cylindrical shape on a nanometer scale. They were first discovered by Japanese
scientist Sumio Iijima using arc-discharge method in 1991 [70, 93]. CNTs are one of
the most investigated carbon allotropes since their first discovery in many different
research areas. In CNT structure, the sp? hybridized carbon atoms make bonds in a
hexagonal structure and form a tubular shape with a high length/diameter ratio (the
length up to micrometers and diameter in nanometer scale) [6, 70]. CNT structure
can also be described as a tubular structure consisting of single or multiple graphene
layers. In addition, CNTs have also been classified as a subfamily of fullerenes
which were discovered by Harry Kroto and his colleagues in 1985 [6, 56]. CNTs are
generally divided into single-walled nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTs) depending on the number of outer graphite layers [56]. The
general structures of SWCNT and MWCNT were given in Fig. 1. The diameter
of SWCNTSs is approximately 1.4 nm, while those of MWCNT are between 2 and
25 nm [6, 56, 93]. These nanostructures can also be synthesized as aligned arrays
by using different synthesis methods. Especially, chemical vapor deposition (CVD)
and microwave plasma CVD methods are often used for aligned CNT production
[26, 61]. These unique architectures of CNTs are also used in many different appli-
cations, such as field emitters and flat panel displays [56]. In the synthesis of CNTs
and similar nanostructures, it is a well-known fact that the control of the process
parameters that determine nanotube size, shell numbers, and the nanotube structure
is highly important, since these factors are decisive to obtain desired properties of
CNTs [6, 56, 70]. The specific characteristics of CNTs and similar nanostructures
make them one of the most investigated electroactive materials in various nanotech-
nology applications especially for SCs. Besides the use in EDLC electrodes, they can
also be used in pseudocapacitors by combining them with other functional nanoma-
terials and fabricating electrode materials with high mechanical and electrochemical
performance. CNTs possess high electrical (up to 10° to 107 S/m for pure CNT) and
thermal conductivity (2800-6000 W/m K for a single nanotube at room temperature),
aspect ratio, specific surface area (1300 m?/g), and excellent mechanical properties,
such as flexibility and high tensile strength [25, 43, 61]. These properties make them
important candidates for the fabrication of improved energy storage devices. The
production of macroscopic CNT structures is especially advantageous for flexible
SCs. They could be fabricated as 1D fibers, 2D films, and 3D sponges and used for
SC electrodes [93].

Itis a well-known fact that chirality of SWCNT determines its electronic structure
and other related electronic properties (The bandgap energy) [24, 56]. Chirality can be
defined as a vector connecting the centers of two hexagons in a nanotube structure
[24, 44]. Chirality can be expressed by two integers as n and m. For m = 0, a
zigzag structure forms, while n = m, an armchair CNT structure forms. The other
possibilities result in the formation of a chiral structure. The three different SWCNT
types in different formations were given in Fig. 2.
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Fig. 1 The structure of SWCNT and MWCNT. Reproduced from Ref. [24] with permission from
Elsevier

Fig. 2 Schematic illustration of three typical SWNT structures, a Armchair (10, 10), b Chiral (13,
6), and ¢ Zigzag (14, 0). Reproduced from Ref. [44] with permission from Elsevier

3 CNT Production Techniques

There are different CNT production methods. Electric-arc discharge, chemical vapor
deposition (CVD), and laser ablation are the most performed techniques for CNT
production [56, 70]. The comparison of the most used CNT synthesis methods
depending on the process properties was given in Table 1. Beside the aforementioned
methods, other techniques have been developed such as pyrolysis, electrolysis, and
flame synthesis methods for CNT production [70]. Electric-arc discharge technique
is the first reported method by Iljima in 1991 for the production of CNT [6]. In this
method, carbon atoms are evaporated by an electric arc in plasma by applying a
required current to the carbon source. However, the produced CNT in this method
contains more impurities and the control of morphological properties of tubes is
difficult compared to other methods [6, 56, 70].

In the laser ablation method, the graphite targets are evaporated by laser irradiation
in an inert atmosphere. It was shown that the yield and quality of CNT produced from
this method depend highly on the process temperature (approximately 1200 °C) and
the low temperatures could result in a low-quality structure and imperfections in
CNT structure [56].
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Table 1 The comparison of different CNT synthesis methods. Reproduced from Ref. [56] with
permission from Elsevier

Process Arc-discharge Laser ablation CVD method

Yield of process [54] | Moderate (70%) High (80-85%) High (95-99%)

Temperature 1700 °C 1200 °C 700-900 °C

Diameter 4-30 nm 10-20 nm 20-25 nm [65]

Purity High High High

Production rate Low Low Low

Cost High High Low

Process control Difficult Difficult Easy

Energy requirement | High High Moderate

Advantages [10] Simple, inexpensive, High purity, synthesis | Simple, high purity,
high-quality NT in room temperature | large-scale production

production

Disadvantages High temperature, less | Limited method to the | Defects in MWNTs

purified, tangled NT lab scale

CVD technique is a more advantageous way for CNT production in comparison
with the former methods [6, 61, 70]. Contrary to the other methods, CVD is carried out
at lower process temperatures and allows to define the type of CNT, and the control
of vertical alignment [26, 61]. Furthermore, large-scale production is possible in this
way. In this technique, a hydrocarbon gas mixture (ethylene, methane, acetylene) is
deposited onto a substrate coated by a metal as a catalyst in a temperature range of
700-900 °C [26, 56, 61]. The nature of the substrate and the type of the catalyst also
determines CNT structure and quality [56].

Biomass Resources

Biomass is a widely used term to define organic materials coming from plants or
animals. The energy of these living or once-living organisms can be converted into
a more usable form of energy in different ways to use it for various purposes. As
an abundant and renewable energy resource, biomass-based materials are widely
used in various areas, such as hydrogen storage, energy storage, sustainable water
purification, and CO, capture and storage [51, 69].

The selected carbonization method is of great importance for obtaining desired
properties in the final product, such as morphology, porosity, functional groups,
and components [69]. Thermochemical conversion is a well-known carbonization
method that was used to obtain desired products from biomass resource. The biomass
feedstock, reactor type, and selected reactor conditions are important parameters
determining the product quality [51]. The chemical composition of biomass may
differ depending on the source.

Cellulose is one of the most abundant biopolymers in the world and it provides
an important resource for biomass [51, 63]. In many different application areas,
plants or other agricultural residues are used as biomass precursors. In plant-based
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resources, the biomass structure mainly consists of cellulose, hemicellulose, and
lignin which were distributed in the plant cell and structure [51, 63]. Organic extrac-
tives and other inorganic minerals are also present in biomass chemical structure
[51]. The carbonization of biomass through thermochemical methods is an impor-
tant step for the following uses. In this process, oxygen and hydrogen are removed
from the biomass structure, and carbon remains as a single substance [51, 63, 69].
The transformation of biomass to the carbon can be carried out using different pyrol-
ysis temperatures depending on the chemical components of biomass materials [77].
In general, the decomposition of biomass takes place in the temperature range of
200400 °C [51, 63, 77]. It was reported by different studies that the degradation of
cellulosic and hemicellulosic structures in plant biomass takes place at the temper-
ature ranges of 250-350 and 290—400 °C, respectively [63, 77]. On the other hand,
lignin structures degrade at higher temperatures (140-900 °C) [77].

Apart from other carbonization methods, hydrothermal carbonization is also used
to convert biomass precursors into the carbon-rich substances. In this method, it is
easily controlled the structure, morphology, and components of the final product
[63, 69]. Titirici and Antonietti [68] described the carbonization process of biomass
in three steps. They stated that in the first step hydrolysis of biomass happens.
In the following step, polyfurans form because of the polymerization. In the last
step, the intermolecular dehydration phenomena result in the carbonization of the
structure. Furthermore, the carbonization of biomass results in the formation of
various functional groups, such as carboxyl, carbonyl, phenol, quinone, lactone, and
other functional groups which give the unique properties of biomass precursors [51,
63]. The main classification of different biomass varieties and species were given
in Table 2.

4 Biomass Resources for CNT Synthesis

Carbon-based improved materials constitute an important material group for various
engineering and scientific research areas. On the other hand, the main components
for the synthesis are petroleum or coal-based materials. Therefore, new resources
and their use in CNT materials or other improved carbon nanomaterial synthesis
became an important issue in terms of the use eco-friendly, renewable, low cost,
and easily accessible materials. It is clearly seen that the conventional production
methods require high process temperatures, mostly complex reactor designs, and
non-renewable carbon sources which result in toxic process wastes. Moreover, it is
also possible to obtain low process yield and CNT materials with structural defects.
On the other hand, CNT production requires stable carbon sources which is mostly
a problem in CNT synthesis [6, 56]. At this point, biomass sources have become
promising candidates as widely distributed, eco-friendly, and low-cost carbon sources
for CNT synthesis [77]. It was proven that biomass sources contain a high amount
of carbon which could be used effectively for CNT synthesis. In addition, it has
been shown by many different studies that suitable precursors for CNT synthesis



Carbon Nanotubes and Similar Nanostructures Derived from Biomass ... 159

Table 2 The classification of different biomass groups according to their biological origin.
Reproduced from Ref. [69] with permission from Elsevier

Biomass groups Biomass sub-groups, varieties, and species

1. Wood and woody biomass Coniferous or deciduous; angiospermous or
gymnospermous; soft or hard; stems, branches,
foliage, bark, chips, lumps, pellets, briquettes,
sawdust, sawmill, and others from various wood
species

2. Herbaceous and agricultural biomass Annual or perennial and field-based or
processed-based such as:

2.1. Grasses and flowers (alfalfa, arundo, bamboo,
bana, brassica, cane, cynara, miscanthus,
switchgrass, timothy, others)

2.2. Straws (barley, bean, flax, corn, mint, oat,
rape, rice, rye, sesame, sunflower, wheat, others)

2.3. Other residues (fruits, shells, husks, hulls, pits,
pips, grains, seeds, coir, stalks, cobs, kernels,
bagasse, food, fodder, pulps, cakes, others)

3. Aquatic biomass Marine or freshwater algae; macroalgae (blue,
green, blue-green, brown, red) or microalgae;
seaweed, kelp, lake weed, water hyacinth, others

4. Animal and human biomass wastes Bones, meat-bone meal, chicken litter, various
manures, others

5. Contaminated biomass and industrial Municipal solid waste, demolition wood,

biomass wastes (semi-biomass) refuse-derived fuel, sewage sludge, hospital waste,

paper-pulp sludge, waste papers, paperboard waste,
chipboard, fibreboard, plywood, wood pallets and
boxes, railway sleepers, tannery waste, others

6. Biomass mixtures Blends from the above varieties

could be obtained by the pyrolysis of lignocellulosic biomass at a certain pressure
and process temperature [51, 68, 77]. There are many different biomass sources
for CNT synthesis, such as plants (catkin, grass, corn, cotton, bamboo, gumwood),
bio-extracts (chitosan, cotton fiber, wood fiber), bio-products (wheat flours, palm
oil, sesame oil), and bio wastes (wood sawdust, crop stalks, grain wastes, sugarcane
bagasse, nut shells, roots, leaves, egg yolks). Various pyrolysis techniques are widely
used for the thermochemical conversion of the biomass to the CNT [57, 68, 77].
There are different studies using various biomass materials as precursors for CNT
synthesis. Ghosh et al. [22] have used eucalyptus oil as biomass precursor to synthe-
size SWCNT by catalytic decomposition. In this study, spray pyrolysis method was
performed using silica/zeolite support with Fe/Co catalyst at a temperature of 850 °C.
During a CNT synthesis, the catalyst material may cause contamination on the CNT
structure which influences adversely the properties of nanotubes. Therefore, there
were a lot of studies investigating different precursors which may act as catalyst mate-
rial during CNT synthesis. In some studies, it was reported that the selected biomass
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precursor can also contribute to the use of a lower amount of catalyst. In such a study,
Kumar and Ando [32] have synthesized aligned carbon nanotubes from camphor as
a precursor. Camphor is a waxy and flammable terpenoid (CoHcO) that is found
in the Cinnamomum camphora tree, a large tree found in Asian countries [34]. The
authors stated that the presence of hexagonal and pentagonal carbon rings in camphor
molecular structures, nanotubes, and fullerene structures can be easily synthesized. In
this work, vertically aligned MWCNTSs were grown on quartz substrate by the pyrol-
ysis of biomass material with ferrocene catalyst in an argon atmosphere at 900 °C.
They also claimed that camphor as a biomass required a remarkably low amount of
ferrocene as catalyst material and this resulted in a less metal contamination on the
synthesized aligned MWCNTs. Afre et al. [2] investigated turpentine oil as biomass
precursor for CNT production by spray pyrolysis technique. In this work, CNT struc-
ture was synthesized at different temperatures using the bimetallic catalyst Co and
Fe on the silica gel particles. Turpentine oil is an eco-friendly carbon source which
is produced from the oleoresin of the longleaf pine (Pinus palustris) family found
in Southeastern United States [59]. They stated that the highest yield was obtained
at the synthesis temperature of 700 °C and nanotubes diameter are affected by the
process temperature significantly. In another study, Suriani et al. [66] have synthe-
sized vertically aligned CNTs on a silicon substrate by CVD technique using natural
palm oil as biomass precursor. The palm oil is obtained from palm tree fruits and
contains hydrocarbons (Cg7H|2703) which provides precursors for CNT synthesis.
In their experiments, they reported that SWCNT or MWCNT synthesis is possible
by controlling process parameters such as the amount of the catalyst, gas flow rate,
and synthesis temperature. In the synthesis of nanotubes, the nanostructure of the
selected biomass is also critical to be able to obtain high-quality CNTs. Such a novel
approach to CNT synthesis was carried out by Kang et al. [28]. In their work, grass
as a biomass source was used to synthesize MWCNTs in the presence of oxygen
at 600 °C. The authors noted that grass contains vascular bundles that can be effec-
tively converted into carbon nanotube structure. In addition, the presence of cellulose,
hemicellulose, and lignin in the grass makes it a useful biomass precursor for CNT
production. They claimed that the presence of oxygen facilitates the pyrolytic reac-
tions of tubular structures and the formation of the complex C—O-H system results
in the formation of CNT structure. Apart from the studies in which several catalysts
were used, there are other studies investigating the efficiency of biomass precursors
without using any catalyst. In such a work, Goodell et al. [23], used six different
biomass materials with distinct forms and morphologies (wood fiber, organosolved
lignin, ashless filter paper, avicel, a-cellulose, and bamboo). For CNT synthesis,
biomass precursors were exposed to heating/cooling cycle (heating to 40 °C and
cooling to room temperature). They claimed that plant and wood cells are suitable
carbon sources for CNT in a low-temperature heating cycling process. Furthermore,
it is noteworthy that these structures possess nanochannels and chemical components
in the cell walls which facilitate the formation of CNTs.
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5 CNT Production Techniques

Pyrolysis, CVD, microwave irradiation, and mechanical milling techniques are the
main production methods for CNT synthesis from biomass resources [92]. The
different approaches for CNT production from biomass sources were given in Fig. 3.

5.1 Pyrolysis Method

One of the most used methods for CNT production is the catalytic pyrolysis of
biomass materials. This process is generally carried out as one-step or two-step
pyrolysis which is more advantageous in terms of process control and CNT quality
[77, 90, 92]. In this process, only the mixture of biomass materials and catalysis are
used for CNT growth. Biomass decomposition takes place and activated carbon is
formed. The metal salts produced by decomposition act as catalysis during the process
[92]. After this step, activated carbon begins to dissolve and ordered tubular shape
formation occurs. Another pyrolysis method includes microwave irradiation. In this
method, biomass mixture is subjected to a certain temperature by the microwave-
induced electromagnetic field. Thereby, amorphous carbon nanospheres form as CNT
structure [42].

It has been shown that catalyst type has also a significant importance in the CNT
synthesis process. Aboul-enein et al. [1] investigated the catalytic pyrolysis of sugar-
cane bagasse by zeolite catalyst for the synthesis of MWCNT. On the other hand,
Thompson et al. [67] studied the graphitic CNT synthesis from one-step catalytic
pyrolysis of softwood sawdust which is lignocellulose biomass. In this work, iron

Fig.3 CNT synthesis methods from biomass precursors. Reproduced from Ref. [92] with
permission from Elsevier

Z
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carbide (Fe;C) nanoparticles were used as catalyst and the tubular graphitic struc-
ture formed at 800 °C under a nitrogen atmosphere. They claimed that this tech-
nique enables the production of large-scale and sustainable synthesis of biomass-
based advanced carbon nanostructures. Rey-Raap et al. [58] investigated the effect
of biomass-based MWCNT addition to the SC electrodes. They developed activated
glucose-derived carbon/CNT hybrids and assessed the effect of biomass-derived
CNT on the SC performance. They claimed that the presence of CNT with 4 and 8
wt% results in a better electronic transportation and capacitance retention compared
to the electrodes without CNT addition (Table 3).

5.2 CVD Method

Another important method for CNT synthesis from biomass is CVD [61]. The several
hydrocarbons are the main precursors for CNT and many other advanced carbon
nanostructures. The mostly used carbon feedstock for the CVD process is fossil
fuel-related gases such as benzene, xylene, and toluene [45, 54]. Hydrocarbon vapor
with an inert gas is heated in a reactor chamber generally in the temperature range
of 600-1200 °C, and thereby, it is decomposed to hydrogen and carbon. Hydrogen
gas is removed by evaporation and carbon dissolves into the metal catalyst [6, 54,
61]. Gas, liquid, and solid precursor hydrocarbon sources can be used in the CVD
method. In addition, CVD allows to obtain different architectures of CNT, such
as entangled, aligned, and straight nanotubes as well as 2D films with different
thicknesses. The CVD technique is also advantageous for obtaining high-quality
CNT structure since process parameters are easily controlled in this method. Iron
(Fe), Nickel (Ni), and cobalt (Co) are the most efficient catalysts for CNT production
by the CVD method due to their high carbon diffusion rate and carbon solubility [54].
Hydrocarbon gas derived from fossil fuels could be replaced with biogas which is
obtained from biomass wastes. In this regard, the importance of agricultural wastes
or organic wastes is obvious. In this method, biomass mixture is firstly decomposed
to gaseous phase and then, transferred into the reactor chamber with substrate and
catalysis to form CNT [54, 61]. The most used biomass materials and catalysts for
CNT synthesis by CVD method were given in Table 4.

5.3 Microwave Irradiation

Over the years, the use of microwave irradiation for organic synthesis applications has
increased remarkably [15]. Microwave irradiation is another method especially for
large-scale CNT production, using microwave radiation to reach pyrolysis temper-
ature [47]. Contrary to the conventional heating methods, in microwave-assisted
pyrolysis the target material is heated from the center of the material to the surface
because of the forming temperature gradient [39]. Furthermore, compared to the
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conventional heating and pyrolysis processes, this method is advantageous in terms
of heating rate, low cost, and fast decomposition reaction [29, 39, 54]. In addition,
it was reported that the use of a suitable catalyst, gaseous carbon source, or an inert
atmosphere for CNT production like in CVD method, is not necessary in microwave
radiation method [29, 39].

The frequency range of microwaves in electromagnetic spectrum is between
300 MHz and 300 GHz which is a wavelength range from 1 m down to 1 mm
[15]. In this method, microwaves which are between infrared waves and radio waves
in the electromagnetic spectrum are used to convert electromagnetic radiations to
thermal heating for reaching a desired temperature [15, 39, 47]. On the other hand,
heating, by using the microwaves, is highly dependent on the molecular structure of
the target material bib39l. Microwave absorber materials absorb microwave irradia-
tion and thereby, heating takes place [15, 29]. On the other hand, it is a well-known
fact that the reflection or transparency of microwaves by target material does not
result in heating and in this case, the required pyrolysis temperatures cannot be
reached. Therefore, it is important to provide a microwave and molecular interaction
during the pyrolysis process, since the heating process occurs due to the molecular
interactions of microwaves [15, 29, 39, 47]. The vibrational energy of molecules that
absorb microwave radiation results in a temperature generation in the target mate-
rial. It is a well-known fact that only polar molecules can absorb microwaves and
turn them to heat energy. In addition, the pyrolysis by means of microwave radia-
tion, the process yield, and final product quality are affected by the shape, biomass
particle size, selected biomass type and properties, and microwave output power level
[15, 39].

In microwave-assisted pyrolysis process, it was also shown that CNT synthesis
from different biomass sources is possible without using any catalyst. There are
many studies investigating CNT synthesis using microwave-assisted pyrolysis with or
without a catalyst material. The synthesis of CNT without catalyst has been conducted
by many different researchers. It was claimed that the presence of different inorganic
materials in biomass materials results in the formation of catalyst. The selected
biomass precursors may also contribute to the decrease of the used catalyst amount.
Shi et al. [64] studied a catalyst-free MWCNT synthesis using the microwave pyrol-
ysis method. They used gumwood as a biomass source and the process was carried
out at 500 °C as a relatively lower target temperature without using any catalyst
or substrate during the reaction. They stated the minerals in gugmwood could act as
catalysts, and the graphitized carbon in the superheated active sites forms MWCNT
structure. Omoriyekomwan et al. [18] have synthesized superlong CNT using cellu-
losic biomass (from palm kernel shell) under microwave pyrolysis without any cata-
lyst or external carbon source. They reported that 0.7-2 mm of CNT structures
were produced under the temperatures of 1200-1400 °C. They also stated that palm
kernel shell (PKS) is not a good microwave absorber and therefore, activated carbon
as a microwave receptor was mixed with PKS biomass. Another approach for CNT
synthesis is the use of biochar as a carbon source which is a porous material derived
from the thermal treatment of agricultural wastes or other biomass sources. The high
surface area of biochar makes it also an important precursor for the synthesis of
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various advanced carbon nanomaterials. In such a study, Hidalgo et al. [27] have
investigated a biochar precursor which was obtained from agro-industrial wastes
using pyrolysis at 400 and 600 °C. In this work, ferrocene was used as a catalyst.
They claimed that the best quality of CNT was obtained from biochar derived from
hazelnut hull and wheat straw. On the other hand, the pyrolysis at 600 °C resulted
in a higher CNT concentration. In another study carried out by Zhang et al. [85],
microwave-assisted CVD technique was used to synthesize CNT from biochar source
(pine nutshell) at 600 °C. For the synthesis, Ni was also used as catalyst material.
They claimed that biochar substrate exhibited a good microwave absorption ability
for the required local synthesis temperature to form. In addition, in their experi-
ments, they observed that a higher surface area of biochar substrate forms compared
to other substrate types, which facilitated Ni catalyst dispersion on the substrate
surface. Thereby, it has been shown that these positive effects of biochar led to the
easy decomposition of methane for CNT growth.

6 Supercapacitor Applications

SCs are one of the most investigated energy storage devices with their higher specific
capacitance values, good cycling stability, and energy density than those of conven-
tional capacitors. SCs possess high power density values, faster charge—discharge
rates, longer cycle life, and more eco-friendly fabrication methods compared to the
Li-ion batteries [8, 12]. On the other hand, their relatively lower energy density values
limit their use in various applications that require higher energy density values. An
SC usually consists of current collectors, electrodes, separators, and electrolytes. SCs
are in general divided into two main groups depending on their charge storage mech-
anisms: electrical double-layer capacitors (EDLC) and pseudocapacitors [8, 41]. In
an EDLC, the charge process is carried out by the non-faradaic reactions. The porous
electrode surface of EDLCs provides a large specific surface area which is impor-
tant for ion diffusions and storage. On the other hand, in a pseudocapacitor, faradaic
reactions take place for energy storage. The electron transfer results in the changes
in the chemical states of electroactive materials, and thereby, energy storage process
occurs due to the redox reactions. Pseudo-capacitors show higher energy densities
than those of EDLCs and thus, they attracted a great interest in energy storage studies
[8, 12, 20, 41]. Furthermore, hybrid SCs could combine the properties of EDLCs
and pseudocapacitors in one device and show excellent capacitance and good energy
density values [8].

Over the years, particularly carbon-based nanostructures became the most inves-
tigated electroactive materials for the fabrication of high-performance SC devices.
Carbon nanomaterials have excellent electrical conductivity and electrochemical
performance due to their unique geometric and shape characteristics. Moreover, they
can be prepared in different designs such as films, textile products, and coatings in
different substrates to improve the electronic device performance. Besides carbon-
based nanomaterials, conducting polymers, transition metal oxides, their composites
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with carbon materials and similar structures have been also often used in SC appli-
cations. Recently, the fabrication of flexible and free-standing electrodes for SCs has
become an important research area, particularly for portable and wearable electronic
devices [11, 38]. As flexible structures, CNT films were frequently fabricated as
flexible SC electrodes for various SC applications such as portable, and wearable
electronics [38]. Especially wearable energy storage devices have a great potential
for future applications [11, 38]. Since the mechanical properties (Young’s modulus,
large elastic strain limit, and tensile properties) of CNTs provide a good flexibility to
the electrodes or current collectors, the number of applications of flexible electrode
fabrication increased rapidly.

Although carbon-based materials are highly functional and effective for energy
storage applications, some properties may restrict their applications fields. One of
the most used carbon-based materials for SC electrodes is activated carbon (AC).
AC materials have a high specific surface area and electrical conductivity. However,
the distribution of the pore size in AC is not always suitable for an efficient ion diffu-
sion, and this may lower the device performance. On the other hand, graphene-based
electroactive materials are frequently affected by the agglomeration of graphene
nanoparticles and resulting performance decrease of energy storage devices. In this
regard, the advantages of CNTs have attracted a great interest in high-performance
SC fabrication. CNT-based nanomaterials and their composites are one of the most
promising electroactive materials for SC electrodes owing to their electronic, phys-
ical, and chemical properties. Their high electronic conductivity (5000 S cm™!),
high aspect ratio and good specific surface area (SWNT > 1600 m? g~!, MWNT >
430 m? g~') make them highly efficient materials for SC electrodes [6, 70, 93]. The
free-standing CNT structures can be used as both current collectors and electrodes
in an SC device. SWCNT and MWCNT structures are widely used as electroactive
materials in SC electrodes. Furthermore, their composites are also good candidates as
electrode active materials. It was suggested that pure CNT film electrodes have higher
power densities and good charge/discharge cycles, however, lower specific capac-
itance and energy density values than those of other carbon-based nanostructures
[6, 56, 70, 93]. Therefore, their properties should be improved for pseudocapacitor
electrodes and high-performance SCs. Therefore, it can be stated that the electrode
design and suitable composite structures are very important parameters for improved
energy densities and specific capacitance values. The advantages and unique proper-
ties of CNTs and their composites with various active materials for SC applications
were revealed by many different studies. Pan et al. [50] stated that the percolation of
active nanotubes is more efficient compared to the other conventional carbon mate-
rials. The mesoporous CNT structure results from the entanglement of CNTs, and
this facilitates the diffusion of electrolyte ions to the active composite surfaces. These
unique properties lead to a decrease in the equivalent series resistance (Rs) and an
increase in the power density of the device. On the other hand, they also claimed
that the high number of charge and discharge cycles could cause the volumetric
changes in the SC electrodes which negatively affect the electrodes performances.
However, CNT and their composites result in a more adaptive electrode structure
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during charge/discharge processes, and this improves the cycling stability of the SCs
[6, 25, 70, 93].

The composite structures of different CNT materials are widely used as elec-
trodes in SC applications. The synergistic effect of the carbon-based electroactive
materials mostly contributes to an improvement in the electrode performance in
many ways. Zhang et al. [87] have investigated the SC and CO, capture properties of
MWCNT/carbon foam nanocomposites. In this work, the poor mechanical proper-
ties of porous carbon foam structure were improved by combining biomass-derived
carbon foam with MWCNT. The authors claimed that the presence of MWCNT
in the nanocomposite structure remarkably increased the compressive strength of
the nanocomposite material. The nanocomposite SC electrodes exhibited a high
specific capacitance of 157.07 F g~! at a current density of 1 A g~!. It was also
reported that the nanocomposite electrode showed a capacitance retention over 2000
charge/discharge cycles. Besides carbon nanocomposites, CNT materials were also
used with other electroactive materials for SC electrodes. The composites of pseudo-
capacitive materials (transition metal oxides) and carbon-based materials have been
often investigated in terms of their SC electrode performance. In such a composite
structure, the properties of EDLCs and pseudocapacitors are combined to enhance
energy density and specific capacitance values of SCs. Carbon-based electroactive
components provide a porous surface structure and high specific surface area as a
result. In addition, pseudocapacitive materials provide a high specific capacitance
owing to the faradaic reactions during charge/discharge processes. Ranjithkumar
et al. [55] developed an SC electrode using CNT and ZnO. They stated that SC with
ZnO/CNT nanocomposite electrode and 1 M Na, SOy electrolyte exhibited 189 F g~!
at 1 mV s~! scan rate. In addition, it was also reported that 96%of capacitance reten-
tion was achieved over 1000 cycles. The comparison of the cyclic voltammograms of
ZnO, CNT, and ZnO/CNT electrodes in different scan mVs~! were given in Fig. 4.

In another work, Sannasi et al. [60] investigated the use of NiO nanoflakes
anchored on CNT electrodes which were fabricated by an H,O;-assisted microwave
irradiation method. According to GCD studies of the NiO/CNTs electrodes a
maximum specific capacitance of 258 F g~! at 1 A g~! current density in 2 M KOH
aqueous electrolyte was obtained for 1:1 ratio of NiO/CNT composite. They reported
that this value is 2 times higher than that of NiO electrode (120 F g~!) which is an
indication of the synergistic effect between CNT and NiO in nanocomposite struc-
ture. Wang et al. [73] investigated the electrochemical performance of MnO,/CNT
nanocomposite. They reported that the nanocomposite structure was synthesized by
a facile direct redox reaction between potassium permanganate and CNTs without
using any other oxidant or reductant. They found that the resistance value increases
with the increasing MnO, content in nanocomposite. They stated that the nanocom-
posite electrode with 44.4% MnO, showed the best electrochemical performance.
The electrode exhibited 162.2 F g~! at the current density of 0.2 A g~! and shows
excellent capacitance retention (90%) after 2000 cycles at the current density of
5 A g~!. Cyclic voltammograms and Nyquist plots of MnO,/CNT were given in
Fig. 5.
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Fig. 4 Cyclic voltammograms of a ZnO/CNT, b CNT, ¢ ZnO and d ZnO/CNT, ZnO, and CNT in
100 mV s~!. Reproduced from Ref. [55] with permission from Elsevier

Fig. 5 Cyclic voltammograms and Nyquist plots of MnO»/CNT nanocomposite electrodes with a
different MnO, content. Reproduced from Ref. [73] with permission from Elsevier

6.1 Biomass-Derived CNTs for SC Applications

CNTs are of great importance for energy storage applications due to their excel-
lent mechanical and electrical properties. It was shown that many different studies
have been carried out investigating the effect of CNTs or their composites on the
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electrochemical performance of different SCs electrodes. Their unique characteris-
tics have also made them popular materials in carbon-based nanostructures. Even
though there are a lot of studies regarding CNT-based electrodes which was synthe-
sized from conventional precursor materials, it is obvious that the use of biomass
as precursors for CNT synthesis is not widely investigated in SC electrodes. This
indicates that the effects of biomass precursors on the properties of CNT materials
are waiting to be investigated in detail. It is evident that biomass resource has an
important effect on the final carbon-based product, such as morphology, porosity,
functional groups, and other similar aspects.

The use of CNT and similar nanostructures from biomass in hybrid capacitors
electrodes was investigated in several studies. Zhou et al. [89] have developed
a hybrid supercapacitor electrode from bamboo biomass using CVD technique.
Vacuum sintering at 850 °C was used to produce bamboo-based activated carbon. Co
was also used as catalyst material. They have shown that by catalytic decomposition
of carbon monoxide, CNT/Co/BAC electrode was obtained. It was claimed that SC
electrode showed a high specific capacitance (512 Fg~' at 0.1 A g~!) and 98.4% of
capacitance was retained after 3000 cycles at a current density of 5 A g~ .

Apart from nanotube structure, carbon microtube structures were also used as
high-performance SC electrodes. Xie et al. [80] have developed hierarchical porous
carbon microtubes derived from willow tree catkins which is a highly planted tree
in China. In this study, the electrode material has been synthesized by means of
carbonization of biomass and the following activation process with KOH. The dried
willow catkins were carbonized under an inert gas atmosphere at 600 °C for 4 h.
The obtained hierarchical structure was then mixed with aqueous KOH solution in
a certain weight ratio. The activation processes were carried out at three different
temperatures (600, 700, and 800 °C). They have found that the symmetric SC elec-
trodes containing 80% HPNCT-800, acetylene black, and PVDF in 1 M LiPF elec-
trolyte showed a good electrochemical performance. The obtained SC exhibited a
specific capacitance of 292 F g~! ata 1 A g~! current density and a high electrical
conductivity of 35.84 S m~!. In addition, the symmetric SC showed 4000 cycles for
2.8 V working voltage.

One of the most important production wastes is palm oil mill effluent (POME),
especially in the countries in which the palm oil production holds a prominent indus-
trial application. POME is a wastewater resulted from the sterilization, hydrocyclone
waste, and separator sludge from crude palm oil production [3, 17]. The separator
sludge and sterilizer effluent are the main POME sources which cause the highly
polluting characteristics of the wastewater [17]. Therefore, the efficient use and
removal of these pollution sources are highly important for both the production of
biomass-based advanced carbon materials and environmental issues. It was reported
by many studies that POME has a great potential to be used as biomass material [3,
17]. Furthermore, POME contains rich organic compounds in its structure, and it
has also a great potential as a carbon source for the large-scale production of CNTs.
Widiatmoko et al. [79] have used POME as a carbon source for CNT synthesis.
They developed supercapacitor electrodes from POME-derived CNTs. In this work,
POME was firstly polymerized with a 37% formaldehyde solution using ammonium
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hydroxide as catalyst at 95 °C for 4 h. The obtained resin after this process was mixed
with ferrocene and then the pyrolysis process was applied to obtain CNT structure at
two different temperatures (200 and 900 °C), under natural atmosphere and nitrogen
atmosphere. They also reported that the fabricated SC from POME-derived elec-
trodes exhibited a specific capacitance of 13.98 F g~!. However, they stated that EIS
which resulted from the weak electrode and electrolyte interaction lowers the SC
performance significantly.

The electrodes of SC are the main components that determine the final electro-
chemical performance of the devices. Electrode morphology is highly important in
terms of specific surface area and electrolyte ion diffusion to the electrode surface
and electron transport. Therefore, different electroactive materials are composed,
and different architectures were used to increase electrode performance. Wang et al.
[76] have developed an SC electrode from a new composite material with a hollow
tube-on-tube architecture of carbon tube. The new hollow tube-on-tube carbon tube/
NiCo,S4 (CT/NCS tube) composite material was synthesized by the means of thermal
synthesis and sulfidation process of NiCo, Sy precursors on carbon tubes. In this work,
Juncus roemerianus which is a flowering plant was used as biomass material for the
production of 3D bio-carbon tubes as substrates. They claimed that the hollow carbon
tube/NCS tube composite structure resulted in a better ion/electron storage and more
diffusion channels to the electrode surface. The prepared SC electrode capacitances
were reported as 747, 724.7, 669, and 507.9 F g’1 at different current densities at 1,
2,10, and 20 A g~!, respectively. The cycling stability of SC was also measured at
5000 cycles.

Yang et al. [82] have developed composite fabric electrodes including MWCNT
and reduced graphene oxide (RGO) and metallic textiles for high-performance,
waterproof, and wearable SCS. In this study, they vacuum filtered MWCNT and RGO
directly on the Ni-coated cotton fabric. They reported that the all solid-state fabric SC
showed 6.2 F cm~? at an areal current density of 20 mA cm™2 and 3.2 F cm™2 after
10,000 charge/discharge cycle. They hypothesized that the synergistic effect between
1D MWCNTSs and 2D RGO sheets contributed to a porous hybrid 3D framework,
and this positive effect may also indicate the use of 1D and 2D materials together as
efficient electrode materials for many other applications.

The fabrication of binderless electrodes is also advantageous in terms of elec-
trical conductivity and surface porosity and related electrochemical performance of
SC cells. Since most of the binder materials have lower conductivity values, their
presence also causes an important performance loss. The use of CNT in such an
electrode structure as a conductive and binder material was investigated by previous
studies. Dolah et al. [16] have developed a method to fabricate binderless SC elec-
trodes from biomass-derived activated carbon and CNTs. In this work, they used
self-adhesive carbon grains from oil palm empty fruit bunch fibers. After carboniza-
tion and activation with KOH, they obtained carbon/CNT structure and porous SC
electrodes. They reported that the increase of CNT content in electrode structure led
to a remarkable decrease in the ESR value of the electrodes and an improvement in
the specific power of the devices. However, an increase of CNT content may result
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in the formation of a less porous electrode surface which also reduces the specific
capacitance of the electrodes.

Wang et al. [75] have developed composites SC electrodes using biomass-derived
carbon microtubes decorated with Ni—Co sulfites nanoparticles. They used willow
catkins as a biomass source for CMT synthesis. They reported that CMT structure
was synthesized from the pre-carbonization of willow catkins at 1000 °C. The SC
which was fabricated from the CMTs-1000/Ni—Co-sulfides exhibited 1210 F g~!
at a current density of 0.5 A g~!. They also stated that the capacitance retention
of composite electrode was found to be 95% over 3000 charge/discharge cycles.
In another work, Li et al. [36] used willow catkins as biomass which served as a
bio-template for carbon microtube structure. They reported that carbon microtubes
were synthesized by carbonization of willow catkins under an argon atmosphere at
500 °C for 4 h. The prepared B-Ni(OH), @acid-treated carbon microtube composite
electrodes exhibited 1568 F g~! specific capacitance at a current density of 1 A g~!,
and a good cycle stability of 84.3% over 3000 charge/discharge cycles at 5 A g~!.

7 Conclusion

This chapter summarizes biomass-derived CNT and related structures in terms of
biomass sources, synthesis methods, and main applications in the supercapacitors.
CNTs have advanced electronic and mechanical properties owing to their physical
and chemical structure. Global warming and other important environmental issues
increased the importance of renewable and eco-friendly energy resources. As a result
of the rapid increasing world population, the energy crisis or long energy shortages
are very likely to occur in the near future. This situation indicates the importance
of biomass resources for energy materials. As carbon sources, biomass materials
provide a wide variety of possibilities for CNT synthesis by means of different
methods. They are advantageous candidates for CNT synthesis due to their wide
distribution, eco-friendly nature, and low cost. On the other hand, it was shown
that the studies on the use of biomass-derived CNTs in SCs are relatively new
and it is obvious that more studies are necessary to reveal the effect of different
biomass sources on CNT structure and related properties. According to the previous
studies, CNTs from biomass precursors and their composites can be effectively used
in supercapacitors as high-performance electrode materials. It was shown that espe-
cially composite materials of biomass-derived CNTs have an important potential and
remain as an outstanding research field waiting to be investigated in detail.
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Amorphous Carbon with a Graphitic m
Pattern Derived from Biomass e
for Supercapacitor Applications

Ha H. Phan® and Anh N. Phan

Abstract The graphitic pattern of biomass-derived carbon is deemed to link with
the electric conductivity of the carbon, but conventional heat treatment, even up to
3000 °C, is not suitable to convert biomass into highly ordered graphitic carbon. A
number of studies on biomass derived carbons that underwent heat treatment exhib-
ited that graphite carbon microcrystals formed during the heat treatment consisted
of only a few graphene layers (3—4 layers), with the crystal heights being smaller
than those of natural and synthetic graphite (20-300 nm). The interlayer distance
between these layers is normally >10% higher than that of graphite (0.335-0.336 nm)
due to the presence of impurities and heteroatoms, and these crystals are also
distributed randomly in carbon without proper connections, so they cannot conduct
electrons and result in poor electric conductivity and supercapacitor performances.
However, combining chemical pre-treatment with transitional metal compounds
(e.g., Fe(NOs3)s3, Ni(NO3),) or alkaline and alkaline earth metal compounds (e.g.,
Ca0, KOH) with heat treatments to generate graphitic carbons has been investigated.
This chapter critically examines the graphitic structure and surface area/porosity
of biomass derived carbons obtained from these chemical activation methods, the
influence of operating conditions, and their applications in supercapacitors. Finally,
current challenges and further perspectives on graphitic carbon from biomass used
in supercapacitors are suggested.
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1 Introduction

The depletion of fossil fuels and the emergence of hybrid electric vehicles ask
for the explorance of efficient energy storage systems to utilise the energy gener-
ated from renewable energies. An effective energy storage system should have high
energy density, high power density and low cost with easy accessibility [1]. Among
current energy storage systems, supercapacitors demonstrate high power density
and cycling stability with fast charge—discharge characteristic. However, the main
drawback—Ilow energy density (less than 10 Wh kg~!) of supercapacitors [2]—
limits its applications in portable devices and electric vehicles [3]. The electrode in
supercapacitors directly involves in the interactions of electrolyte ions and electron
transfer, so improving properties of the electrode can help boost the performance of
supercapacitors [4, 5].

Carbon electrodes materials are conventionally obtained from coke and pitch, with
the ability to conduct electricity in carbon electrodes of supercapacitors depends on
the carbonaceous/crystalline structure [6]. The mass use of graphite from coke and
fossil fuels in supercapacitors is hindered because the high cost for graphite manu-
facture is costly and this carbon source is non-renewable. Biomass is the renewable
source of carbon (up to 50% carbon), which can be converted into graphitic carbon
materials to reduce the cost and increase the application of supercapacitors. Carbon
obtained from biomass structure can also be tailored to improve electric conductivity,
energy density, and power density [5].

The importance of carbonaceous structure, surface area, porosity, and functional
groups of biomass derived carbons in supercapacitors have been scrutinised in
other studies with pore networks providing pathways for electrolyte ions to diffuse
across the electrode surface [7, 8], and functional groups improving the pseudo-
capacitance through reversible surface reactions [9, 10] while graphitic carbon struc-
ture contributing to the electrical double layer capacitance (EDLC) of capacitors [11—
14]. The graphitic structure of camphor leaves carbon with >200 layers of ordered
carbon and only 4.37 at% of oxygen content significantly exhibited the superior
capacitance of 397 Fg~! at 1 A g~! [12]. Multiple layers of ordered carbon in corn-
stalk derived carbon obtained at 1100 °C increased the specific capacitance to 213
Fg'at1 A g~! and reduced the charge transfer to 0.5663 £ compared to 0.9106
Q of turbostratic cornstalk carbon [11]. In graphite, C—C bonds using sp? hybrid
orbitals create flat planes of carbon hexagon rings where the free w electrons from
non-hybrid orbitals on the same plane interact with m electrons from different layers
to create stacking [6]. The high electron conductivity of graphite is the result of free
7 electrons resonating between layers of carbon hexagon rings.

Many studies focused on enhancing surface area and morphology of biomass
derived carbon due to the direct influence on electrolyte diffusion onto the electrode
interface [15, 16]. However, modifying surface area and morphology of biomass-
derived carbon only increases the performance of supercapacitors to a certain limit
(162253 F g~ at 0.5 A g~! for biomass carbons with surface area of 18162787
m? g~ [17, 18]). Because carbonaceous structure directly links to the electron
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conductivity of electrodes, some biomass derived carbons with a dominant amor-
phous content (through XRD and Raman spectroscopy) could not support this crit-
ical feature [19, 20]. As a result, without improving the carbonaceous structure
of biomass carbons, it will prevent the widespread application of biomass-derived
carbon in supercapacitors [5].

2 Synthetic Process of Carbon Derived from Biomass

Figure 1 illustrates several methods to prepare carbons from biomass. Biomass can
be converted through pyrolysis to obtain carbon or chemically activated at high
temperatures. The characteristics of these carbon will be discussed in this section.

2.1 Pyrolysis Approach

Pyrolysis is a thermochemical conversion operated in an inert environment such as
nitrogen and argon over a range of temperatures (>300 °C) at low heating rates
(<20 °C min~') to obtain carbon materials. Depending upon the heat treatment
temperature, heating rate, and holding time, the properties of the carbon vary in which
heat treatment temperature is a dominant factor in controlling graphitic structure of
carbon materials [22, 23]. Johnson et al. reported that increasing the temperature
between 300-2800 °C resulted in a high ordered structure, and crystal diameter of
carbon evidenced by a reduction in the D-band width in Raman spectroscopy and an
increase in L, in XRD [22]. The changes of D-band and L, can be observed clearly at
a wide range of temperature. In a temperature range of 900 to 2400 °C, the intensity
ratio between D and G peaks (Ip/Ig) of carbon derived from coal increased from 1.1
to 1.7 and the D band widths also reduced, indicating the rearrangement into a higher
degree of ordered carbon structure [23]. However, narrowing the temperature range

Pyrolysis Low degree
(500-1000°C) ordered carbon
Low
Lernperalyre Biochar Ch§m|§a|
pyrolysis activation
(400-700°C) B

High degree |
ordered carbor

e

Chemical
activation

Fig. 1 Process illustration for the preparation of biomass derived carbon (some elements adapted
from [6] and [21])

Z
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to 1300-2000 °C had no effect on the structure of metallurgic cokes, e.g. the Ip/Ig
ratio remaining almost constant at 1.3—1.4. Heating rate, pressure and holding time
had little influence on the properties of carbon product derived from charcoals in a
range temperature of 400-1000 °C [24]. A similar finding was found for polymer-
based carbon activated in CO, as shown by a small fluctuation of D band widths in the
range 264-289 cm~! at position 1363 & 2 cm~' and G band at 1593 & 4 cm~' [25].
With various cross linkages between C, H and O in these carbons, it yields extremely
high activation energies (normally not applicable in heat treatment) to break all these
bonds and remove all heteroatoms out of carbon, so the carbon cannot go through a
nematic discotic liquid crystal phase to form graphitic carbon.

The solid product obtained from pyrolysis of biomass is normally known as
biochar containing heteroatoms e.g. oxygen, hydrogen. Therefore, it is difficult to
observe the influence of temperatures on the carbonaceous structure of biochar. The
carbonaceous structure of biochar showed some small transformation at high temper-
atures e.g. the carbon crystal diameter (L,) of spruce wood biochar increased from
2.5 nm in a temperature range of 500-1000 °C to 7.5 nm at 2400 °C, and D band
widths decreased from 200 cm~! at 500 °C to ~ 55 cm ™! at 22002400 °C but no clear
change for G band [26]. D band widths of cedar wood-derived biochar decreased
from 200 % 12 cm ™! to 150 & 10 cm™! within a temperature range of 500-1000 °C
[27]. The interlayer distance (dgy,) of Acacia and Eucalyptus-wood biochar obtained
at 600-1200 °C slightly declined from 0.39 to 0.37 nm, and L, increased from 2.2 to
4.0 nm due to the cross linkages of oxygen in the carbon structure [28]. Increasing the
holding time from 1 to 5 h for a temperature range of 800—1000 °C did not observe any
change to dgg, and L, [28]. For cellulose-derived biochar, increasing temperatures
from 600 to 2600 °C slightly increased the carbon crystal diameter (L,) and carbon
crystal height (L) from 3 to 5 nm, and decreased dgp, from 0.350 to 0.341 nm and
D band widths [29]. These examples of biochar from spruce wood [26], cedar wood
[27], and Acacia and Eucalyptus-wood [28] showed that in a conventional pyrolysis
treatment (a temperature range of 600-2400 °C in an inert atmosphere), L,, dgg2, D
peaks and G peaks demonstrated negligible changes. The alteration of carbonaceous
structure of biochar mainly occurs in the temperature range of 500-1000 °C. To
produce graphitic carbon from biomass, all cross linkages in its structure must be
removed.

Graphitic carbons should exhibit a sharp and narrow peak at 26-26.5° in XRD
for (002) carbon structure with a prominent peak at 44.5-45° for (100) structure
with 20-90 layers in carbon crystals, and a 2D band at ~2750 cm~! could normally
be observed in Raman spectroscopy [6, 11, 30]. Although biomass derived carbons
were reported to be of graphite structure and used for testing the supercapacitors,
the carbonaceous structure of these biochar samples only demonstrated two broad
XRD peaks at 20-30° and 44° in XRD patterns, and D and G peaks overlapping
each other in Raman spectroscopy. Such evidence normally reveals that there are
micro carbon crystals distributed randomly in the amorphous carbon and the carbon
is highly disordered. Therefore, a robust method needs to be developed to obtain the
graphitic carbon.



Amorphous Carbon with a Graphitic Pattern Derived from Biomass ... 183

2.2 Hpybrid Chemical Pre-treatment and Pyrolysis

2.2.1 Transitional Metal-Based Chemical Treatment

Thermochemical processes such as pyrolysis cannot directly produce carbon from
biomass with a graphitic structure. Some other procedures, such as hydrocarbon
precursors at high temperatures (chemical vapour deposition) and graphite precursor
for exfoliation are also not suitable [31]. Coupling chemical pre-treatment and
carbonisation can potentially convert biomass to graphitic carbon since it will remove
the cross linkages of oxygen, hydrogen, and carbon in the biomass, and promote the
formation of ordered carbon layers.

Iron-containing compounds were used to produce biomass-derived graphitic
carbon [11, 30]. Porous graphitic carbon nanosheets were successfully synthesised
from pyrolysis of cornstalk in the presence of K4[Fe(CN)g] at 700 °C in N, envi-
ronment. Increasing the temperature in a range of 1000-1200 °C significantly devel-
oped the graphitic structures [11]. The Raman spectra of cornstalk derived carbons
obtained in the range 1000-1200 °C revealed the clear G peak at 1575-1581 cm™!
without overlapping with D peak at 1361 cm ™', together with a distinctive 2D band
emerging with increasing temperatures at 2715-2729 cm™'. Increasing the concen-
tration of K4[Fe(CN)g] also increased the contact between biomass and the iron-
containing compounds, which supported the formation of graphitic carbon e.g. the
crystal height (L) of this cornstalk graphitic carbon nanosheets obtained at 1100 °C
that increased from 11.37 nm (at a mass ratio cornstalk/K4[Fe(CN)¢] 1:1.46) to
23.75 nm (at mass ratio cornstalk/K4[Fe(CN)¢] 1:8.77) [11]. The crystal diameter
(L,) also increased from 14.41 nm to 26.21 nm. The crystal height in the range
of 11.37-23.75 nm was equivalent of 34-71 carbon layers in the graphitic struc-
ture with the interlayer distance (dgp;) at 0.3354-0.3373 nm (similar to that of
graphite 0.3354 nm [32]). Therefore, oxygen was successfully removed from the
biomass during the activation process. The capacitance was 213 F g~! in KOH 6 M
for graphitic carbon derived from the combination of pre-treatment at a mass ratio
cornstalk/K4[Fe(CN)g] 1:2.92 and pyrolysis at 1100 °C compared to 49 F g~! for
cornstalk biochar obtained from pyrolysis at 1100 °C only. This is due to the lack of
electric conductivity in biochar.

Further evidence for graphitic carbon when using iron-containing compounds
was observed when activating coconut shell with ZnCl, and FeCls (Fig. 2b) [30]
and activating sawdust with Fe(NOs3)3 (Fig. 2¢) [33]. The well-formed G peaks were
observed in Raman spectrum from coconut shell carbon obtained at 800—1000 °C,
which was similar to the cornstalk derived carbon [11]. XRD of coconut shell derived
carbon activated with FeCls at 700 °C did not demonstrate the band of carbon at 26.5°
but the generation of Fe;C phase (Fig. 3a). The band of carbon at 26.5 °C started to
emerge at 800 °C and increased significantly at 900 °C, implying the development of
crystallinity of carbon sheets. Therefore, it can be proposed that during the pyrolysis,
FeCl; impregnated into the coconut shell reacted with gases (CO and H;) from the
decomposition to form metal Fe, which then reacted to form carbide phase Fe;C
(Eq. 1) at <800 °C and decomposed at temperature >800 °C into a-Fe (Eq. 2).
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(a)

(b)

(c)

(d)

Fig. 3 a XRD of coconut shell carbon activated with FeCl; and ZnCl, and Raman spectrum of
graphitic carbon [30], b TEM images of beech wood carbon activated with FeCl3 before and after
iron removal [36], ¢ TEM images and XRD patterns of Zizania Latifolia leaves activated with
Ni(NO3); [37], d XRD of beech wood activated with Ni(NO3), at 600-1600 °C and TEM image
of the obtained carbon [38]
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This promotes the formation of layers of hexagon carbon rings around the Fe
metal with new carbon layers stacking on top of each other to form graphite struc-
ture [11]. At a mass ratio coconut shell/ZnCl,/FeCl; 1:3:8 and 900 °C, the coconut
shell derived carbon enhanced the surface area to 1874 m? g~! and pore volume of
1.21 cm? g~!, which was ideal for the diffusion of electrolyte ion in supercapacitors.
The combination of electron conductivity and surface area improved the specific
capacitance to 268 Fg~' at 1 A ¢~! in KOH 6 M.

Iron-based compounds can be also used for biochar activation at low temperatures
(i.e.400 °C) to obtain a similar effect [39]. Bamboo biochar derived from pyrolysis at
400 °C was mixed with K;FeO, at a mass ratio biochar/K,FeO,4 1:1.87 and then heat
treated at 800 °C in Ar (2 h, 5 °C min~") to form graphitic carbon, which evidenced
by a clear separation of D and G peaks in Raman spectrum and (002) and (100) peaks
at26.5 and 44.4° in XRD [39]. At400-600 °C, K,FeO,4 decomposed to Fe(OH)3 and
KOH (Eq. 3). Fe(OH); was then reduced into iron oxides and subsequently metal Fe
through a series of reactions (Egs. 4—6) to promote the formation of graphitic carbon
whereas KOH reacted with carbon to increase the surface area [40]. The partially
decomposed lignin and cellulose in bamboo biochar prepared at 400 °C released H,
and CO upon further heating which participated in the reduction reaction of Fe(OH);.

4K,FeOs4 + 10H,O — 8KOH + 4Fe(OH); + 30, 3)
Fe(OH); — FeO(OH) — Fe,03 4)

3Fe,03 + (H, C, CO) — 2Fe;04 + (H,O, CO, COy) (5)
Fe;04 + 4(H,, C, CO) — 3Fe + 4(H,0, CO, CO,) (6)

Metal a-Fe then followed the same path to create graphite carbon when heated
at temperatures > 800 °C as observed with coconut shell derived carbon (Eqs. 1-
2) (Fig. 3b) [30]. The presence of Fe;C could be ascertained by the XRD pattern
recorded on the carbon product after being activated with iron salts with the diffrac-
tion peaks at 45.087°,42.978°,43.834°,45.962° for the (121), (201), (103) and (211)
structures, while the presence of metal a-Fe was confirmed through the XRD peaks
at 44.57° and 65.02° (Fig. 3a) [30, 33, 34, 41]. Since graphitic carbon were formed
when using biochar obtained at 400 °C, and it could be reasonably assumed that
the carbon in biochar at this temperature was flexible enough for the rearrangement
into graphitic carbon at higher temperatures. However, at this point, there are no
other studies available for further comparison. Further studies to understand how
temperatures in pre-pyrolysis can influence the graphitising process is important.

Even though metal Fe plays an important role in creating graphitic carbon struc-
ture, the types of iron salts influenced the graphitic structure formation. Fe(NO3);
and FeCl; decompose to create Fe, O3 which later involves in the evolution of Fe;C.
However, Fe,(S04)3; decomposes at temperatures > 530 °C, which is higher than the
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decomposition temperature of cellulose and hemicellulose (400-500 °C). Therefore,
it limits the reduction reaction of Fe, O3 (from Fe,(SO4)3) to metal Fe, and subse-
quently inhibits the formation of graphitic carbon [35]. The (002) band at 26.56°
and 26.58° in XRD patterns specifically for the graphitic structure was observed
when using Fe(NO3); and FeCl; but only a broad peak at 24.01° for Fe,(SOy)s,
indicating the predominance of amorphous carbon. Therefore, Fe(NO3); and FeCl;
are more suitable than Fe,(SO4); in producing graphitic carbon. Furthermore, since
the graphitisation process only occurs around metal Fe ion, the dispersion of iron
salts into biomass precursors is crucial. Hunter et al. showed that decreasing the
size of a series of biomass precursors (bamboo, almond shell, coconut shell, soft-
wood sawdust, etc.) to 150 wm increased the (002) band intensity in XRD patterns,
signalling the increase in stack height of graphite crystals [42]. Decreasing the size
of biomass precursors should enhance the penetration of Fe ions into biomass precur-
sors and allow more carbons to be graphitised during heat treatment, and more studies
should be conducted to ascertain this.

Heat treatment also controlled the development of graphitic carbon when using
iron-containing compounds as observed in cornstalk derived carbon [11] and coconut
shell derived carbon [30]. Increasing temperatures significantly increased the inten-
sity of 2D peak in Raman spectroscopy, indicating the development of highly ordered
carbon structure [11, 29]. The ratio of intensity of 2D peak compared to G peak
(Inp/Ig) was 0.187 at 800 °C, increasing to 0.443 at 900 °C and to 0.547 at 1000 °C
[43]. The intensity of D peak also decreased with Ip/Ig decreasing from 1.004 at
800 °C to 0.699 at 1000 °C [43]. The L. of wood derived carbons increased signif-
icantly from 9.3 nm at 850 °C to 30.2 nm at 1200 °C and increased gradually to
46.8 nm at 2000 °C, and D band intensity in Raman spectra also reduced with
increasing temperatures indicating the decrease in defects of carbon [41].

The effect of concentration of iron salts on the evolution of graphitic structure
in biomass derived carbons was only observed at high amount of iron salts e.g.
biomass/iron salts from 1:1 to 1:8 [30, 43]. This is because the graphitising reaction
occurs around the iron molecules (Fig. 3b), and low iron concentrations result in
low contact and hinder the graphitisation of biomass. Table 1 summarises the char-
acteristics of biomass derived carbon activated with iron salts. Despite the differ-
ence in experimental procedures, the peak (002) at 26 = 26-26.5° was observed in
all carbons. The interlayer distance of graphite (0.335 nm) indicates the formation
of graphitic structure in carbons. Furthermore, the sharp peaks (002) and (100) in
XRD and sharp Raman D and G bands also supported the formation of graphitic
carbon. This showed that iron-containing compounds are suitable for promoting the
formation of graphitic carbon (Table 2).

Surface morphology is an important property of biomass derived carbon mate-
rials. Table 3 shows that some graphitic carbon activated with iron compounds had
low surface area with mainly mesopores e.g. 348 m? g~! for bamboo [42], 314.73-
341.92 m? g~! for chestnut shell [45], 353.42 m?> g~! for cotton stalk [45]. The
N, adsorption—desorption isotherms of these biomass derived graphitic carbons fell
into the mixed type I/IV with high N, uptakes at low p/py and a large hysteresis
at high p/py, indicating the development of mesopore structure in these graphitic
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carbons. According to the mechanism of graphitic carbon formation using transi-
tion metal compounds, the graphitic carbon formed around the metal particles, and
these metal particles were removed when washing with HCI solution to reveal the
mesoporous structures [34]. The increase in iron compound loadings resulted in
an increase in mesoporous structure e.g. from 0.1993 to 0.3094 cm® g~!' with a
mass ratio of chestnut shell/Fe(NOs3)3 increasing from 1:0.06 to 1:0.24 while the
micropore volumes remained almost constant (0.1191-0.1467 cm® g~!) for chestnut
shell graphitic carbon [45]. The choice of iron salts also influenced the morphology
of carbons. Replacing Fe(NO3); by Fe,(SO4); and FeCl; decreased the surface area
and the mesopore volume of willow catkins graphitic carbon e.g. from 1488.6 m? g~!
to 893.69 m? g~! and 32.37 m? g~! [35], and from 0.91 cm® g~! to 0.52 and 0.22
cm?® g~! respectively [35].

The graphitisation procedure does not support the formation of micropore. This
explains a low micropore content and surface area in the graphitic carbon when using
transitional metal compounds. BET N, surface area of wood graphitic carbon acti-
vated with FeCl; was 200.0 m? g~ ! after being heat treated at 850 °C and decreased
gradually to 155.4 mm? g~! at 1000 °C and 34.5 m? g~! at 2000 °C [41]. Sugarcane
bagasse derived carbon also had the BET surface area of 311 m?> g~! and total pore
volume of 0.45 cm® g~ after being activated with Fe(NO3); at 800 °C [43]. However,
using other activating agents such as ZnCl, in coconut shell [30] or NaOH in zizania
latifolia leaves [37], a high surface area of 896-1622 m? g~! was achieved. There-
fore, a more comprehensive method to simultaneously achieve both high surface
area/porosity and graphitic structure should be considered and implemented, which
allows a full potential application of biomass carbon in supercapacitors.

Nickel nitrate Ni(NO3), is also effectively used as an activating agent for forming
graphitic carbon. a-D-glucose and starch mixed with Ni(NOs3), at ratios of 0.4—
0.8 mmol Ni** to 1 g of D-glucose/starch were carbonised at 900—-1000 °C under
N, atmosphere for 3 h (3 °C min~') to obtain the glucose derived graphitic carbon
(Fig. 3d) [49]. The interlayer distance dgg, in a range 0.34-0.342 nm with L, of
9.1-9.8 nm from XRD analysis indicates that there are approximately 27-29 layers
of carbon stacking together. Beech wood graphitic carbon was achieved from the
carbonisation of impregnated beech wood (15 x 15 x 75 mm?) in Ni(NO3), solution
4 M for 2 h at 600-1600 °C under N; (5 °C min~', 30 min) [38]. The (002) peak
at 26.6° appeared at a temperature of 1000 °C and intensified up to 1600 °C, which
is evident for the composition of the graphite structure in solid carbon product [38].
This is because nickel acts as the substrate for carbon to deposit to form hexagonal
carbon rings. However, this process only occurs at temperatures >950 °C for the
formation of graphitic structure [37], slightly higher than the temperature required
for a-D-glucose and starch (900 °C) [49] due to a more complex structure of cellulose
and lignin in beech wood.

Both iron and nickel demonstrated catalytic activities towards generating graphitic
carbon structure in biomass derived carbon, but there is evidence that iron is more
effective than nickel in creating a higher ordered carbon structure [49, 50]. The first
evidence is the interlayer distance between the layers of carbon. The d, of starch
graphitic carbon decreased from 0.342 to 0.339 nm when increasing Fe concentration
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from 0.4 to 0.8 mmol g~' [49], and decreased even further to 0.336 in pine wood
carbons [50]. Furthermore, the dg,; remained constant at 0.341-0.342 nm in both
pine wood carbons and starch carbons when using nickel as the catalyst regardless
of concentrations. This indicates that the turbostratic structure presents among the
graphite stack when using nickel as the catalyst. The second factor is the growth of
crystal height L. L. increased from 5.8 to 7 nm with increasing concentration from
0.4 to 0.8 mmol g~! [49] and increased to 12.3 nm with increasing concentration
to 5 mmol g~! [50] while L, only varied at 9.1-10 nm for both the pine wood and
starch graphitic carbon. Furthermore, increasing the heat treatment in the presence of
iron catalyst fostered the growth of crystal height from 12.3 to 16.3 nm as observed
in pine wood graphitic carbon. Therefore, iron metal salts demonstrated supreme
catalytic activity compared to nickel in forming graphitic carbon from biomass.

The main reason for the difference between catalytic activity of Fe and Ni
compounds is due to the formation enthalpy of carbides. During the heat treatment,
iron reacted with carbon atoms to form iron carbides Fe;C. The formation enthalpy
of carbides is in the order of Fe—C < Ni-C [51], so the Fe;C could be formed at lower
temperatures compared to Ni-C. When the heat treatment continues, the carbide is
exuded into metal Fe and C, which is a crucial step in the formation of layers of
carbon hexagonal rings, and iron carbide requires lower temperatures to decompose
compared to nickel carbides. Therefore, iron is more effective than nickel to form
the graphitic carbon.

The evolvement of biomass into graphitic carbon was also explored in other studies
such as mangosteen peel graphitic carbon using CoCl, [52]. However, these studies
are limited in number and the application of these carbons in supercapacitors needs
to be further explored.

2.2.2 Alkaline and Alkaline Earth Metal Compounds

Alkali and alkaline earth metal compounds perform as catalysts for the formation
of graphitic carbon from biomass precursors during carbonisation. In heat treat-
ment, alkali and alkaline earth metal compounds turn into metal oxides, and carbon
molecules in biomass deposit on the alkali and alkaline earth metal oxides in heat
treatment to form ordered graphitic carbon structure.

Biomass contains alkaline and alkaline earth metals in ash such as Ca, K, and Na
[53], and the ash contents generally decrease from the leave sub-groups to the root
sub-groups, namely leaves > branches > barks > pruning > cones > stems > roots.
Temperature is an important factor controlling the graphitic structure formation in
biomass derived carbon as these compounds catalyse the formation of graphitic
carbon at high temperatures, depending upon the type of compounds e.g. > 900 °C
for CaCO; (Fig. 4a) [12, 13]. At low temperatures e.g. 700-850 °C, the garlic skin
containing CaCO;3 cannot transform into the graphitic structure [54] as shown by
a broad (002) peak at 24° in the XRD pattern of the garlic skin carbon and the
overlapping D and G bands.
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Fig. 4 Graphitic carbon from biomass: a Camphor leaf graphitic carbon, self-activated with CaO
at 700 °C (CLHPG-700) to 1000 °C (CLHPG-1000 °C) [12], b Coconut shell graphitic carbon
at 900 °C with K;COs3 [55], ¢ Pomelo carbon activated with KOH at 700 °C (PAC-700), 800 °C
(PAC-800) and 900 °C (PAC-900) [56], and d Tissue paper carbon activated with KOH at mass
ratio biomass/KOH 1:1 (GCS-1) and 1:2 (GCS-2) at 900 °C [47]
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Fig. 4 (continued)

However, the temperature to activate the compounds in ash content for K,COj is
around 600 °C [55]. At this temperatures, some K,CO3 reacted with the carbons in
the coconut shell (Eq. 7):

K»CO; + C — 2K + 3CO 7)

to create metallic K and to remove C sp? portion [57]. At higher temperatures i.e.
> 900 °C, the remaining K,CO3 became liquid and allowed the free movement
of small carbon crystals in which the metal K (produced from the above reaction)
substituted the hydrogen atoms on the edge of small carbon crystals to create carbons
with free electron pairs. These carbon atoms replace hydrogen atoms in other carbon
crystals through nucleophilic substitution mechanism to form new C—C bonds and
expand the carbon crystals [55]. This is the crucial step for the formation of graphitic
carbon in biomass (Fig. 4b). However, pre-treatment step at 400 °C is important
to remove the tar from coconut shell because high molecular weight compounds
inhibited the catalytic effect of K,COj3. The coconut shell carbon obtained at 900 °C
showed a specific capacitance of 91.15 F g~ at 0.2 A g~! in organic electrolyte (1 M
TEMABEF,/PC). K,COj3 has been used as an activating agent to enhance the surface
area and morphology of carbon materials, but the impact of tar on the formation of
graphene sheet in the presence of K,COj is not well known. Therefore, more studies
should be carried out to understand this phenomenon. Since Na,CO; has the same
melting point as K,COs, it can be used to obtain graphene carbon sheets [55].
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The using of NaOH in graphitising crayfish shell and heavy fraction of bio-oil
derived from thr pyrolysis process was conducted [58]. The graphitic structure was
only observed at temperatures > 900 °C, evident from the emergence of (002) band
at 25.8° in XRD pattern and the G band at 1582 cm™! and 2D band at 2689 cm ™! in
Raman spectra. This implicates that NaOH needs to go through the liquid phase for
the graphitic structure formation to occur.

Higher temperatures > 900 °C are required when using alkaline and alkaline earth
metal compounds (Fig. 4) compared to graphitic carbon activated with transitional
metal salts (800 °C). For KOH, it can either promote the formation graphitic structure
from raw materials e.g. tissue paper (Fig. 4d) [47] or coconut shell biochar (obtained
at a pyrolysis temperature of 500 °C) [59], pomelo peel biochar (obtained at 700 °C)
(Fig. 4c) [56]. Agricultural waste biomass does not have high planarity and stacking,
which does not benefit the growth of the graphitic structure upon heat treatment.
Alkaline and alkaline earth metals go through the melting phase which incentivises
the creation of planarity and stacking structure through the free movement of carbon,
and subsequently the development of graphitic carbon. On the other hand, iron salts
transform into metallic iron at lower temperatures (500—600 °C) and form carbides
Fe;C which decompose into graphitic carbon at temperatures 800-900 °C. In both
cases, the porosity of the precursors affects the diffusion of metal compounds and
distributes these compounds evenly in biomass precursors, fostering the graphitising
procedure.

Using alkaline activating agents such as KOH and K,COj is more effective than
transitional-metal compounds in improving the surface area and morphology due
to a combined reaction between alkaline activating agents and carbon. In detail, the
activation reactions of KOH and K, COj; involved many steps to create micropores and
increase the surface area. The activation mechanism of KOH and K,COjs is involved
the reaction with carbon in biomass to form alkaline and alkaline earth metals to
release H, and CO. The evolution of these gases created the micropores in the carbon.
Furthermore, the consumption of carbon during these reactions also creates the pores
in the carbon and enlarges the micropore structure. The gas released from biomass
could also react with carbon through secondary reactions to form micropores. This
explains why the surface area of carbons obtained from alkaline and alkaline earth
activation are normally higher than graphitic carbon obtained from transition metal
compounds. Table 3 shows that carbons activated with alkaline activating agents can
easily increase the surface area to 1064-2794 m? g~!, which is substantially higher
than those activated by transitional metal compounds (Table 2).

3 Performance of Biomass Derived Graphitic Carbon
as Electrode Material in Supercapacitors

Section 2 illustrates the properties of carbons obtained through different routes. A
challenge is the lack of studies focusing on graphitic carbon in supercapacitors. A
significant number of research showed amorphous carbons derived from biomass
with broad (002) and (100) bands in XRD and overlapping D and G bands in Raman
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spectroscopy, and this created a discrepancy in literature and should be avoided.
Because using transitional metal compounds and alkali/alkaline earth compounds
directly influence carbonaceous structure and the surface area/morphology, this
section will try to elucidate the relationship between these properties and the
performance of supercapacitors.

3.1 Carbons Activated with Transitional Metal Compounds

The graphitic structure in biomass derived carbon is deemed to enhance the perfor-
mance of supercapacitors by improving the electric conductivity of the electrodes.
For example, coconut shell carbon (directly activated with both FeCls and ZnCl, at
900 °C (PGNS-3-900)) demonstrated a specific capacitance of 268 Fg~!at 1 A g1,
much higher than that obtained from the coconut shell activated only with ZnCl, at
900 °C (AC-900) (210 F g~1). The higher specific capacitance in this case was due to
the significant ordered graphitic structure in PGNS-3-900 even though it had a lower
surface area 1874 m? g~! than AC-900 (2007 m? g~'). This also improved the energy
density of PGNS-3-900 carbon in KOH 6 M (9.58 Whkg ™! at a power density of 500
Wkg~! or 54.7 Whkg~! at 10,000 W kg~! in tetraethylammonium tetrafluoroborate
in propylene carbonate 1 M), which is compatible with commercial supercapacitors
[30]. However, the graphitic structure alone does not guarantee the high performance
of supercapacitors. It was found [11] that the combination of graphitic structure with
the porosity of the carbons are substantial for the performance of supercapacitors:

e The specific capacitance decreased due to the reduction of total pore volume
to 0.41 cm® g~! at 1200 °C (PGCS-1-1200) compared to 0.48 cm® g=! at
1100 °C (PGCS-1-1100) although the graphitic structure of cornstalk carbon was
enhanced. The cornstalk carbon at 1100 °C PGCS-1-1100, on the other hand,
demonstrated a higher specific capacitance of 213 F g~ at 1 A g~! in the solution
of KOH 6 M [11]. The high conductivity of the carbon electrode is due to the
high conductivity of graphitic carbon coupling with the porosity structure of 0.48
cm?® g~! and surface area of 540 m? g~'. The capacitance of the symmetric two
electrode cell was 63.5F g~! in KOH 6 M and 47.3 F g~! in tetraethylammonium
tetrafluoroborate in propylene carbonate. Also, the energy density was 9.4 Wh
kg~! at the specific power of 10,500 W kg~.

e The specific capacitance of beech wood graphitic carbon also decreased from 133
F g~! for carbon treated at 1000 °C to 24 F g~! for carbon treated at 1600 °C
(KOH 1 M, current density 20 mA g~') although the activation with FeCl; at
1000, 1300, 1600 °C is developed of graphitic carbon structure with increasing
temperatures [36]. This could be assigned to the decline of pore volume of carbon
from 0.24 cm® g=! t0 0.15 cm? g~! at higher temperatures. Higher temperatures
supported the rearrangement of carbon into graphitic layers as the expense of the
removal of pore structures, which limited the access of electrolyte ions to graphitic
carbon and reduced the capacitance. This phenomenon was also observed in the
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coconut shell graphitic carbon where the carbon obtained at 1000 °C had the BET
SA 1538 m? g~! compared to 1874 m? g~! of carbon treated at 900 °C, which
resulted in a lower specific capacitance of 237 F g~! compared to 268 F g~! at 1
A g7 [30].

e Chitosan carbon was activated with FeClz in the mixture of acid boron to create
a chitosan carbon incorporated with both boron and nitrogen [60]. The chitosan
carbon treated with FeCls showed a specific capacitance of 207 F g~! at current
density of 1 A g~! and decreased to 167 Fg~! at20 A ¢g~! in KOH 6 M electrolyte,
showing 80.7% capacitance retention with increasing current density. However,
when incorporating the boron into the carbon structure and increasing the surface
area and porosity using ZnCl,, the specific capacitance increased to 313 F g~/ at
1 A ¢! and decreased to 257 F g~ at 20 A g~! (82.1% capacitance retention
with increasing current density). This indicates that while graphitic structure in
carbon is important to increase the performance of the supercapacitor, improving
carbon morphology and functional groups also benefits supercapacitors. Graphitic
structure is crucial for the conductivity of carbon electrode, but not the dominant
factor influencing supercapacitor performance.

The results from cornstalk graphitic carbon [11], beech wood graphitic carbon
[36] and chitosan carbon [60] showed that the graphitic structure is crucial because it
determines the electric conductivity of electrode in supercapacitors, and increasing
temperatures when using metal catalysts could lead to more ordered carbon struc-
ture. However, these results also demonstrated that the development of graphitic
structure using transitional-metal compounds also hindered the development of
carbon morphology and resulted in lower performances. Some studies tried to
overcome the obstacle by using metal catalysts that simultaneously activated the
surface morphology and develop graphitic structure. For example, the filter paper
was carbonised with K;[Fe(C,04)3] at 750 °C to enhance both graphitic structure
and porosity [61]. The three-electrode system showed a significant specific capac-
itance of 313.0 Fg~! at 1 A g~ in KOH 6 M and maintained a high capacitance
of 240.5 F g~ at 30 A g~! of the obtained carbon CS @CF-KFe (76.8% retention).
The graphitic carbon had the surface area of 1515.6 m? g~! with pore volume of
0.56 cm® g~!, and the high ordered carbonaceous crystals were distributed evenly in
the carbon structure besides the amorphous carbon, which supported the electrical
conductivity. The K3[Fe(C,04)3] simplified the preparation process because it acted
as an activating agent to improve the surface morphology and a graphitising agent
to develop the graphitic structure simultaneously. The dual effects of K3[Fe(C,04)3]
are similar to the use of potassium ferrate K,FeOy [39]. The surface area of bamboo
carbon after being treated with K,FeO, increased to 1732 m? g" and 0.97 cm? g‘1
pore volume with the specific capacitance 171.4 F g~! at 1.0 A g~ decreasing to
115.0F g~ at 20 A g~! (67% retention rate). This high specific capacitance stemmed
from the cooperation of both the graphitic structure and morphology in this bamboo
carbon.
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3.2 Carbons Activated with Alkaline/Alkaline Earth
Compounds

The alkaline and alkaline earth metals normally promoted the formation of large
surface areas and morphology in graphitic carbon to improve the specific capaci-
tance of supercapacitors. Furthermore, the graphitic structure that developed in the
biomass derived carbon also supported the electron conductivity and enhanced the
performance of supercapacitors:

e Camphor leaf carbon prepared at 900 °C demonstrated the specific capacitance
upto397Fg'at1 Ag~!andeven293 Fg~' at20 A g~! in KOH 6 M, showing
74% capacitance retention [ 12]. The superior performance of this graphitic carbon
was assigned to the high conductivity of the graphitic structure. The first factor
that influenced the performance of camphor leaf graphitic carbon was the surface
morphology. The carbon was prepared at 700-1000 °C, the surface areas remained
constant at 25322794 m? g~! at 700-900 °C but declined to 1973 m? g~! at
1000 °C. Furthermore, amorphous carbon was dominant at 700-800 °C, and only
at 900 °C it started to emerge under the catalytic activity of CaO. Therefore, the
temperature at 900 °C was optimal for both surface morphology and carbonaceous
structure, so it supported the highest specific capacitance of 397 F g~!. The sample
also presented the energy density of 54.2 Wh kg=! at 522 W kg~!, and was
maintained at 32.9 Wh kg~! at 9461 W kg~! [12].

e Pomelo peel graphitic carbon MPC-900 that was activated with KOH was used
as a framework to incorporate SnO, particles on [48], and the electrodes in a
symmetric supercapacitor was fabricated using carbon MPC-900-SnO, material
with tetraethylammonium tetrafluoroborate in propylene carbonate as the elec-
trolyte. The supercapacitor showed a high energy density of 50.9 Wh kg~! at
a power density of 4,400 W kg~!, and the energy density was still retained at
25.3 Wh kg~! when increasing the power density to 25,300 W kg~'. The high
performance of this carbon-SnO, material should be attributed to the graphitic
structure of carbon after being treated with KOH at 900 °C to create a partial
graphitic structure (indicating through a narrow D band with Ip/Ig = 0.42 and a
strong 2D band at 2695 cm™"). The high surface area of pomelo peel carbon also
contributed to the performance of the supercapacitor with BET N, SA of 2167
cm?® g~! and mesopore volume of 0.20 cm® g~

Compared to role of the graphitic structure and surface morphology of biomass
derived carbon, some studies showed that the surface morphology was more crucial
than the carbonaceous structure in determining the supercapacitor performance,
which is similar to carbons obtained from transitional metal compound activation.
The graphitic carbon CSB-800 derived from crayfish shell and bio-oil at 800 °C
showed the highest capacitance of 351 F g~! was compared to 225 F g~! of CSB-
900 (obtained at 900 °C) at 1 A g’l [58]. The carbon CSB-900 which was treated
at 900 °C in NaOH had higher ordered carbon structure in expense of the surface
morphology. The BET SA of CSB-900 reduced to 2053 m?> g~! and 1.57 cm® g~!

Z
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total pore volume compared to 3095 m? g~! and 1.66 cm? g~! of CSB-800, and this
resulted in a substantial lower capacitance [58]. Some studies such as the garlic skin
carbon obtained at 800 °C with a large range of amorphous carbon but demonstrated
the specific capacitance up to 315 F g~! even at 50 A g~! due to the surface area
of 2818 m? g~! and 1.33 cm® g~! although it was amorphous carbon (a broadened
peak around 24.4° in XRD pattern) [54].

This showed that a balance between the carbonaceous structure and the surface
morphology are important for the performance of the supercapacitor. The use of
metal compounds to create the graphitic structure in biomass derived carbon results
in low surface area and pore volume, and this highly influenced the performance of
the supercapacitor. The sawdust carbon PGC-4-850 that was activated with K,C,04
and FeCl; to enhance porosity and develop the graphitic structure demonstrated the
capacitance of 219.6 Fg~! atat 0.5 A g~!, which is significantly higher than sawdust
graphitic carbon GC-850 treated with FeCl; of 21.6 F g~ at 0.5 A g~! (KOH 6 M)
[62]. Cyclic voltammetry of PGC-4-850 also had a larger curved area compared
to PC-850 (activated only with K,C,0,), indicating that the graphitic structure in
carbon is crucial for the electric conductivity and improved the capacitance [62].

In conclusion, the results from these studies confirmed the important role of
graphitic carbon in the supercapacitor performance. This also highlighted that a
synergy of the graphitic carbon with surface area and in some cases, functional
groups would be beneficial for the performance of supercapacitors. Therefore, more
robust methods are required to develop the morphology of the obtained carbon besides
having a highly ordered graphitic structure.

4 Conclusions

In this chapter, the characteristics of biomass derived graphitic carbon were discussed.
Graphitic carbons were prepared from biomass using transitional metal compounds
and alkaline and alkaline earth metal compounds. Biomass derived carbon activated
with transitional metal compounds had a highly ordered carbon structure but in the
expense of the surface area and morphology, which resulted in low specific capac-
itances. Using alkaline and alkaline earth metal compounds to develop graphitic
structure in biomass carbon required higher temperatures than transitional metal
compounds but resulted in a higher surface area and morphology for the diffusion
of electrolytes in carbon. In this chapter, it was also shown that the graphitic struc-
ture benefits the performance of supercapacitors through the enhancement of electric
conductivity, and the graphitic structure should act in conjunction with other proper-
ties such as surface morphology to deliver the desirable performance of supercapac-
itors. More studies specifically on graphitic carbon and performance of supercapaci-
tors should be conducted to enhance the understanding on applying graphitic carbon
in supercapacitors.
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Graphene and Graphene-Like Materials )
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for Supercapacitor Applications

Ankita Subhrasmita Gadtya, Debajani Tripathy, and Srikanta Moharana

Abstract Graphene, a sp’-hybridized 2D atomic crystal, is one of the most impor-
tant materials of the twenty-first century. Graphene and graphene-based materials
have garnered a lot of interest from researchers because of their potential as supe-
rior electrode materials for energy storage systems on account of their high elec-
trical and thermal conductivity, low resistance to corrosion, and high surface area.
In the last ten years, there has been a huge increase in research into graphene-like
carbon compounds made from biomass that can be used in new ways to store energy.
Graphene-like structures can be made from biomass at a low cost and with almost no
carbon emissions. This is a promising step towards a more sustainable energy future.
Furthermore, due to their sustainability and good performance for high-power and
short-term energy needs, they are perfect candidates for carbon-based supercapacitor
devices, which are seen as the key to the future electrification of green transporta-
tion. Graphene is thus used in a variety of applications, such as polymer compos-
ites, energy storage, fuel cells, and biomedical applications. Bio-waste products are
considered to be a superior source of carbon generation. However, bio-waste mate-
rials are numerous, and adequate disposal methods are required. This chapter has
focused on the production of graphene using various bio-sources such as rice husks,
paper cups, hemp, chitosan, banana peels, and peanuts, along with its applications
as a suitable electrode material in the field of supercapacitors.
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1 Introduction

Graphene is one of the most researched materials because it is a single-atom-thick
sheet of sp2-hybridized carbon atoms arranged in a honeycomb lattice [1, 2]. Its
exceptional features, including high specific surface area and good electrical and
thermal conductivity, have piqued the interest of researchers since its discovery in the
1990s [3] and 2004 [4]. Graphene has several potential uses, including field emission
[, 6], gas sensors and biosensors [7, 8], field effect transistors [9, 10], transparent
electrodes [11, 12], energy storage and conversion [13, 14], and many others. It
is a two-dimensional atomic crystal with extraordinary properties such as electron
mobility of approximately 2.5x10° cm? V~! S~! at room temperature, a Young’s
modulus of 1 Tpa, a surface area of approximately 2675 m2/g, and an inherent
strength of approximately 130 GPa [15, 16]. Most notably, chemically modified
graphene has proven to be a low-cost, mechanically and electrically stable material.
Also, the templates protect the active sites of the catalysts by stopping the nanosized
metals from randomly moving off the surface. This makes the final product made with
graphene composites more stable, even in harsh conditions [17, 18]. Graphene mate-
rials have many possible uses because of their unique two-dimensional (2D) structure
and unique properties. Because of its heterogeneous electronic structure, graphene
has potential properties including flexibility, optical transparency, high mobility, and
fluorescence over a broad range of wavelengths, which are desirable features for opto-
electronic devices [19, 20]. Moreover, graphene-like carbons have been explored in
the field of catalysis. Consequently, expanding the range of graphene’s potential
applications is still a possibility [21]. The graphene like carbon is to be used in a
wide range of situations; it is important to figure out how to make the graphene-
like material, especially the feedstock or precursors from which the graphene-like
material can be made [22, 23]. Graphite, which is made up of graphene sheets, has
been used in the first few attempts to obtain single-layer and few-layer graphene by
micromechanical cleavage with very low production efficiency [24, 25]. Methane,
ethylene, and acetylene are only a few of the gaseous precursors that have been
employed to create graphene-like materials in future studies. Moreover, traditional
carbonaceous feedstocks have environmental and health consequences [26-28].

Biomass is an alternate precursor for the fabrication of graphene and graphene-
like carbon, also known as G-carbons [29-31]. For activated carbon, biomass is
plentiful and very inexpensive. Corn husks [32], sunflower seeds [33], cotton stalks
[34], rice hulls [35], grape seeds, and even feathers [32—37] have all been processed
for this purpose by scientists. Also, knowing the characteristics of the biomass helps
choose the best synthetic parameters, such as reaction temperature, biomass scale,
carrier gas, chemical agents, and gas flow rate. In this chapter, we discuss graphene
synthesis techniques and its potential use as an electrode material in supercapacitors,
as well as its production from a variety of bio-sources such as rice husks, paper cups,
hemp, chitosan, banana peels, and peanuts.
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2 Synthesis Techniques of Graphene

There are numerous methods for synthesizing graphene, including chemical reduc-
tion, chemical vapor deposition (CVD), chemical exfoliation, mechanical cleaving
exfoliation, chemical synthesis, microwave synthesis, nanotube unzipping, etc.

2.1 Chemical Reduction

The chemical reduction process is a traditional method for the production of graphene
from graphene oxide (GO). Different reducing agents used are NaBHy4, phenyl
hydrazine, hydroxyl amine, glucose, hydroquinone, ascorbic acid, etc. Hummer’s
method was used to prepare GO first in this process. A homogeneous aqueous solu-
tion was obtained by first diffusing 5 mg of GO into 50 ml of deionized water, and
then subjecting the mixture to ultrasonication treatment. The mixture solution was
separated into two beakers, and 10 mL of GO solution was transferred to one of them.
In that beaker, 100 pL of 1 mM metal salts and 10mg NaBH, were added and stirred
for 1 h. The product was collected after centrifugation. Then the product was washed
with a 3% HCI solution and deionized water for 3—5 times. When the washing was
done, the metal solution was concentrated and used as a catalyst to reduce the GO.
Finally, graphene, or reduced GO, was obtained [38].

2.2 Electrochemical Reduction

For large scale production of graphene, the electrochemical reduction method
is used. The GO solution can be sonicated by suspending it in water to get
the nanoplatelets of GO. Then, from there, the oxygen can be removed by a
suitable agent like hydrazine. The solution is then deposited on the surface to
form single-or double-layered GO. By reducing the GO, the resultant after being
reduced thermally or chemically via the solvo-thermal method yields graphene
films. The chemically modified graphene prepared by colloidal suspensions is orna-
mented with small organic molecules. Graphene functionalizes with the help of
poly (m-phenylenevinylene-co-2,5-dioctoxy-p-phenylene-vinylene) (PmPV), poly
(tert-butyl acrylate) [39].

2.3 Chemical Vapor Deposition (CVD)

In the CVD process, a substrate will be dispersed at high temperature onto the ther-
mally disintegrated precursors. CVD-produced graphene is a polycrystalline film



226 A. S. Gadtya et al.

whose size may differ from micrometer- to millimeter-sized domains. The deposi-
tions will occur on different precursors (which may be solid, liquid, crystalline, or
gaseous), thin films, etc. In the deposition process of graphene, various transition
metal substrates are used, like Ni, Pd, Cu, Ru, etc. But most of the time, Cu and Ni
have been best suited for CVD growth. The low-cost precursor camphor was used
to synthesize graphene on the nickel foils. Camphor was first heated to 180 °Cand
then evaporated. After that, it was pyrolyzed in another CVD furnace chamber at
700 to 850 °C by using argon gas, which acts as the carrier. When the temperature
was decreased to room temperature, a few layers of graphene sheets were formed
on the nickel foil. Similarly, in the thermal CVD technique, 1—2 nm thick graphene
sheets were produced that were grown on Ni substrates. Here, the precursor used
was a gas mixture of H, and CHy in a 92:8 ratio. A total gas pressure of 80 Torr
was activated by the DC discharge. Then the graphitic films, which were only a few
nanometers thick, were found to be separated by ridges. The ridge formed as a result
of the difference in thermal expansion coefficients of Ni and graphite. Then, due to
the nucleation process, graphene was formed on the surface of Ni [40].

2.4 Chemical Exfoliation

Exfoliation is basically the peeling-off process. Graphene can be prepared from a
highly pure graphite sheet when the Van der Waals force, which is weak and can be
broken, is released. The exfoliation method is used to weaken the bonds between the
graphite sheets by using chemical and mechanical energy. In this method, a highly
oriented pyrolytic graphite (HOPG) sheet of 1 mm thickness has been taken, and
a dry etching process has been started in the plasma of oxygen to make 5 m-deep
mesas. The mixture was then placed in a photoresist and heated until the mesas
adhered to it. Then, with the help of Scotch tape, the graphite sheet was peeled
off. Inside the photoresist, a few thin flakes were still stuck, which were released
in acetone and taken to a silicon substrate. After some time, it was discovered that
the substrate contained single and some layers of graphene sheets. This process of
preparing graphene is very reliable. Apart from this, the exfoliation in the liquid
phase has a slightly different approach. The exfoliation of GO nanosheets was done
through the ultrasonication method in the aqueous solution. The produced films were
reduced when placed inside the hydrazine and hydrated at 100 °C for 24 h. It can be
known as “partially reduced” exfoliated nanographite oxide sheets, as the product
formed wasn’t completely reduced. Pure graphite in N-methyl pyrrolidone was also
used for dispersion and exfoliation. The yield was 1-12 wt% of monolayer graphene
[41].
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2.5 Thermal Decomposition

One unique method of preparation of graphene is the thermal decomposition of
silicon on the surface of a single crystal of 6H-SiC. When the hydrogen etched
surface of 6H-SiC was heated at a temperature of 1250 to 1450 °C for 5-10 minutes,
graphene sheets of 1-3 layers were formed on the surface. In another method of
thermal decomposition, films of graphene were prepared on a nickel thin film coated
SiC substrate at a temperature of 750 °C. This method aids in the production of a
large amount of graphene, so it was advantageous to the researchers [42].

2.6 Synthesis of Graphene on Gold

This method used gold foil that was 25 m thick. Before using the gold foil, it was first
annealed for 20 min in a hydrogen flame. After annealing, the gold foil was placed
inside a quartz chamber, in which argon gas was passed for 5 min. The gold foil was
heated to a temperature of 975 °C under the flow of argon and hydrogen. At that
time, methane gas was passed inside the chamber for 10 min. After that, the heating
was stopped, and the chamber was cooled down. When the flow of methane was
stopped, it was seen that layers of graphene had developed on the gold foil. Then
polydimethylsiloxane (PDMS) was applied. With the help of the transfer printing
method, graphene was transferred from the gold foil to the dielectric substrate. The
gold layer was then etched by gold etchant, and after the completion of etching (as
shown in Fig. 1), the graphene layer formed on the surface of PDMS was applied to
100 nm SiO; coated silicon wafers. From there, when they peeled the PDMS surface,
graphene was released on the surface of the dielectric [43].

3 Graphene Based Materials as Applications of Super
Capacitor Electrode Materials

Recently, there has been a lot of interest in increasing the demand for energy, and
electronic devices are in high demand. There are more portable electronic devices,
hybrid electric vehicles (HEVs), and other vehicles on the market presently. The high
amount of energy that a supercapacitor can store also makes it an ultracapacitor or an
electrochemical capacitor [44]. These supercapacitors have different characteristics,
including higher power density, long cycle life performance, low maintenance, fast
dynamics of charge propagation, and high charge and discharge rates [45]. Superca-
pacitors are used in memory backup systems, industrial power and energy manage-
ment, consumer electronics, etc. The performance of a supercapacitor is based on low
self-discharging, safe operation, low cost, excellent cycle ability, which is more than
100 times that of batteries, and greater power density, which is higher than batteries. A
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Fig. 1 Schematic representation of the steps of the deposition and transfer processes of graphene
growth on gold film. Reproduce with permission from the reference [43]. Copyright 2011, Applied
Physics Letter

supercapacitor is classified into two types; electric double layer capacitors (EDLCs)
and pseudocapacitors. For better power delivery and energy storage capacity, the pore
size and surface area of the electrode should be carefully considered in the EDLCs
[46—49]. The graphene has a honeycomb network with various dimensionalities and
carbon allotropes. These graphene-based materials have a conducting network to
support the redox reactions of transition metal oxides, oxides, and conducting poly-
mers. The nano-hybrid electrode with graphene and nanoparticles shows excellent
electrochemical performance due to the synergistic effect of the graphene layers.
Graphene’s high surface area, higher electrical conductivity, greater flexibility, and
other properties make it an excellent electrode material for supercapacitors. The
prepared graphene films are being used as a stretchable electrode. Apart from the
flexibility and stretch ability; the graphene films also promote the easy fabrication of
supercapacitor devices [50, 51]. Due to the lack of yield in high-quality graphene, the
higher specific conductance value of graphene isn’t of any use. But the graphene can
be prepared by the chemical vapor deposition (CVD) method, and these nanosheets
have a capacitance value of 0.076 Fcm in the H,SO, solution. So, the capaci-
tance of the graphene-based supercapacitor was found to be 1.49 x 10* F. Ruoff
et al. have reported a method of preparing graphene-polymer composites through
an exfoliation method [52]. The percolation threshold of the polystyrene-graphene
composite was found to be 0.1 vol%. The specific conductance value was determined
to be 191 f/g when KOH electrolyte was used as an electrode in ultracapacitors.
Yang et al. have synthesized hydrothermally reduced graphene-MnQO, composites.
In this experiment, the researchers have found the specific capacitance value of the
HRG-MnO, composite reaches 211.5 F/g at the potential scan rate of 2 mVs~!. The
composite shows 75% capacitance retention after 1000 cycles of charge/discharge
in 1 M Na,SOy electrolyte, which indicates a good potential for the supercapacitor
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and power system [53]. Similarly, for the electrochemical pseudocapacitor materials,
Ni(OH), nanoplates were grown on graphene. This electrode shows a high specific
capacitance value of 1335 F/g~! at a 2.8 A/g charge discharge rate. It also shows an
improved value for power density and energy density. All of these improved prop-
erties point to promising applications in supercapacitors for higher power sources
[54]. Jian and his co-workers developed a flexible graphene paper by adding carbon
black nanoparticles between the graphene sheets for better electrochemical perfor-
mance. The incorporation of carbon black in the graphene sheet gave it an open
structure for charge storage and ion diffusion channels. The specific capacitance of
the pillared graphene paper was found to be 138 F/g~! and 83.2 F/g~! in the aqueous
electrolyte and organic electrolyte, respectively, at a scan rate of 10 mVs~'. The
capacitance loss was 3.85% after 2000 cycles at a current of 10Ag~". The ability
to maintain high conductivity and a large surface area provides high-performance
energy-storage devices with better energy and power densities [55]. Murugan and his
co-workers [56] have synthesized graphene nanosheets and polyaniline nanocompos-
ites for energy storage devices. The composite with 50 wt% graphene showed EDLC
and pseudocapacitance with a specific capacitance of 408 F/g~!. This composite can
be used in energy storage and conversion applications along with microelectronics.
Duan et al. prepared functionalized graphene hydrogels (FGHs)-based high perfor-
mance supercapacitors. The FGHs are used as the electrodes in supercapacitors with
an excellent specific capacitance value of 441 F/g in 1 M H,SO4 aqueous solution,
whose value is higher than that of the unfunctionalized graphene hydrogels, i.e., 211
F/g [57]. The FGHs show an excellent 80% capacitance rate at 20 A/g along with
86% retention over 10,000 cycles. All these data can prove that these electrodes can
show greater properties if they are used in the supercapacitor [58]. A.N. Grace and
colleagues used the solvothermal method to create a series of vanadium pentoxide-
doped graphene and investigated its applications in supercapacitors. In this work,
they have found out that the V,05 doped graphene showed a maximum specific
capacitance of 1032.6 F/g~! at a 1 mVs~! scan rate. It also provides greater cyclic
stability with an energy density of 185.86 Wh/Kg and a power density of 37.20
W/Kg~! (Fig. 2). The graphene moieties show a fast and smooth electronic transfer
between the V,0s5 materials, which leads to their prominent use in the supercapacitor
as the electrode. In another experiment, the potential use of graphene-based material
in the field of energy storage applications, especially in supercapacitors and the green
energy field has been described [59]. The graphene substrate’s synergistic effect has
been improved due to its high surface area and conductivity.

4 Different Bioprecusors

Rice Husk

The rice husk is the outer layer of rice kernels. The graphene can now be prepared
from rice husks and can also be used as an activator for the preparation of activated
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Fig. 2 Graphical illustration 1200 = =
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the samples. Reproduce with
permission from the
reference [58]. Copyright
2018, Elsevier
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carbon. Rice husk has a major silicon concentration, so it is also used to prepare silica
and its derivatives and is also used for nanocarbon preparation. The preparation of
graphene from rice husk was described by Hiroyuki et al. by taking rice husk and
adding KOH to it [60]. The mixture was taken for calcination at 1123K. When
the activation of KOH starts, a 3D network of large volumetric capacitance can be
achieved. The KOH helps in removing the silica impurities. The prepared graphene
has greater porosity and an active edge, along with hydrogen stability. Singh et al.
reported on another method of producing graphene from rice husk. They activated
the rice husk with KOH before annealing it at 9000 °C. The resultant graphene has
a few layers of graphene with agglomerations of silica particles. In another method,
rice husk was taken to form rice husk carbon (RHC) and rice husk graphene quantum
dots (RH-GQDs). First, 5.0 gms of rice husk were taken, washed with deionized (DI)
water, and grinded in order to make RHC. The powder was then taken inside a tube
furnace at 700 °C for 2 h, and nitrogen gas was passed through it. The carbon and
silica-containing rice husk ash (RHA) was then collected. That RHA was reacted
with an excess of NaOH for 2 hours at 900 °C. When the reaction was completed,
it was again washed with DI water, and RHC was obtained, which was dried at 80
°C for 12 h. In another experiment to make GQD from rice husk, 50 mg of RHC
was mixed with a 10 ml solution of H2SO4 and 3 ml of DI water. The mixture was
then taken for ultrasonication for 5 hours. In that solution, 20 mL of HNO3 was
added and again taken for ultrasonication for 10 hours. After that, the solution was
properly washed and again diffused in 30 ml of DI water with 1.0 M NaOH aqueous
solution, which was then transferred to an autoclave for 10 h at 200 °C. Then it was
cooled down to room temperature and filtered where RH-GQD was finally obtained
[61-63].

Hemp

The cannabis plant is the source of hemp bast fiber. This plant is full of fiber, which
is used to make different products like ropes, clothes, oils, etc. Researchers recently
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created a graphene-like material from it. Hemp bast fiber was taken for activation
and then carbonization for the hydrothermal product of carbon nanosheets. Firstly,
3.0 gms of hemp straw were taken and dispersed in 50 ml of H,SO,, which was
then placed inside a stainless-steel autoclave for 24 h at 180 °C. Then it was cooled
down to room temperature, resulting in a carbonaceous solid known as biochar.
The biochar was then filtered, thoroughly washed with distilled water, and taken for
drying. After completion of the drying of the biochar, it was chemically activated by
adding KOH. The mixture of biochar and KOH was taken into an agate mortar and
grinded properly. Then the mixture was heated at around 750 °C for 1 h by passing
argon gas. When the heating was done, the mixture was washed again with 10% HCI
and distilled water, and finally, the carbon sheets were prepared by drying it in the
oven for 12 h at 100 °C [64].

Paper Cups

The paper cups are made of lignin and hemicelluloses from wood. The graphene
can be prepared from disposable paper cups by using iron as a catalyst. Firstly, the
paper cups were passed through active treatment by using KOH; where K* ions get
adsorbed into paper pulp. The Fe?* ions in the catalyst iron are exchanged for K*
ions. Then, a layer of Fe;C is formed through the graphitization process. The C-atom
disperses as the temperature drops, forming a multi-layered structure of graphene
or iron. The preparation of graphene from disposable paper cups is economically
beneficial. Researchers have gained interest in the production of graphene sheets
from paper cups as it helps in the manufacturing of high yield energy-consuming
products. The produced graphene is obtained by removing the Fe template and is
used in Li-ion batteries [65].

Chitosan

Chitosan is a nitrogen containing polysaccharide biopolymer that is derived from the
outer skeleton of crustacean animals like shellfish, crab, lobster, etc. Chitosan is able
to produce graphene, which is used as an electrocatalyst. In its structure, nitrogen
atoms are present inside the sheet of graphene, which increases the electronic bonds
and makes it a semiconductor. Chitosan is produced by the deacetylation of chitin.
By heating the chitosan to 1300 °C, a series of hard carbons (HC) were produced.
Then it was taken for thermal treatment by passing argon gas at a 5 °C per min
heating rate. The annealing temperature was chosen as a good compromise between
the concentration of defects, porosity, and d-spacing. The hard carbon chitosan (HC-
chs) was synthesized by multiple surface and bulk techniques. However, the chitosan
was heated at 800 °C by flowing argon gas through it. The resultant graphene was
obtained in the form of a thin film. Activated carbon can also be prepared by chitosan
through the carbonization process (as shown in Fig. 3) at high temperatures and then
activation by different chemical reagents like H;PO4. This activated carbon is being
used in the supercapacitor for energy storage purposes [66].
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Fig. 3 Schematic diagram of the preparation of hard carbons from chitin and chitosan. Reproduce
with permission from the Reference [66]. Copyright 2019, American Chemical Society

Coal

Coal is one of the most affordable energy resources, but it is non-renewable in
nature. Coal structures are made up of very small, nanometer-sized crystalline carbon
with defects that are linked by aliphatic amorphous carbon. Graphene quantum dots
(GQDs) are being synthesized from mostly bituminous coal, anthracite, and coke,
which are used in energy storage devices. Ye and his co-workers [67] have reported
about the synthesis technique of GQDs (Fig. 4) from these three types of coal.
GQDs were derived from bituminous coal in their experiment by first sonicating the
bituminous coal and dispersing it in a solution of H,SO4 and HNO;. When sonication
was completed, it was heated at 1200 °C for 24 h. Finally, we will get the b-GQD,
where we can find hexagonal lattices and many crystalline domains having dots that
are linked by the amorphous carbon. GQDs can also be synthesized from anthracite
and coke using the same method as bituminous coal.

In another experiment, synthesized humic acid (HA) powders from lignite coal
were prepared, which have properties like GO sheets. Firstly, the lignite coal was
placed in an aqueous solution of leonardite. Then the solution mixture was acidified
to produce HA powder [68]. The particles produced are useful in the application
of obtaining specific GO particles. Vijapur et al. have taken sub-bituminous coal
to prepare graphene by the pyrolysis method [69]. At first, the sub-bituminous coal
was heated without oxygen, which helped the coal get decomposed into hydrocarbon
gases that act as thermal precursors. Then the derived carbon compound was adsorbed
with the help of copper, and it produced a hybrid carbon film. That carbon film was
then graphitized to produce graphene films in the presence of hydrogen. The produced
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Fig. 4 Schematic illustration of the synthesis of b-GQDs. Oxygenated sites are shown in red.
Reproduce with permission from the Reference [67]. Copyright 2013, Nature Publishing Group

graphene films can be useful in the application of solar cells, light emitting diodes,
etc.

Bougainvillea

The bougainvillea flower is a member of the Nyctaginaceae family that originated
in South America but is now found in almost every country. It is filled with natural
antioxidants having phenolic groups like caffeic acid, chlorogenic acid, tannins,
carbohydrates, etc. For the preparation of graphene from bougainvillea, dead flowers
(Fig. 5) were taken and washed properly. The washed flowers were dried in the oven
at 80 °C. The flowers were crushed into a fine powder after drying. 10 g of the crushed
powder was pyrolyzed in a pure quartz crucible at 600 and 800 °C for 5 h by passing
argon. From that, perforated graphene was obtained [70].

Mahendran et al. collected fresh bougainvillea and separated 20 g of petals, which
were washed with demineralized water to remove the impurities. After complete
washing, the petals were boiled in 200 ml of demineralized water for 30 min at 95
°C. The boiled petals were then filtered and stored at —4 °C in a refrigerator. The GO
powder was also synthesized by Hummer’s method. 100 mg of GO powder was taken,

Dead bougainvillea

Fine powder Pyrrolysed

flow
ower B

Fig. 5 Schematic representation for preparation of perforated graphene from dead flowers
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30 ml of demineralized water was added to it, and it was taken for ultrasonication
for 30 min. In that mixture, 20 ml of the bougainvillea flower extract was added
and refluxed for 5 h at 95 °C. The mixture was then centrifuged and washed with
demineralized water. Finally, the mixture was dried in an oven for 12h at 60 °C to get
a black colored powder. The formation of reduced GO was indicated by a transition
from dark brown to black in the mixture [71].

Corn Stalk

The corn stalk consists of leaves and stems, where the stems consist of cortex and
pith. A corn stalk with a large pith in the stem is one of its features. These corn stalks
have high nutritional value. Different kinds of products are being manufactured from
the corn stalk, like paper, biodegradable fiber material, oligosaccharides, etc. Apart
from this, it is also used in the energy sector for the production of biodiesel, gas
fuels, and graphene sheets, which are used as electrodes in supercapacitors. Li et al.
reported the efficient catalytic conversion of corn stalk and xylose into furfural in
valerolactone over sulfonated graphene [72]. In order to investigate the variation in
the furfural production from corn stalks in the aqueous phase, several tests were
carried out at 50, 100, 150, 200, and 250 min at 190 °C (Fig. 6). At the same time, a
low 5-HMF yield was obtained. When the time was stretched out, the most furfural
was made after 150 min, when it was 16.5%. After that, it slowly went down [72].
Carbon microspheres (CSs) of reasonably uniform size were initially used as
spacers in carbon microsphere/reduced graphene oxide composite hydrogels (CS-
rGOs) to prevent the restacking of graphene sheets. These CS were produced without
carbonization or activation from waste biomass corn stalks. As electrode materials
for supercapacitors, the produced composite hydrogels performed very well owing
to their high oxygen content and high hydrophilicity. Specific capacitance was found
to be excellent for CS-rGO-3 sample-based symmetric supercapacitors (281.5 F g~!

Fig. 6 Corn stalk
conversions in 10 mL of
clean water with 75 mg of
corn stalk and 35 mg of
catalyst at 190 °C.
Reproduced with permission
from the Reference [72].
Copyright 2019, Royal
Society of Chemistry
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at 0.3 A g~1), rate performance was high (81.87%), and capacitance retention was
outstanding (102.2% after 10,000 cycles at 10 A g'!). This work offers a new way to
turn waste biomass into something with more value and to make high-performance
electrode materials for supercapacitors [73, 74].

Soybean Oil

Soybean oil is derived from soybeans, which is a great source of saturated and
polyunsaturated fatty acids. It is composed of mainly 5 fatty acids, i.e., linoleic acid,
oleic acid, palmitic acid, stearic acid, and linolenic acid. Kim et al. have reported
a paper on photo-cross linked polymer networks based on graphene functionalized
soybean oil and their properties. Here, they have prepared four different types of
soybean oil/graphene-based photo-cross linked polymer networks. They have found
a48% increase in tensile strength in their experiment. The filler was homogeneously
mixed with the polymer matrix when functionalization was done, and the optical
property was also increased [75].

Wheat Straw

Wheat straw is the stalk left over after wheat grains are harvested, which is abun-
dant and very cost effective. It can also be an edible grain used to produce different
foods. Sadeghi et al. have reduced wheat straw to graphene, and the modification was
done with the help of cross-linking. When wheat straw was converted into graphene,
the surface area was expanded from 4 to 415 m?g~'. The modified graphene sheets
have a solution temperature of 30-60 °C, a pH value of 3—11, and many more.
The Eriochrone Black T (EBT) removal and dye removal remained high, allowing
it to be used as an adsorbent against EBT in aqueous media [76]. Another study
used a hydrothermal and graphitization procedure to create high-quality graphene
nanosheets from wheat straw. The prepared few-layer graphene was used as an elec-
trode for the lithium-ion batteries that showed greater electrochemical properties like
high cycling stability; charge/discharge rate, and reversible capacity. This process was
adopted by researchers due to its cost effectiveness, eco-friendly nature, catalyst-free
nature, and sustainability as an energy source. Graphene made from wheat straw had
improved physical and chemical properties, making it useful for applications such
as sodium ion batteries, ultra-capacitors, lithium-ion oxygen batteries, etc [77].

Coconut Shells

Coconut shell consists of cellulose fiber and is low cost, commercially available,
environmentally safe, a sustainable biological resource, and abundantly available.
As a result, coconut shell (Fig. 7) is becoming a popular carbon resource for the
production of activated carbon [64]. Fu and his coworkers have synthesized porous
graphene-like nanosheets (PGNS) materials with increased surface area using the
simultaneous activation graphitization (SAG) method and coconut shell as the carbon
resource [78]. Here ZnCl, and FeCl; act as activating agents and graphitic catalysts,
respectively. Here, 3 gm of coconut shell was taken and mixed with 9 gm of ZnCl,
in 50 ml of 3M FeClj; solution. The mixture was then evaporated at 80 °C for 2 h
and dried at 1000 °C in an oven, where the carbon precursor was obtained. Then the
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Fig. 7 Schematic diagram of preparation of graphene nanosheets from coconut shell. Reproduced
with permission from the Reference [65]. Copyright 2020, John Wiley and Sons

activation and graphitization processes were done in a furnace by passing nitrogen
gas at 5C min~! up to 900 °C for 1 h. The sample was then treated with 2 M HCI
to remove iron impurities and dried at 60 °C for 12 h, and the resultant product
was found to be distorted graphene sheets. The prepared PGNSs showed excellent
specific capacitances of 268 F/g~! and 196 F/g~! in an aqueous electrolyte and an
organic electrolyte, respectively. It also showed a better cycling rate, higher energy
and power density, and better capacity retention [65].

The coconut shell was placed in a glass vessel for the cracking process. As the
glass is an inert material, it slowly donates electrons to the coconut shell. The entropy
effect slowly cracked the coconut shell. Then the shell was taken for pyrolysis at 600
°C. But due to the higher temperature, the transfer of electrons into the carbon of the
coconut shell becomes slower. Finally, small and broad carbon atoms were formed
along with the graphene nanosheets [79].

Nori

Nori is a type of red algae marine seaweed that is edible in nature and has a thin film
structure that consists of nitrogen, phosphorous, etc. It is used as a better precursor
for preparing a doped carbon catalyst. Fan and his colleagues created nori carbon
(NC) through the carbonization of biomass, as well as activated nori carbon (ANC) in
a study. The NC was prepared through the carbonization process, first by taking the
nori and washing it properly with the help of distilled water (DI). When it was dried,
nori powder was obtained directly. The ANC was prepared by collecting the nori and
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activating it. Then it was filtered and dried in an oven at 80 °C and carbonized at 800
°C for 2 h by passing argon gas. The NC was added to a KOH solution in an agate
mortar for 30 min and then annealed for 2 h at 800 °C. The prepared solution was
washed properly with DI water to remove excess KOH. The prepared NC and ANC
have characteristics of fast growth and short maturity cycle when used in Lithium-ion
batteries. The ANC has sufficient nitrogen and oxygen groups and provides multiple
polar sites and results in high rate performance of 626 mAh/g at 5 °C. This nori-based
carbon derivative gives a significant enhancement in the electrochemical performance
of the batteries [80]. Liao and his co-workers have prepared high performance doped
carbon catalysts with the help of nori as the precursor and melamine as the promoter.
The prepared catalyst has a high surface area and thin-film structure. The catalyst
showed high oxygen reduction reaction (ORR) performance in 0.1 M KOH along
with greater stability rate and methanol tolerance [81]. Similarly, Liao, they have
prepared carbon doped catalyst from nori as the precursor called NORI and used that
in the lithium oxygen battery. The prepared NORI has a graphene like nano sheet
structure with large surface area and good ORR performance. The NORI electrode
showed superior cycling stability with 100 cycles at 1000 mAh/g~! and efficiency
[82].

Banana Peel

Banana peel is the outer cover of the banana, which is filled with polyphenols,
carotenoids, and different other antioxidants that help fight cancer. X. Li et al. have
taken banana peels and converted them into porous activated carbon scaffolds for
energy storage applications. Banana peels were first cut or punched into different
sizes and frozen inside a refrigerator. The frozen pieces were lyophilized in a dryer
for 3 hours before being placed in an argon-gas-filled furnace for 1 h at 900 °C. After
canonization, banana peel pieces shrank in size, and finally, the activated banana peel
(ABP) pieces were washed with DI water and dried for 2 h at 75 °C. The prepared ABP
was doped with NiCo,O4 nanowires to get a high performance electrode material
for supercapacitor applications [83]. Lotfabad and his co-workers have created a
unique low surface-area carbon that was derived from banana peels, which they called
banana peel pseudographite (BPPG). This BPPG worked as a promising electrode
for lithium-ion batteries (LIBs), achieving three times more capacity than graphite.
By using these electrodes [84], the total charge storage capacity, cycling stability,
and Coulombic efficiency have been enhanced in the LIB and NIB (sodium ion
batteries). Moreover, the banana peel was used as a precursor for the synthesis of
activated carbon and also for the synthesis of a few-layer of graphene. The prepared
porous activated carbon has a larger surface area and charge storage capacity, due
to which the capacitance of the supercapacitor increases. The electrodes, which are
transition metal oxides, allowed the supercapacitor to achieve a high scan rate of 10
mV/s. The supercapacitor showed high energy storing capacity, which can be used
for the development of flexible electronics [85].
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Peanut Shells

The peanut is a plant of the Fabaceae family, i.e., legumes. The peanut shell is the
non-eating outer cover of the legume, and its residues have been found to be between
25 and 30% of the total weight of the legume. The peanut shells were collected and
washed properly with DI water for the removal of impurities, then passed through
pyrolysis in an oven for 10 h at 60 °C. Then, the shells were grinded into powder
form. The powder was placed in a crucible by passing nitrogen gas through it. The
produced powder was found to be charcoal filled with carbon having a high surface
area, porosity, and oxygen containing groups. It also has greater adsorptive properties
[86]. A hybrid sodium ion capacitor (NIC) from peanut shell (Fig. 8) was derived
by Miltin et al. The NIC with the peanut shell precursor develops the performance
rate of the capacitor along with its cycling retention capability. The cycling rate is
also stable at 1000 cycles. This hybrid device achieved a capacity retention of 72 and
88% after 10,000 cycles at 6.4 and 51.2 Ag~". It shows cycling stability at a current
density of 6.4 Ag! [87].

Fig. 8 Making peanut nanosheets from the shell of a peanut. Reproduced with permission from
the Reference [87]. Copyright 2015, Royal Society of Chemistry
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Fig. 9 Images of post-consumer plastic after it was acquired from a recycler, after being cut using a
commercial cutter, after being mixed with 5 wt% CB, and after being further converted to FG using
AC-FJH are shown (left to right). Reproduced with permission from the Reference [88]. Copyright
2020, American Chemical Society

5 Other Precursors

5.1 Plastic Waste (PW)

Plastic is one of the most commonly generated wastes on the planet, and it is both
abundant and extremely harmful to our environment. Plastic is found in many forms,
like plastic bags, bottles, toys, sheets, etc., and is left behind after one or two uses. Itis
non-biodegradable by nature, which makes it more hazardous and a serious threat not
only to humans but also to the animal kingdom. Scientists are currently investigating
ways to recycle this plastic into usable products. Using flash joule heating (FJH),
Tour and his co-workers [88] were able to transform the PW into flash graphene
(as shown in Fig. 9). Along with the production of flash graphene, this process also
leads to the formation of light hydrocarbons, carbon oligomers, hydrogen, etc. The
flash graphene was found to have an interlayer spacing of 3.45 A which helps in the
dispersion of liquids and composites [89].

Waste plastic management is one of the greatest challenges for scientists and
researchers. In an attempt to make PW more sustainable and environmentally
friendly, Sahoo et al. have synthesized graphene nanosheets from plastic waste [90].
They used DI water to properly wash the PW as part of their experiment. There-
after, they cut the PW into small pieces and mixed those pieces with nanoclay. The
mixture was then transferred to pyrolysis at 4000 °C by passing nitrogen gas, which
was followed by fast heating at 750 °C. After this, a black collared charcoal was
formed which was again taken for ball milling process to get fine powder of char-
coal. In this way, the same procedure was continued for several times and finally
few layers of graphene nano sheet were obtained. This graphene is used for many
applications like solar cells, fuel cells, for preparing polymer nano composites etc.
Similar to this, the same researcher Sahoo et al. used PW’s graphene nanosheets in
dye-sensitive solar cells and supercapacitors (DSSCs). They have derived graphene
nanosheets from PW by pyrolysis at 450 °C and 945 °C in a nitrogen atmosphere.
The fabrication with the use of graphene sheets in DSSC showed a high fill factor
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of 86.4% and open circuit voltage (V) of 0.77V (Fig. 10). Similar results were
obtained when the graphene nanosheet was utilized as an electrode in a supercapac-
itor. It displayed a high specific capacitance of 398 F/g~! with a scan rate of 0.005
V/s. However, it demonstrated a high-power density of 1009.74 Wh/kg and a density
of 38 Wh/kg [91].

Fig. 10 Schematic illustration for the fabrication of GNs from plastic waste and its application in
DSSCs and supercapacitors

Z
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6 Conclusions

One of the most significant materials of the twenty-first century is graphene; a sp?
hybridized 2D atomic crystal. Researchers have lately been interested in graphene
owing to its better electrochemical energy-storing capabilities. Over the past 10 years,
there has been a significant rise in research on graphene-like carbon compounds
derived from biomass that may be used to store energy in novel ways. Biomass
may be used to create graphene-like structures at a cheap cost and with nearly no
carbon emissions. This is a step in the right direction towards a more sustainable
energy future. Furthermore, because of their long-term viability and great perfor-
mance for high-power and short-term energy demands, they are ideal candidates
for carbon-based supercapacitor devices, which are considered the key to future
green transportation electrification. As a result, graphene is employed in a wide
range of applications, including polymer composites, energy storage, fuel cells, and
medicinal applications. Bio-waste products are thought to be an excellent source
of carbon production. However, there are various bio-waste products, and proper
disposal procedures are necessary. This chapter has concentrated on the manufacture
of graphene from diverse bio-sources such as rice husks, paper cups, hemp, chitosan,
banana peels, and peanuts, as well as its use as an appropriate electrode material in
the area of supercapacitors.
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Applications: Effect of Doping

on Cyclability

Amrita De Adhikari

Abstract In the battle between industrialization and conserving the environment,
ecologically viable biomass niches are in high demand. Storing and delivering energy
with durability and steadiness has been crucial. Conventionally, carbonaceous mate-
rials have been used for years in supercapacitor fabrication. A sustainable supply
of energy with minimum cost and huge benefits has made biomass-derived nanos-
tructures suitable for supercapacitor applications. The design of customizable nanos-
tructures (e.g., nanorods, nanoflowers, nanosheets, nanotubes, etc.) has been found
to be dependent on dopants, the morphology of precursors, surface area parameters,
and many more factors. An enormous number of biowaste and biomass materials
have been employed to attain various nanostructures that are beneficial for electro-
chemical energy storage. Auxiliary, doping metals, and heteroatoms are found to be
advantageous as they can lead to the generation of redox active sites, increased cycla-
bility, and reduced resistance to charge transfer. The overall electronic framework has
played a significant role in the stability and robustness of the nanostructure in super-
capacitors. This chapter discusses the various superstructures derived from biomass,
as well as their intrinsic electrochemical performance on metal doping. Metal doped
nanostructured carbonaceous materials derived from replenishable, inexpensive, and
environmentally friendly biomass have become the “cherry on top” in supercapacitor
research communities.
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1 Introduction

Carbon exists in various forms and allotropes, including mesoporous carbon,
fullerenes, graphene, carbon nanotubes, and their composites. [1-3] Each form
possesses certain advantages and disadvantages; therefore, the development of their
nanostructures can be very challenging and also interesting. Low-cost carbon mate-
rials have always been a top priority for industries, as long as economy and profits are
considered. Such carbon-based materials have a wide range of applications, but here
in this chapter, we shall deal with their supercapacitor (SC) applications. SCs are
well-known and extensively researched energy storage systems with a high power
density and a long cycle life that aid in renewable energy generation [4]. The deciding
parameters for making an SC work efficiently are significantly dependent on the elec-
trode materials. The electrode material that can host facile electrostatic interactions,
electron transfers, and good adsorption sites is suitable for SCs applications [5, 6].
Therefore, carbon-based electrode materials have gained attention for their prac-
tical and convenient application. Biomass can be an excellent precursor for carbon
electrodes. Abundant agricultural residues are produced that can be processed and
used for the synthesis of electrode materials. A variety of biomass-based carbona-
ceous materials have been obtained from different biomass sources, as shown in
Table 1. Hydrothermal carbonization (HTC), chemical activation, and pyrolysis
are some of the thermochemical treatments carried out in order to obtain porous,
high-surface-area products, which are crucial for SCs’application [7].

Also, various studies have shown that carbon materials can indorse in the core-
shell nanostructure formation by capturing metal or metal oxide if they are present
during the carbonization process. [9, 10] Carbonaceous materials used solely for SCs
applications have drawbacks such as low electrical conductivity, poor permittivity,
poor polarization ability, and so on [11]. Incorporation of metal/metal oxide species
or redox active species (MnO,, RuO,, V,0s5, SnO,, ZnO, conducting polymers,
etc.) influences the energy storage performance at the interface of electrodes and
electrolytes [12—19]. Such redox active species are known as the pseudocapacitors
in SCs, which can store charge through the transfer of electrons via reversible redox
reactions. The carbonaceous materials, on the other hand, store charge via an electro-
chemical double-layer mechanism (EDLC). Therefore, metal doping or heteroatom
doping can improve the electrochemical properties of the SCs device via the syner-
gistic effect between the pseudocapacitors and EDLC materials [20]. This chapter
will deal with the physicochemical and electrochemical performance of biomass-
based metal-doped electrode materials, which aid in cyclic stability valuation and
sustainable routes to the bioeconomy.
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Table 1 Some .biomass Biomass source Activation

sources and their method of

activation for deriving carbon ~ Banana peel Zn(NO3),

frameworks [8] Rice husk ZnCly
Sugarcane bagasse ZnCly
Bamboo KOH
Seaweed Thermal
Willow catkins KOH
Soybeans KOH
Pomelo peel KOH
Sunflower seed KOH
Waxberry Fey(S04)3
Perilla frutescens leaf Thermal
Paulownia sawdust NaOH
Lessonia nigrescens Thermal
Celtuce leaves KOH
Kelp Thermal
Corn and protein KOH
Lignosulfonate Thermal
Auricularia Thermal
Cassava peel waste KOH+CO,
Argan seed shells KOH

2 Overview

Reduced consumption of fossil fuels and the goal of establishing a low carbon cycle
are global necessities for long-term growth. The development of renewable and
clean sources of energy is one of the most efficient solutions to reaching this target.
This chapter highlights the biomass-derived electrode materials that primarily aim
to improve the electrochemical performance and cyclic stability of the electroactive
materials. Designing various biomass-derived carbonaceous skeletons from 1D to 3D
can become a diverse method to obtain interconnected porous structures. Incorpora-
tion of metals or metal oxides contributes to the pseudocapacitance of the electrode
material by maximizing the electroactive sites, packing density, and overall capaci-
tance. By adjusting the pore structure, density, doping, electrolyte, and surface area
of the biomass-derived carbon, the low volumetric performance can be overcome.
Looking into the existing challenges, the scientific community performs in-situ tech-
niques to monitor the functionalization of the biomass-derived carbon that can pave
the way from fundamental to operational chemistry. This script can provide a good
guideline for designing the next-generation electrode materials for energy storage
applications.
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3 Cyclic Stability-A Crucial Parameter for SCs
Performance

The retention of capacitance of electroactive materials under certain test conditions
or after a certain number of charge-discharge cycles is referred to as cyclic stability.
Cyclic stability is highly influenced by the type of electrode materials and their
process of energy storage. The EDLCs’ electrode materials, like carbon materials,
are found to belong to type I cyclic stability, where there is no change of phase
during charge-discharge cycles and no chemical charge transfer reactions take place
in the electrode material. Here, the charge is stored via a reversible adsorption-
desorption process at the electrode-electrolyte interface. Thus, there is very little
decay of capacitance during many cycles of charge-discharge, and the retention rate
is nearly 100%. Such cyclic stability is classified as type 1. The second class of
cyclic stability is type II, which is generally observed in the case of pseudocapacitive
materials (metal/metal oxides, hydroxides, nitrides, carbides, etc.) or battery-type
materials, where the charge storage mechanism is via surface-controlled faradic redox
reactions. At the initial stages of charge-discharge cycles, there is self-activation of
the electrode material, so there is an increase in specific capacitance over the initial
value and the retention is always above 100%. After the self-activation step, the rate
of retention drops to the initial capacitance or less than 100%; this type is classified
as type II. Type III cyclic stability is mostly observed in conducting polymers. In the
polymer matrix, rapid, reversible P and N type doping and counter-doping reactions
occur. The conducting polymers easily collapse during the charge-discharge process,
showing capacitance retention below 100%. The key prompting aspects of cyclic
stability include the potential window, electrode materials, scan rate, current density,
mass loading, composition of electrolyte, etc.

4 Factors Influencing the Cyclic Stability

4.1 Structural Features of Nanostructured Electrode
Materials Derived from Biomass

Tailoring the porosity, geometry, and composition of the biomass-derived nanostruc-
tures can lead to enhanced electrochemical performance. There are various methods
of synthesizing carbon nanostructures derived from biomass, as noted in Table 1.
High specific surface area, heteroatom doping, and high porous structures are some
of the interesting traits in regard to increased conductivity and specific capacitance .
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4.1.1 High Specific Surface Area

The EDLC mechanism takes place effectively when the carbonaceous electrode mate-
rials provide a high specific surface area, leading to better ion adsorption at the elec-
trode/electrolyte interface—a prerequisite for optimizing the specific capacitance
[21, 22]. The pore structures and their distribution throughout the architecture greatly
influence the electron and ion movements, affecting the electrochemical behavior of
the electrode materials. Several crucial parameters of SCs, like power density, energy
density, etc., can be improved by optimizing the pore size distribution thatis beneficial
for the ion transport phenomenon [23]. In aqueous and organic electrolytes, microp-
orous structures (2 nm) with pore sizes of 0.7 and 0.8 nm, respectively, were found to
be operative sizes for ion accumulation, confirming high specific capacitance [24].
One of the most versatile procedures to obtain microporous carbons is KOH-assisted
pyrolysis, where the reaction between carbon and potassium compounds leads to the
production of gases due to the gasification of carbon. Such gasification can create
multiple pores within the carbon structure, which are created by washing away the
intercalated K* ions. [25] CO; activation is an alternative approach for the produc-
tion of microporous carbon at high temperatures, which generates active ion storage
and pathways for mass diffusion [26, 27]. Mesoporous (2-50 nm) structures also
provide fast transport of ions, leading to higher power densities and rate capacities.
Steam activation and ZnCl2 salt activation are some of the methods used to produce
mesoporous structures with a mean pore size of 3.2 nm [28]. Elongated time of acti-
vation and flow rate of water increase the number of mesopores. ZnCI2 salt acts as
a hard template and activating agent to produce mesopores [29]. Macroporous (>
50 nm) structures are large reservoirs of ion-buffering, minimizing the distance of
ion diffusion. Micro-and mesoporous structures offer a high specific surface area
for accommodation of ions, whereas mesoporous and macroporous structures result
in channels for mass diffusion and ion transport [30, 31]. Therefore, it has been
observed that pores offer channels for ion transport, ion-buffering spaces, and ion
adsorption. However, there is no linear relationship between high surface area and
enhanced capacitance. The very small pore size of the micropores restricts the full
accessibility of the electrolytic ions, reducing the power and energy density. Again,
the ultrahigh pore size of the macro and meso pores causes low packing density,
reducing the volumetric capacitance and the electrical conductivity [32]. Thus, the
overall architecture with optimal pore sizes, packing density, and sufficient transport
channels contributes to the enhanced electrochemical performance [32, 33].

4.1.2 Heteroatom Doping

The doping of heteroatoms within the carbon structure improves the electrical
conductivity and wettability. Also, the redox reactions taking place because of the
presence of the functional groups at the surface lead to a pseudocapacitance contri-
bution [34, 35]. Biomass-derived nanostructures can be doped with heteroatoms by
using precursors enriched with heteroatoms and chemical dopants that can modify
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the electronic properties and the surface chemistry [36]. For instance, N doping can
provide electroactive sites, improve wettability, and increase electrical conductivity,
thereby enhancing the electrochemical activity [37]. The pyridinic and pyrrolic-N
atoms have negative charges and provide pseudocapacitance, whereas the pyridinic-
N oxide and quarternary-N atoms have a positively charged atom that facilitates
electron transfer. Some of the N containing raw biomass includes silk, fish skin,
soybean, tree bark, shrimp shell, bamboo shoot, egg white, gelatin, etc [38—45]. The
addition of O as a heteroatom has also been found to improve electrochemical perfor-
mance. O functionalities behaving as electron acceptors improve the wettability of the
electrode, increase ion accessibility, and provide pseudocapacitance through redox
reactions. O doping can be realized by using O-rich precursors or a suitable activation
method like KOH, air, or acid [46—48]. S-doping on the surface of a carbonaceous
material acts as an active site for redox reactions and improves wettability [49-51].
S contains one lone pair of electrons on the p-orbital, which overlaps with the p-
orbital of the sp2 hybridized graphite; such interaction results in delocalization of
electrons within the carbon backbone [52]. S-containing thiourea and thioglycolic
acid are good sources of sulfur. Also, the S-doped carbons have low charge transfer
resistance owing to the better polarity on the surface of the carbon. Electrochemical
properties also depend on the doping degrees and dopant arrangements. However,
the mechanism by which the doping effect affects the electrochemical properties still
remains unclear.

4.1.3 Hierarchical Nanostructures

Nanostructures derived from biomass show different dimensions of architectures
from 1 to 3D, i.e., nanofibers, nanosheets, etc. Such well-defined structures offer
high porosity, a specific surface area, and conductivity—all necessary for rapid ion
transport leading to high electrochemical performance. 1D nanobelts, nanofibers,
nanothreads, etc. have conductive channels for the transport of electrons with excep-
tional mechanical strength [53-56]. A 1D skeleton enables the migration of ions from
bulk electrolytes to interior pores, which is favorable for high rate performance. One
of the widely used techniques to produce 1D nanofiber is electrospinning. Control-
ling the heating rate at the time of carbonization allows the morphologies of the
products to be tuned. Cotton and polar catkins are examples of biomass that can be
directly converted to 1D fibers due to their tubular structure [57, 58]. Such tubular
morphology acts as conductive channels for the rapid transport of ions. Further, the
hollow scaffolds of the carbon architecture also act as ion transport and buffering sites,
making them beneficial for the high rate capability. Also, the higher length/diameter
ratio of the porous nanostructures shortens the diffusion path and offers high surface
ion charge storage. 2D nanosheet structures deliver large surface contact areas, good
conductivity, and low resistance. [59] But the nanosheets have the possibility of
stacking between their adjacent layers, reducing the ion transport and rate capabil-
ities [44, 60]. 3D porous architectures derived from biomass possess less internal
resistance, shorter ion diffusion paths, and increased charge transfer kinetics as they
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have a large number of pores, a highly interconnected morphology, and good mechan-
ical stability. The 3D honeycomb design hosts the ions and reduces the ion diffusion
resistance, resulting in favorable electrochemical performances.

There are also certain inherent biomass nanostructures that possess porous
morphology, aiding tunable electrochemical properties. For example, some wood-
based carbonaceous materials have vertically allied multi-channels for the transport
of ions, which reduce tortuosity, contributing to high rate capability [61]. The inter-
space between the pores facilitates ion transport and enhances the specific capac-
itance. There are some inherent free-standing electrodes, like the flat flower petal,
whose wrinkled morphology, high conductivity, and 5-10 m thickness make them
suitable as self-standing electrodes for flexible SCs. There are also certain biomass-
derived electrodes that can be employed as binder-free flexible electrodes, like flax
fabric-derived carbon, obtained via facile carbonization [62] (Table 2).

Table 2 Different methods of synthesis of biomass-derived carbon structures and their special
features [63]

Method of synthesis Temperature range | Special features

Pyrolysis Gas assisted Air <500 °C Incorporation of
oxygen functional
groups with

inherent
morphology.
Steam, CO, 600-1200°C Large surface area
porous structures
Self-activated Physical or 600-1700°C Eco-friendly
chemical strategy as no
activation external activating
agent is required
Chemical NaOH, KOH, 400-1000°C Most commonly
assisted H3POy4, CaCly, used method of
ZnCl,, FeCl3 activation
employing hard

templates and
activating agents.

Template Soft template Polymers Well organized
methods structure obtained
with hierarchical

Hard template Metal oxides,
silica, molten

salts morphology with
adjustable
porosity.
Hydrothermal | Graphene oxide <250°C, followed | Well-designed
carbonization | assisted by carbonization | architecture porous
at high morphology.

temperature
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4.1.4 1D Biomass-Derived Carbon Materials

1D fibrous structure possesses various advantages as follows:

(a) It has very good mechanical properties with high strength of 2—3 GPa and
Young’s modulus of 138 GPa [64-66].

(b) On chemically modifying the surface of the 1D fibers, the surface active sites
are created that can improve the electrochemical properties [67-69].

(c) Fibrous geometries have high aspect ratio and can form interconnected binder-
free networks for flexible SCs [70, 71].

(d) The linear 1D channel is capable of providing pathways for facile transfer of
electrons and ions [72].

(e) The tubular structure can act as a buffer reservoir for the electrolytes offering
more active sites for electrochemical reactions [73].

The various 1D biomass-derived precursors include willow catkins, kapok, cotton,
flax, bacterial cellulose, ramie, etc [74—79]. Zhang et. al. synthesized MnO,/carbon
microtube bundle composite for SCs electrodes [80]. The carbon microtube was
produced from sawdust and MnO, nanostructures were obtained by anodic electrode-
position. The deposition of MnO, increases the active sites and also the conductivity
of the electrode material. The composite offered a specific capacitance of 617.6
F/g at 1 A/g and cyclic stability was tested over 1000 cycles. The electrochemical
studies showed that it exhibited very low resistance, high charge storage ability, and
good transfer capability. In this study, the researchers exploited the natural tubular
features of the existing woods and enhanced their electrochemical performance.
Zhang et al. used willow catkins as a precursor to synthesize porous graphitic carbon
nanotubes (PGCMT), which acted as a substrate for electrodeposition of MnO, [81].
The PGCMT/MnO, composite showed excellent specific capacitance of 550.8 F/g
at 2 A/g with 89.6% cyclic stability after 5000 cycles. Xu et al. fabricated micro-
tubular carbonized kapok fiber/NiO nanocomposites for SCs application [82]. The
hollow tubular kapok fibers are used as templates to grow Ni(OH), via hydrothermal
process, then converted to NiO via carbonization. The composite so prepared has
very good supercapacitive properties with specific capacitance of 575.5 F/g at 0.5
A/g with a capacitance retention of 91.7%. Asymmetric SCs device assembled out
of this composite has an energy density of 7.5 Wh/Kg and power density of 65.5
W/Kg.

The above discussions highlight some of the fantastic features and electrochemical
properties of 1D biomass-derived metal composites along with low cost fabrication
and fast charge-discharge rates.

4.1.5 2D Biomass-Derived Carbon Materials

2D nanostructured biomass has great prospective and the following features are
essential for electrochemical energy storage:
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(a) The 2D structure has strong in-plane covalent bonds and also high conductivity
that can speed up the electrons flow [83, 84].

(b) The 2D layered structure has an ultrathin dimension with large lateral size
reducing the ion transport path [85, 86].

(c) Open and flat surface exposes the surface active sites, enhancing the surface
area for better exchange of ions at the electrode-electrolyte interface [87].

(d) 2D structures have active edges and in-plane defect sites that can facilitate the
storage of charges and high specific capacitance [88].

Different precursors of the 2D biomass-derived carbonaceous materials includes
silk, Perilla frutescent, bougainvillea flowers, eggplants, puffed rice, etc [38, 89-92].
These precursors intrinsically possess multiple layered structures and rearranges to
form 2D sheets on pyrolysis.

4.1.6 3D Biomass-Derived Carbon Materials

3D nanostructures having salient properties that are beneficial for SCs application
are:

(a) Increasing the dimensionality, increases the active surface area, therefore
improving the supercapacitive performance of the materials.

(b) The 3D microstructures are interconnected with wide range of pores that can
provide facile transfer of ions and good electrical conductivity.

(c) They can be tailored into novel structures beneficial for high electrochemical
performance.

The assimilated properties, therefore, offer high power delivery and high energy
storage with short ion path. For instance, Song et al. studied 3D carbon hierarchical
porous structures, synthesized from corn husks via direct pyrolysis of KOH. The
internetwork macroporous morphology was obtained because of the inherent cellular
architecture of cellulose. Narrow pore size distribution, rich doping of oxygen, and
synergistic effect enhances the supercapacitive performance. The specific capaci-
tance obtained was 356 F/g with a rate capability of 84.3% and cyclic stability of
95% over 2500 cycles [93]. Yang et al. synthesized 3D honeycomb porous carbon
from pomelo peels via carbonization further by KOH activation [94]. The intercon-
nected honeycomb architecture has high surface area of 2725 m?/g, efficient for
electrolyte diffusion. This was then doped with N which further enhanced the elec-
trochemical performance. The material exhibited a specific capacitance of 342 F/g
and volumetric capacitance of 171F/cm? at 0.2 A/g. It showed a rate capability of
62% and cyclic stability of 98% over 1000 cycles. Zhao et al. synthesized HPCs from
ant powder, in which the exoskeleton of ant contains chitin, facilitating 3D frame-
works [95]. Furthermore, the exoskeleton is a rich source of fatty acid and protein,
therefore the carbon framework contains many heteroatoms doped skeleton. The ant
powder also has many metal salts, making it a natural porous template structure.
The obtained biomass possesses high surface area of 2650 m?/g with suitable pore
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sizes. Such morphology enhanced the electrochemical performance of the material
with a specific capacity of 352 F/g at 0.1 A/g, high retention rate of 80%, and cyclic
stability after 10000 cycles.

4.2 Metal Doping of Biomass-Derived Nanostructures

Metal/metal oxides or hydroxides are often incorporated within the carbon structures
in order to contribute to the pseudocapacitive behavior. The typical redox reactions
of these materials results in adsorption of ions at the electrode-electrolyte interface
and enhances the energy density of the SCs. The sole use of these metal deriva-
tives is restricted because of their low specific surface area, structural instability,
and low intrinsic conductivity. But doping of metals within the biomass-derived
nanostructures, offers suitable space for the electroactive sites where the redox reac-
tions can take place. The porous structures of the carbon skeleton can promote
charge transfer, leading to high energy density and rate performance. Also, the robust
biomass architectures are resistant to mechanical stress caused by the faradic reac-
tions and thereby increase the cyclic stability of the hybrids. Therefore, metal-doped
biomass-derived structures enhances capacitance, energy density, rate performance,
and cyclic stability. The following section will elaborate on some of the metal/metal
oxides or hydroxides that have been incorporated within the biomass to enhance the
electrochemical performance.

4.2.1 Nickel/Nickel Oxide or Hydroxide Biomass-Derived
Nanostructures

Nickel and its derivatives have been regarded as electroactive materials for the SCs
application. They have diverse morphologies, easy synthesis, and rapid redox reac-
tion kinetics [96]. They have good synergism with the carbon frameworks as a
result provide better electrochemical properties. Li et al. reported the deposition
of B-Ni(OH), nanosheets within the carbon microtubes derived from catkins via
hydrothermal carbonization technique [96]. The willow catkins are biomass precur-
sors having 1D hollow tube structures with a diameter ranging from 6—10pwm. They
are known to have good capillarity, facilitating transport of nutrients and moisture.
It is used as a bio-template to produce hollow carbon microtubes to support active
nanomaterials. The porous hollow microtube acted as conductive channel for charge
and ion transport and the morphology is regulated and controlled by adjusting the
amount of Ni(NO3),.6H, 0. The high pseudocapacitance of B-Ni(OH), results in high
energy density of 37.8 Wh/Kg. The 3-Ni(OH),- catkins derived microtube offered a
specific capacitance of 1568 F/g at 1 A/g with a retention of 51% capacitance at 20
A/g and excellent cyclic stability of 84.3% after 3000 cycles. Cao and co-workers
derived biochar from waste biomass and then subjected it to Ni sorption. The Ni
adsorbed biochar was then employed for supercapacitor application via microwave
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treatment [97]. The capacitance was found to be higher in case of microwave assisted
Ni-biochar compared to without microwave activation. This enhancement can be
attributed to the formation of NiO and NiOOH species from Ni(I). It also exhib-
ited high stability after 1000 cycles with less than 2% loss. This work showed a
conjugation of conservation of environment and also storage of energy.

Zhang et al. reported Ni in-situ doping to obtain cellulose based N/Ni co-doped
porous carbon [98]. The microcellulose assembly under hydrothermal treatment led
to the generation of honeycomb architecture facilitating the uniform distribution of
N and Ni within the interconnected networks. The pore size of the porous carbon
ranged between 1.7—4 nm, which is beneficial for better ion mobility and adsorption
site. The resulting Ni-doped electrode material delivered a specific capacitance of
415 F/g at 0.5 A/g with capacitance retention of 72.22% at 20A/g. The cyclic stability
was tested upto 10000 cycles showing a retention rate of 87.87%. They also observed
that one-pot hydrothermal treatment strategy to incorporate Ni and N was benefi-
cial for increasing the energy density and cycle life of the electrode material. Zhu
and co-workers developed biomass-derived sustainable C/N-Ni(OH),/Ni,S, elec-
trode material having a sandwich structure [99]. The biomass precursor used was
egg white, owing to its natural abundance, good sources of N and C, as a source
of S to form Ni,S,. The doping improves the electrical conductivity and increases
the active sites for redox reactions. NiSy are dispersed and anchored on Ni(OH),
nanoflakes giving a flake/particle sandwich structure. The electrode material exhib-
ited a specific capacitance of 1731.2 F/g at 0.5 A/g and a hybrid SCs constructed
out of this shows an excellent cyclic stability of 107.6% upto 10000 cycles. Fu et al.
reported Ni(OH),/sorghum stalk biomass composite obtained via microwave treat-
mentx [100]. Herein, biomass was first derived from sorghum stalk and Ni(OH),
was deposited on it via microwave method of deposition. The electrode material
exhibited a specific capacitance of 889.2 F/g at 2A/g and capacitance retention of
95.9% over 30000 cycles. The microwave deposition assisted the uniform growth of
Ni(OH), on the sorghum stalk, resulting in enhanced electrochemical performance

(Fig. 1).

4.2.2 Cobalt/Cobalt Oxide or Hydroxide Biomass-Derived
Nanostructures

Cobalt or its oxides and hydroxides have been widely exploited for energy storage
applications. On incorporation of cobalt and its derivatives within the porous
biomass-derived skeleton, the electroactive spots are increased also increasing the
cyclic stability of the system [101]. Madhu et al. reported the synthesis of activated
carbon derived from Pongam seed shells and made a composite out of it with cobalt
oxide [102]. The nanocomposite PSAC/Co304 showed a small transfer resistance
owing to the synergism between Co3;04 and PSAC. Shi et al. studied the sandwich
Co304 @carbon fiber@Co3 04 for SCs application [75]. The porous hollow structure
offers high specific capacitance of 892 F/g at 0.5 A/g with a long cyclic stability of
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Fig. 1 Some reported nickel/nickel oxide or hydroxide biomass-derived nanostructures. a, b
Scheme showing the synthesis of B-Ni(OH), @ AMCT composite and the cyclic stability of the
composite [96]. ¢, d Synthesis scheme of cellulose based N/Ni co-doped porous carbon and cyclic
stability [98]. e C/N-Ni(OH)2/Ni,S, electrode material and its cyclic stability upto 10000 cycles
[99]. (All figures are reprinted with permission)

88% over 6000 cycles. The hollow structure provides inner wall space to accommo-
date the Co3 Q4 particles and therefore enhances the redox reaction sites and serves
as promising electrode material. Ouyang et al. synthesized NiCo-LDHs/BPC porous
composite for supercapacitor application [103]. They observed that composite elec-
trode material offered a high specific capacitance of 2047 F/g at a current density of
1 A/g, suggesting good interaction between BPC and LDH. Asymmetric SCs were
also assembled where the composite was employed as the cathode, where the SCs
delivered a capacitance of 139 F/g at 1 A/g with a cyclic stability of 75.8% after
6000 cycles. The composites were synthesized via single step solvothermal process,
where NiCo-LDHs were deposited over the biomass-derived porous carbon, and
arrays of nanosheets were assembled to give a spherical structure. Such hierarchical
structures possess many electroactive sites facilitating ion transport and diffusion.
Another such study of NiCo-LDHs nanosheets for SCs application was reported
by Wang et al., where, in-situ growth of NiCo-LDHs was carried out on porous
carbon derived from Dicranopteris dichotoma [104]. The synthesis of such a struc-
ture avoids the complicated growth process, induces nucleation and controllable
growth, and promotes charge transfer ability and rate capability. The special struc-
tural features of LDHs nanosheets, like its dimension (6.20 nm), high surface area,
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high wettability, and low charge transfer resistance also merits the electrochemical
performance of the SCs. A hybrid SCs constructed out of it offers a high energy and
power density of 52.47 Wh/Kg and 375 W/Kg respectively, with high capacitance
retention of 75.9% after 4000 cycles. Qu et al. reported NiCo-LDH nanosheets regu-
lated by carbon dots derived from fungus bran to form 3D flower-like morphology
[105]. The role of carbon dots are ascribed to the formation of 3D spheres from 2D
spheres, having more electroactive sites. The optimized obtained electrode mate-
rial exhibited fair electrochemical performance with a specific capacitance of 2100
F/g at 1 A/g. Asymmetric SCs device was assembled which also delivered a high
energy density of 52.5 Wh/Kg at a power density of 750 W/Kg, it can maintain
80% of its initial capacitance upto 5000 cycles. Zhang et al. reported for the first
time, SCs devices assembled with metal silicates. They reported the preparation of
bamboo leaves derived porous carbon along with Ni-Co silicate as cathode mate-
rial for SCs [106]. The Co-Ni silicate attains a sheet petal-like structure, offering a
specific capacitance of 368 F/g at 0.5 A/g and cyclic stability of 89% upto 10000
cycles. The authors claimed that their work can offer a potential pathway for the
synthesis of metal silicates to recycle silicon enriched biomass and synthesize some
useful materials (Fig. 2).

4.2.3 Manganese/Manganese Oxide Biomass-Derived Nanostructure

Manganese dioxide has been found to be a very good pseudocapacitive material
owing to its high theoretical capacitance of 1370 F/g. The pseudocapacitance arises
from the faradic reaction between Mn** and Mn>* at the interface. A lot of porous
carbon skeleton has been employed to grow MnO; and its derivatives in order to over-
come the low intrinsic conductivity of manganese [107—-110]. Wang et al. derived
porous carbon from enteromorpha prolifera (ACEP), which acted as a template to
grow MnO; nanostructure by wet chemical process [110]. The anchoring of the 8-
MnO; nanosheets were optimized by modulating the reaction time. The ACEP @3-
MnO; electrode showed a high specific capacitance of 345.1 F/g at 0.5 A/g with
cyclic stability of 92.8% after 5000 cycles and when assembled as a positive elec-
trode in asymmetric SCs, offered a high energy and power density of 31.0 Wh/Kg
and 500 W/Kg respectively. Yang et al. reported vertically grown MnO; on the
surface of the hemp derived porous carbon (HC) [111]. The MnO,/HC composite
was synthesized via one step hydrothermal process, which produced 3D architecture
with interconnected network. The porous HC acts as an ideal host to anchor the
MnO; offering high pseudocapacitance with better ion and electron transport. The
composite delivered a specific capacitance of 340 F/g at 1 A/g with rate capability of
88%. Asymmetric SCs were constructed with MnO,/HC as the positive electrode,
which showed an energy density of 33.3 Wh/Kg and power density of 14.8kW/Kg.
Gogoi et al. obtained coconut derived porous carbon with MnCo,04 nanorods and
MnO; nanoscales supported on it [112]. The MCO-MnO,-PC so obtained delivered
a specific capacitance of 1330 F/g at 3 A/g and was employed as a positive electrode
in flexible asymmetric SCs. The asymmetric device showed a power density of 1600
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Fig. 2 Some reported cobalt/cobalt oxide or hydroxide biomass-derived nanostructures. a Scheme
showing in-situ growth of NiCo-LDHs on porous carbon derived from Dicranopteris dichotoma
and b the cyclic stability of the electrode material [104]. ¢ Synthesis and cyclic stability of NiCo-
LDHs/BPC porous composite for supercapacitor application [103]. d Bamboo leaves derived porous
carbon along with Ni-Co silicate as cathode material for SCs [106]. e NiCo-LDH nanosheets
regulated by carbon dots derived from fungus bran to form 3D flower-like morphology and f cyclic
stability of the supercapacitor constructed with it [105]. (All figures are reprinted with permission)

W/Kg and energy density of 81.3 Wh/Kg, long shelf life, high rate capability, and
cyclic stability of 92% upto 5000 cycles. The PC acts as a solid support for accommo-
dating the MnO, and MnCo,O, providing a shorter ion travel path for the ions with
enhanced electrochemical performance. Wang et al. derived porous carbon (EC)
by carbonizing the eggplant skin and made a composite with MnO, (MnO,/EC)
via hydrothermal method [113]. The composite showed a morphology where the
urchin shaped MnO, was decorated on the folds of EC surface. The presence of
MnO, offered pseudocapacitance to the system, enhancing the overall capacitive
performance with a specific capacitance of 652.5 F/g at 0.5 A/g and cyclic stability
of 79.2% after 10000 cycles. Ganesh et al. studied the low temperature solution
process for growing MnO, nanorods anchored on carbon framework derived from
sweet potato [114]. MnO, @C composite showed a specific capacitance of 718 F/g
at 2 mA/g and a cyclic stability of 89% after 5000 cycles. Mofrad et al. showed
the synthesis of carbonaceous aerogel (CA) from watermelon and the Fc-modified
MnO; obtained by solvothermal route was physically mixed with CA in acetone to
obtain MnO,-Fc/CA [115]. The authors claimed that they synthesized battery-type
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Fig.3 Some reported Manganese/ manganese oxide biomass-derived nanostructures. a MnO»
nanostructures grown on porous carbon derived from enteromorpha prolifera (ACEP) and b Cyclic
stability of the electrode material [110]. ¢ Synthesis of MnCo,0O4 nanorods and MnO; nanoscales
decorated on porous carbon derived from coconut composite (MCO-MnO,-PC) and d Its cyclic
stability [112]. e MnO,/EC composite synthesized via hydrothermal method using eggplant and f
Cyclic stability of the material [113]. g Synthesis of Fc-modified MnO; nanoparticles obtained by
solvothermal route. h Fc-modified MnO, nanoparticles were physically mixed with carbonaceous
aerogel (CA) (obtained from watermelon) in acetone to obtain MnO»-Fc/CA [115]. (All figures are
reprinted with permission)

electrode material, where Fc functions as electroactive material on the surface of
MnO,. The nanocomposite delivered a specific capacitance of 963 F/g at 1 A/g with
an excellent cyclic stability of 96% after 3000 cycles. A symmetric cell assembled
with this electrode material offered a power density of 4556 W/Kg and energy density
of 38.1 Wh/Kg (Fig. 3).

4.2.4 Copper/Copper Oxide or Its Other Derivatives Based
Biomass-Derived Nanostructure

Copper oxide possesses high chemical stability, ease of availability and environ-
ment compatibility, and high theoretical capacitance [116, 117]. Research by various
groups has shown that the electrical conductivity of the carbonaceous materials can be
enhanced by incorporation of Cu and its derivatives [118—120]. Hu et al. synthesized
porous carbon from walnut shell and modified it with Cu/Cu, O [121] The synthesized
material was used as SCs electrode material that delivered a specific capacitance of
360 F/g at 0.5 A/g which offered a cyclic stability of 81.8% after 6000 cycles. Verma
and co-workers synthesized PA/AC/CuF as an electrode material for SCs applica-
tion [122]. In this work, the activated carbon (AC) was derived from coconut shell
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via pyrolysis. The fabricated electrode material showed a specific capacitance of
248.3 F/g, energy density of 49.66 Wh/Kg, and power density of 5996.6 W/Kg. The
cyclic stability was observed to be 92.8% after 2500 cycles. Copper ferrite (CuF)
are somewhat less explored material for SCs application, therefore this work is an
example to research such material in future. CuF has diverse oxidation states owing
to the presence of Cu?* and Fe** ions, thus providing bulk redox reactions at the
surface and high charge storage ability. Sun et al. reported a new electrode material,
3D bimetallic organic framework/ biomass carbon composite [123]. The carbon was
derived from grapefruit peel by carbonization method and then modified with MOF
in different ratios. The composite so obtained was employed for SCs application and
also for Li ion batteries. The electrochemical performance was obtained best when
the doping of carbon was 20% of the active substance.

4.2.5 Iron/Iron Oxide or Its Other derivatives Based Biomass-Derived
Nanostructure

Iron oxides or other derivatives of iron are found to be good electrode materials
for SCs owing to their natural abundance, low cost, and environment friendly. Iron
can undergo reversible redox reactions between Fe** and Fe?*. Incorporation of iron
oxides within the carbonaceous framework improves the conductivity, increases the
ionic diffusion, and enhances the cyclic stability of the material [124]. For example,
Wu et. al. developed sponge like carbon gels (CGs) from watermelon [125]. To
the synthesized gels Fe;O4 nanoparticles were incorporated within the carbona-
ceous network. Fe;04/CGs composite was then transformed into magnetite aerogels
via calcination. This aerogel has good conductivity and porous morphology and
therefore depicted excellent capacitive behavior with a specific capacitance of 333.1
F/g at 1 A/g and excellent cyclic stability of 96% after 1000 cycles. Zhang et al.
studied a simple process to encapsulate nanoparticles of iron into N, P co-doped
biomass-derived carbon nanotubes [126]. The precursor used for biomass was egg
yolk, which is a rich source of heteroatom. The synthesized electrode material has a
very high surface area to accommodate the ions, offering a high pseudocapacitance.
A symmetric SCs assembled with this electrode material exhibited a specific capac-
itance of 392 F/g at 0.5 A/g with a long cyclic stability over 50000 cycles. Butnoi
et al. prepared a composite out of lignin based fibers with iron oxide nanoparticles
(L-CNFs @Fe, Oy nanofibers) by electrospinning [127]. Lignin based fibers can be
easily obtained at low cost and also the electrospun technique helps to develop inter-
spaced carbon fibers, advantageous for electrolyte accessibility. The nanostructured
composite delivered a high energy density of 43 Wh/Kg, specific capacitance of 216
F/gat0.1 A/g, and power density of 242 W/kg. 97.6% capacitance retention after 1000
cycles also makes it a potential candidate for the SCs. Venkateswarlu et al. synthe-
sized 2D crumbled porous carbon from waste garlic husk and then composite with
Fe;04 nanoassemblies were obtained [128]. Fe;O4 nanocrystals undergo nucleation
in presence of 2D carbon framework and develop a cluster depicting a pomegranate.
The crumbled architecture prevents the agglomeration and restacking of the Fe;O4



Metal Doped Nanostructures Derived from Biomass for Supercapacitor ... 261

nanoassemblies, enabling excellent ion diffusion within the porous channels. The
Fe;O4 NAs@2D-CCS composite depicted a power density of 3000—8000 W/Kg,
specific capacitance of 820 F/g at 0.5 A/g, and energy density of 115.5—65.9 Wh/Kg
with cyclic stability of 90.1% after 2000 cycles.

4.2.6 Transition Metal Dichalocogenides (TMDCs) Based
Biomass-Derived Nanostructure

TMDC:s are a class of 2D layered inorganic species having a layer of transition metal
between two chalcogen layers. They have been recently exploited as pseudocapac-
itive material owing to its sheet-like structure, good conductivity, and large surface
area [129]. Islam et al. studied the electrochemical properties of MoS, nanosheets
vertically oriented on plasma pyrolyzed cellulose filter paper [130]. Free standing
MoS,-pCMF electrodes have high surface area because of the vertical arrangement
and also increase the electrolyte accessibility. It operates in a wide potential window
with a cutoff frequency of 103 Hz at —45° and cyclic stability of upto 50000 cycles.
Guo et al. synthesized HMD/rGO/MoS, composite using a loofah sponge as the
carbon source [131]. Hollow microtubular carbon structure obtained from loofah
sponge acts as a template to accommodate MoS; nanoparticles (Fig. 4).

4.2.7 MXene Based Biomass-Derived Nanostructure

Transition metal carbides or nitrides are known as the MXenes, which have gained
tremendous attention in current times for electrochemical energy storage. This have
high packing density, electronic conductivity, and charge storage capacity, making
it suitable for SCs application [132]. However, they have a tendency to aggregate
and tack between the layers, reducing their effective surface area. Therefore various
modifications have been done in order to get electrode materials with enhanced
electrochemical performance [133]. Pu et al. synthesized N-doped MXene from
chitosan derived from waste seafood for SCs application. [134] Chitosan contains
amine and acetamide groups and therefore is a favorable precursor for obtaining
N-doped products. N-doped MXene possesses lone pair electrons from N and also
the interlayer stacking is avoided owing to doping. The electrode material showed a
specific capacitance of 286.28 F/g with 98 % efficiency and cyclic stability over 10000
cycles. Sun et al. prepared skin/skeleton MXene/CF porous heterostructure for SCs
application [135]. The carbon fibers were derived by direct pyrolysis of the cotton
fiber wiper. The MXene nanosheet covers the surface of the CF and bridges the gap
between CF and MXene. The interlayer stacking of the MXene gets reduced giving a
porous pathway for rapid ion exchange. The MXene/CF electrode material possesses
high volumetric capacitance of 7.14 F/cm?, good rate capability, and cyclic stability
of 99.8% after 5000 cycles. Wei et al. decorated Ti;C,Tx MXene on porous carbon
derived from chitosan. [136]. The sandwiched CPCM/MXene heterostructure has
electrostatic interaction with less restacking of the MXene layers that can promote ion
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Fig. 4 Some reported iron/iron oxide and MXene based biomass-derived nanostructures. a Egg
yolk derived biomass iron composite for SCs application and b its cyclic stability [126]. ¢
Composite made out of 2D crumbled porous carbon from waste garlic husk and Fe3O4 nanoassem-
blies (Fe304 NAs@2D-CCS) [128]. d Lignin based fibers with iron oxide nanoparticles (L-
CNFs@Fe,Oy nanofibers) by electrospinning and e its cyclic stability [127]. f N-doped MXene
from chitosan derived from waste seafood for SCs application and g its cyclic stability [134]. (All
figures are reprinted with permission)
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migration. The good synergism between the components leads to enhanced specific
capacitance of 362 F/g at 0.5 A/g, power density 500 W/Kg, energy density 27.8
Wh/Kg, and a cyclic stability of 93.87% after 10000 cycles. Such electrochemical
performance provides a new electrode material for SCs application.

4.3 Various Test Parameters

The test parameters like current density, scan rate, and potential window greatly
influences the cyclic stability of the electroactive materials. For example, at low
current density and scan rate, the specific capacitance is higher while at higher current
density and scan rates, capacitance decreases. The reason for such a phenomenon
can be explained as, at low scan rates and current density, the ions get enough
time to undergo redox reactions and the rate of reactions are equal to the rate of
charge transfer. But as the reaction proceeds further, the electroactive material will
have a tendency to dissolve or disperse in the electrolyte, thereby decreasing the
cyclic stability. However, at some instances, the scan rate and current density are
purposefully increased in order to test the cyclic stability. In such cases, only a limited
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number of electroactive materials will take part in the electrochemical reactions, and
the dissolved materials during the course of the reaction will be replaced by other
electroactive materials that are not taking part in the reaction, thereby exhibiting less
specific capacitance. Therefore, the testing parameters influence the cyclic stability
and must be consistent with cyclic voltammetry and charge-discharge analysis.

5 Challenges and Outlook

This chapter focuses on the recent electrode materials made of biomass-derived
carbon and their composites with metal/metal oxide, nitrides, sulfides, etc. Adopting
cheap and sustainable raw biomaterial precursors to obtain valued carbonaceous
electrodes can reduce the use of non-renewable energy resources. The incorporation
of various pseudocapacitive materials within the carbon framework generates rapid
redox reactions, high charge transfer, and flexible, stable structures, offering high
capacitance and long cyclic stability. However, the biomass-derived carbonaceous
materials also face many challenges. For instance, a wide variety of growing envi-
ronments, harvesting times, and resources of nutrients in the biomass precursor vary
at different locations; decay of biomass is very common by insects or animals, etc.
All these disadvantages make it difficult to reproduce the electrochemical studies of
the materials. Therefore, it is difficult to reproduce the electrochemical properties
of carbonaceous materials. Still, taking the economy into consideration, the large-
scale use of valuable biomass (e.g., soybean, watermelon, and cocoon silk) for the
preparation of porous skeletons outweighs the disadvantages of the biomass-based
electrode materials.

The studies have shown that structure modification and biomass activation cannot
be separated as both occur simultaneously during the synthesis process. The inherent
structural features of the biomass-based materials allow the researchers to perform
controlled treatments on them in order to obtain wide, highly porous architectures.
The activation step is also found to be an important step for increasing the surface
area of the biomass. The prospect of employing a general synthesis process in order
to obtain preferred pore structure from a variety of biomass is still a challenge to
the scientists. For instance, the molten-salt procedure can be a significant way to
control the synthesis of porous structures with variable morphologies [137-140].
Like carbon nanobelts, they were prepared via cutting and stripping techniques in
ZnCI2 molten salt, where ZnCl2 acts as a hard template for the generation of pore
structure and also acts as a scissor to cut and strip the original materials to obtain
the nanobelts [28]. Such carbon materials offer a very high surface area of 1208.0
m?2/g and suggest a scalable and controlled approach to achieving biomass-derived
carbon heterostructures. Various activation methods, like heteroatom doping, tran-
sition metal incorporation, and direct carbonization, have already been explored
and employed to build SCs with high volumetric capacitance, but some shortcom-
ings are yet to be met, like low electrical conductivity and bulk density, and weak
interaction between carbon and transition metal. Heteroatom doping and pristine
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biomass-derived carbon materials possess limited packing density. One such study
involved embedding Fe,O3/FeS into N,S co-doped carbon material derived from
waxberry [93]. The pore morphology was adjusted by controlling the temperature
of the hydrothermal reaction and the amount of iron sulfate added. The materials
showed very good capacitive performance with a high volumetric capacitance of
1320.4 F/cm? at 0.1 A/g, an energy density of 100.9 Wh/Kg, and a power density
of 221.9 Wh/L. The material also showed a long cycle life of over 50,000 cycles.
Such performance can be attributed to the short diffusion path, porous structure, and
multiple heteroatoms due to doping of the carbonaceous skeleton. As a result, the
contribution of the pseudocapacitance from the rapid faradic reactions taking place
is demonstrated in this work.

A lot of electrolytes have also been investigated in order to obtain a wide poten-
tial window for better electrochemical performance. Varieties of electrolytes used
are aqueous, non-aqueous, organic, ionic, etc. The operating potential window of
an aqueous electrolyte is less than 1 V; non-aqueous electrolytes have a potential
window higher than 1.23 V. Ionic liquids and organic electrolytes have a wide
potential window of 2.5-4.0 V, making it suitable to obtain SCs with high volu-
metric energy density, as energy density is proportional to the square of the potential
window. However, the electrochemical results obtained with non-aqueous SCs are
less than those obtained with aqueous electrolytes, owing to their high viscosity and
low ionic conductivity, therefore sacrificing electrochemical performance. The main
problem with the non-aqueous SCs is their disparity between the pore structures that
are biomass-derived. Still, there have been a lot of challenges with finding the best
combination of electrolyte and electrode that can offer better electrochemical prop-
erties. It is essential to obtain an in-situ technique of monitoring that can correctly
regulate the structural features and charge distribution at the interfaces by properly
choosing the best electrolyte for the electrode material.

6 Concluding Remarks

Commercializing SCs is greatly dependent on their cyclic stability and is one of the
basic requirements for industrialization. SCs are now trying to make their place in the
electronic industries with key technologies and compete for the future market. There
are abundant carbon materials that are commercially available, but by using biomass-
derived carbon materials, economic benefits can be gained without sacrificing the
cycle life. Taking everything into account, the following points must be kept in mind
in order to develop high-performance electrode materials for SCs with high cyclic
stability:

(a) The cyclic stability of the SCs device is highly dependent on the electrode mate-
rials and their stability. The mechanism of energy storage is dependent on the
electrode materials and is a deciding factor for the electrochemical performance.

Z



Metal Doped Nanostructures Derived from Biomass for Supercapacitor ... 265

(b)

()
(d)

(e)

®

(o)

(h)

The cyclic stability dependence on the storage mechanism follows the following
order: EDLC > intercalation type SCs > pseudocapacitance.

Optimizing different precursors in order to obtain desired structure, surface
properties, and composition by properly assessing the type of electrode material
for energy storage, improved cyclic stability can be achieved. For instance,
by constructing microstructure morphology and coating or encapsulating ions,
nanoparticles, and atoms within the system.

Proper selection of cheap and abundant biomass that possesses a high percentage
of carbon, a long shelf life, and is easily scalable

Flexible, microstructured, and wearable SCs have become highly fascinating in
recent years. Standard and controlled methods of synthesis are used to produce
desired textures and morphologies.

In-depth study of pore size distribution, ion storage and transport, and surface
area can guide the preparation of carbonaceous structures with enhanced
electrochemical performance.

SCs with high specific capacitance and power density have already been
achieved, but enhancing energy density is a matter of research, so using proper
electrolytes with wide potential windows must be exploited. Electrolyte philicity
is an important matter of study for high cycle life and electrochemical perfor-
mance. Always, an attempt must be made to maintain equilibrium between the
electrode and the electrolyte. If the electrode materials have less electrolyte
philicity, the electroactive materials will not get wetted properly, and as a result,
adsorption, desorption, or intercalation of the ions during the electrochem-
ical reactions will be hindered. Again, if the electroactive materials are overly
wetted by the electrode, structure deformation occurs, impeding electrochemical
processes.

Stimulating the natural properties of the biomass, which include self-healability,
self-power, environmental stability, and sensitive, sophisticated SCs, can be
designed.

Cyclic stability is highly influenced by the test conditions. The scan rate and
current density must be almost similar in order to obtain maximum capacitance.
The potential must also be consistent with the electrochemical analysis. There-
fore, as a whole, the cyclic stability test must be carried out with appropriate
parameters.
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Porous Hollow Biomass-Based Carbon )
Nanostructures for High-Performance i
Supercapacitors

Shivam Rawat, Meenu Jindal, Akinori Muto, Srinivas Hotha,
and Thallada Bhaskar

Abstract Biomass is considered a sustainable and renewable raw material for
preparing exquisite carbon materials that can be utilized in multiple applications
based on the properties required. One such application is in energy storage systems
known as supercapacitors. In this chapter, the strategies that involve the usage of
biomass to prepare porous carbon materials are discussed in detail. The influence of
various activation strategies on the tuning or optimization of the pore structure of the
bio-derived carbons has been explained. Furthermore, the charge storage properties
of various bio-derived porous carbons have been presented to provide insight into
the electrochemical behavior of microporous, mesoporous, and hierarchical porous
carbons.

Keywords Porous * Hollow + Biomass + Carbon nanostructures + Supercapacitors

1 Introduction

The dwindling energy resources of non-renewable origin and the environmental
pollution associated with their exhaustive use have resulted in the urgent need to
harvest renewable energy. Solar, wind, and other renewable sources offer a green
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route towards sustainable energy production. These resources, however, suffer limi-
tations associated with their variable nature and intermittent losses resulting in power
fluctuations [1]. To tackle this problem, using supercapacitors in energy storage
systems has emerged as an efficient solution [2]. Similarly, supercapacitors have
found numerous applications in electric vehicles and portable electronic devices [3,
4]. Supercapacitors store energy through the electrostatic adsorption of electrolyte
ions on the surfaces of electrodes once the potential is applied. Also, the presence
of redox-active sites provides further assistance through pseudocapacitive behavior
via Faradaic reactions. Its specific energy density typically falls between that of
conventional capacitors and batteries [5]. Supercapacitors’ charge/discharge process
is rapid compared to batteries, resulting in a high power density. Moreover, it also has
a longer cycle life than typical lithium-ion batteries [6]. All these properties make
the use of supercapacitors undoubtedly crucial in this technological era.

From the preparation point of view, numerous materials have been explored for the
fabrication of supercapacitors, such as transition metal oxides [7], graphene-based
materials [8], or other forms of carbon nanostructures, i.e., activated carbons, carbon
nanotubes, and nanosheets [9]. However, the preparation of such material is required
to be environmentally benign, sustainable, easily scalable for mass production, and
cost-effective. Therefore, the feedstock must be renewable and abundantly available,
and most importantly, it should be easily transformed into the desired material with
facile preparation methodologies. All these qualities are met by the biomass used to
prepare exquisite carbon materials.

Biomass is an organic, carbon-rich feedstock with high bioavailability throughout
the globe. Lignocellulose, agriculture industry residues, forestry industry residues,
algae, livestock manure, etc., are a few examples of biomass. Thermochemical
conversion and subsequent activation or modification can convert these into various
carbon nanostructures. When biomass undergoes heat treatment in an inert atmo-
sphere, escaping volatiles and gases generate porosity within the structure of the
solid material. Activation is performed using chemical or physical techniques to
further modify the porous structure of the prepared biocarbon. Both activations can
be carried out either in-situ or after the initial carbonization step, where the obtained
biochar is activated. These activations involve using chemical agents such as KOH
or ZnCl, or switching to different carbonization atmospheres like CO,, NH3, or
steam [10, 11]. These activation techniques impart porosity and modify the carbon
materials’ surface chemistry. Due to the ease of tuning the physicochemical proper-
ties with varying feedstock, operation, and activation parameters, renewable carbon
precursors are gaining significant attention.

Recently, different biomass-derived carbon materials have been reported for
successful application as active electrode materials for supercapacitors [12]. Among
these materials, porous carbon nanostructures have shown tremendous potential.
As porosity and surface area are essential factors in determining the energy
storage tendency of supercapacitors, a proper understanding of electrolyte-accessible
surfaces and porous networks in carbon-based electrode material is required. This
chapter discusses different types of porous nanostructures obtained from biomass-
derived precursors. Apart from the preparation methodologies, the charge storage
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performance of the biomass-derived carbons varies with the pore properties, which
are also reviewed.

2 Biomass-Based Feedstocks for Porous Carbon Materials

Biomass can be considered a valuable feedstock for preparing carbon-based materials
due to its economic viability, ecological sustainability, and environmental amica-
bility. Biomass is distributed in various forms across the biosphere, ranging from
terrestrial waste to marine organisms. It is a green and renewable raw material
for numerous value-added applications [13]. One of the most abundant biomass
resources is lignocellulosic biomass. It is produced as a by-product from agricultural
and forest industry residues, with an estimated annual production of 181.5 billion
tonnes [14]. It comprises cellulose, hemicellulose, and lignin, with compositional
characteristics depending upon the feedstock [15]. Due to its large-scale bioavail-
ability, it can be considered a sustainable feedstock for producing carbon-based
materials.

Another widely available feedstock that has gained significant attention over the
past few years is algal biomass. It consists of marine organisms varying from unicel-
lular (microalgae) to multicellular (macroalgae) [16]. With a fast growth rate, even
in some species showing an almost four-fold increase within 24 h, algal biomass
can fulfill the feedstock’s large-scale requirement for value-added applications [17].
Contrary to lignocellulose, algal biomass is rich in nitrogen, which can produce
N-doped porous carbons [18, 19]. Heteroatom-doped carbons can improve the elec-
trochemical behavior of carbons through pseudocapacitance and increase wettability,
which is much needed in electrode materials [20]. Other forms of biowaste can also
be utilized to produce porous carbon materials. One example is lignin, produced
as a secondary product from the paper industry. It has a high carbon content and a
complex aromatic, rich 3D structure, which can be converted into versatile forms
of carbon through high-temperature carbonization and subsequent activation [21].
Food industry residues produced in the form of peels, seeds, bran, oil cake, empty
fruit bunches, spent grain, etc., are also considered potential carbon sources [22].
Food industry residues have successfully demonstrated their potential in the prepa-
ration of porous carbons suitable for charge storage applications [23, 24]. Livestock
manure [25], sewage sludge [26], and municipal waste [27] can also be consid-
ered sustainable feedstocks for the preparation of carbon-based supercapacitor elec-
trodes. These feedstocks are high in ash and high in nitrogen and phosphorus. Ash
content negatively influences the electrode material, resulting in leakage current and
affecting the electrochemical stability [28]. Therefore, ash removal strategies such
as fly silicon treatment are required for ash removal and to improve the electro-
chemical behavior [29]. Similarly, the potential window of sewage sludge-derived
porous carbon supercapacitor electrodes can be increased through ash removal by
HF washing [30].
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3 Preparation of Porous Carbon Nanostructures
from Biomass

Various research groups have synthesized porous carbon material from inexpensive
renewable biomass such as rice, Typha Orientalis, silk proteins, bamboo, bagasse,
peanut shells, rice husk, and coffee waste residues [31-38]. Several methods are
available for preparing carbon material from biomass and other waste. These include
mainly pyrolysis/catalytic pyrolysis [39, 40], hydrothermal carbonization [41, 42],
and template-assisted synthesis [43, 44], leading to the formation of carbon mate-
rials with different properties like surface area, porosity, and surface functionalities.
The physical and chemical activation processes are often employed for tuning pore
structures in biomass-derived carbons. In physical activation, the precursor is treated
thermally at a high temperature (700 —1000 °C) in a reactive gaseous environment
[45]. Such as, activation in CO, environment increases the porosity by the Boudouard
reaction [46]. The chemical activation requires a lower temperature range in the
presence of some chemical agents (NaOH, ZnCl,, KOH, Na,COj3, H;PO,4, K,COs3,
etc.). These act as dehydrating agents and remove the carbons’ non-graphitic parts,
resulting in a graphitic structure [47]. Based on porosity, carbon materials can be
classified as ultra-microporous, microporous, mesoporous, and hierarchical porous
carbon. The detailed preparation strategies for these types of carbons are described
below.

3.1 Preparation of Microporous Carbon

The International Union of Pure and Applied Chemistry (IUPAC) classified micro-
porous materials as having pore sizes below 2 nm. There are several strategies to
convert biomass residues into microporous carbon materials, of which KOH acti-
vation is the most common [48]. Recently, Oginni et al. investigated the direct and
indirect KOH activation of Miscanthus and switchgrass biomass to prepare micro-
porous carbon. They reported that direct KOH activation of biomass resulted in a
higher specific surface area compared to a two-step process where the biochar was
activated using KOH. However, no remarkable change was observed in the pore size
distribution of both activated carbons [49]. The KOH and feedstock ratio is essential
in determining the biomass-derived carbons’ surface area or pore properties. Varying
the bamboo biochar: KOH ratio from 1:1 to 1:3 showed increasing specific surface
area and micropore volume with increasing KOH amounts. The specific surface area
of 980 m? g~! and pore volume of 0.56 cm® g~! were achieved at 800 °C activation
in the N, environment [50]. However, a reverse trend was observed in the KOH
activation of the tobacco stem. The micropores tended to merge, resulting in meso-
and macropores with increasing KOH amount [51].

Molten salt activation strategies are also used to impart microporosity in biomass-
derived porous carbons. This strategy involves the incorporation of metal chloride
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salts such as CuCl,, ZnCl,, LiCl, or KCI into biomass and further carbonization
at high temperatures [52]. Cao et al. reportedly synthesized microporous carbon
material with a specific surface area above 1,000 m? g~! from peanut shells and
watermelon rind through ZnCl, activation and subsequent acid washing [53]. One-
pot synthesis of N-doped microporous carbon was also reported through the NHj3-
assisted activation process [54]. While in the case of steam activation of biochar,
microporous carbon material with O-rich functionalities was obtained [55].

3.2 Preparation of Mesoporous Carbon

Mesoporous materials have been gaining attention for a few years due to their wide
pore structure. Moreover, mesoporous structures with 2D or 3D linked pores have
been proven to be highly efficient supercapacitor materials [56]. Hard templating
and soft templating are the two most commonly used techniques for the synthesis
of mesoporous materials. In the hard templating method, ordered mesoporous silica
(such as SBA—15 or MCM-41) is mixed with a carbon source, followed by high-
temperature carbonization. Then the template is removed by acid or alkali treatment
to generate ordered mesoporous carbon materials. In the soft template process, a
carbon-surfactant composite is formed through carbon source and surfactant poly-
merization. The carbonization of this composite leads to the formation of mesoporous
carbons. By carefully selecting the template, the pore size and pore wall structure can
be controlled in mesoporous carbons [57]. Milk was converted to ordered mesoporous
carbon using SBA—15 as a hard template. The milk concentration and aging tempera-
ture also affected the obtained carbon’s surface area and pore properties [58]. Pluronic
F127 is the typical surfactant used in the soft templating process. Well-ordered meso-
porous carbon materials have reportedly been prepared from kraft lignin using F127
as a surfactant [59]. Fructose as a carbon source was used by Kubo et al. for the
soft template method with F127. In this method, hydrothermal carbonization was
performed at 130 °C with F127, followed by the addition of trimethyl benzene as a
swelling agent to get ordered pores with a diameter of 4 nm [60].

Mesoporous carbon with a specific surface area of 2240 m? g~! was prepared using
coconut shells as carbon precursors. In this study, coconut shells were hydrothermally
carbonized in H,O, solution, followed by chemical activation with ZnCl, [61]. Li
et al. worked on starch to synthesize mesoporous carbon material through a sol-
gel process using silica as a template. After subsequent drying of starch silica gel,
carbonization was performed at 1000 °C and silica was removed by treating the mate-
rial with dilute hydrofluoric acid. The synthesized carbon possessed a specific surface
area and pore volume of 950 m? g~! and 3.14 cm?® g~!, respectively [62]. Metal
oxides like MgO and ZnO can also be used as endo-templates to obtain mesoporous
biocarbon [63]. Mesoporous carbon rods with a specific surface area of 2560 m? g~!
were synthesized using ethyl cellulose as a carbon source and MgO as a template
[64]. Instead of directly using MgO as a template, magnesium acetate was used
as a precursor for activation to generate mesoporous carbon from cotton waste. The
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specific surface area and pore volume of 1139 m? g~! and 0.85 cm? g~!, respectively,
were obtained [65]. Porous carbon with a nanosheet-like structure was obtained from
lignosulphonate self-assembly in zinc oxalate and precipitation in ethanol, followed
by carbonization at 650 °C. After removing the ZnO endo template formed during the
heat treatment, a mesopore-rich carbon quasi-nanosheet was obtained with a specific
surface area of 1069 m? g~! [66].

3.3 Preparation of Hierarchical Porous Carbon

Hierarchical porous carbons (HPC) entail micropores, mesopores, and macropores,
enhancing the contact area of electrolytes with the electrode material. All these
pores perform their specific function, so the overall activity of the prepared HPCs
gets highly enhanced. Synthetic strategies for biomass-derived HPCs often combine
the micro and meso-synthesis, such as hard/soft template methods, hydrothermal
carbonization, or pyrolysis [67]. A mixture of NaCl and KCI salts has also been
reported to prepare HPC with micro-mesoporous carbon from egg white. NaCl
resulted in the development of mesopores, while KCI resulted in micropore gener-
ation [68]. Dual salt activation using Na,CO3-K,CO3 was performed on peanut
shell-derived biochar to produce HPC with micro-mesoporosity [69].

Similarly, two activating agents were used to obtain HPC from cornstalks using
CaCOs; and potassium oxalate. CaCOj3 acted as a hard template, and potassium
oxalate acted as a pore-forming agent, providing an HPC structure [70]. Wang and
co-workers elegantly synthesized HPC from wood powder and utilized orange peel
as a green activating agent. Wood powder and orange peel were converted into a
porous material, thereby doubling the carbon yield. The vertical plot at the low-
pressure region in the N, adsorption/desorption isotherm revealed the microporous
structure, and the hysteresis loop in the high-pressure region confirmed the presence
of mesopores, thereby confirming a hierarchical pore structure [71]. Long and co-
workers synthesized HPC layer stacked carbon from fungus (Auricularia) through
the KOH-assisted hydrothermal carbonization process. The carbon material synthe-
sized possessed a specific surface area of 1103 m?> g~! and a pore volume of 0.54
cm? g~! [72]. Other strategies involving one-pot synthetic methodologies have also
been reported. Activation using KMnO, resulted in HPC with a surface area of
around 1200 m? g~! and 1.17 cm® g~! [73]. While Deng et al. prepared 3D porous
HPCs from various biomass residues using a strategy like the bread leavening effect
using KHCO; [74]. Instead of using toxic and corrosive activating agents like KOH,
Gopalakrishnan et al. used the KCI-NaCl salt mixture to impart hierarchical porosity
in ginger-derived carbon [75]. Using potassium citrate and oxalates for activation can
also be considered as they are less environmentally hazardous or corrosive than KOH.
Poplar catkin biomass was directly converted to HPC using potassium citrate as an
activating agent. The high specific surface area and pore volume of 2186 m? g~! and
1.35 cm?® g1, respectively, were obtained [76]. Also, the type and amount of citrate
salt can affect the porosity of the carbon material. Activation of cotton waste with
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Fig. 1 Overview of activation strategies for the preparation of porous biomass-derived carbon

potassium citrate resulted in the formation of HPC structure with a specific surface
area of 1723 m? g~!. On the contrary, sodium citrate resulted in microporous carbon.
Thus, tailored porosity can be achieved using different citrate salts [77]. Another
interesting strategy reported by Wang et al. to produce HPC is through the activation
of feedstock in the presence of KOH and Mg. In this strategy, carboxymethylcellulose
sodium mixed with KOH/Mg mixture was carbonized to obtain HPC nanosheets with
specific surface area and pore volume of 2812 m? g~ and 2.54 cm® g !, respectively
[78]. Self-template activation strategies investigated by Song et al. provided a simple
route to obtain 3D HPC from corncob biomass. In this method, biomass pretreatment
with KOH was performed before carbonization. The HPC consisted of micro, meso,
and macropores with surface areas ranging between 800 and 900 m? g~! [79]. An
overview of the activation strategies involved in various porous carbon structures is
highlighted in Fig. 1.

4 Influence of Porosity on Bio-derived Porous Carbon
Supercapacitors

The principal energy storage mechanism in supercapacitors is a surface phenomenon
in which the electrolyte ions are adsorbed on the surface of the electrode corre-
sponding to an oppositely charged terminal, typically referred to as “electric double
layer capacitance (EDLC)”. Therefore, a high surface area and adequate porosity are
highly desirable. Also, the pore volume, pore size distribution, and pore interconnec-
tivity play a critical role in the overall electrochemical behavior of the carbon-based
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electrode material [80]. Another vital aspect of charge storage in a supercapacitor is
reversible Faradaic reactions, known as pseudo capacitance. It is typically governed
by the surface chemistry of the electrode material, where the heteroatom func-
tionalities dictate the charge storage mechanism through reversible redox reactions
[81].

4.1 Microporous Carbon

Micropores in porous carbons are more critical for storing electrolyte ions than meso-
pores and macropores because micropores contribute more to the specific surface
area and consequently result in high specific capacitance. A good attraction of ions
with the pore walls of microporous carbons and a lack of space charge results in the
formation of an efficient electric double layer [82]. Carbon material prepared from
watermelon seeds using KOH and sodium alginate mixture resulted in 90% porosity
in the microporous region. It exhibited a specific capacitance of 385 F g~! at 0.5 A
¢! current density [83]. Broad micropores in carbon ranging between 1 and 2 nm
were obtained from flaxseed residue after KOH activation. The specific capacitance
of 369 and 398 F g~! was obtained at 0.5 A g~! with KOH and H,SO, electrolytes,
respectively. Even as the current density was increased to 20 A g~!, more than 90% of
the initial capacitance was retained [84]. Microporous carbon prepared from Konjac
gel using KOH activation was able to store 274 F g=! at 1 A g~!. Increasing the
current density to 10 A g~! resulted in a specific capacitance of 217.5 F g~! [85].
Generally, it is observed that microporous carbons do not favor capacitance retention
at higher current density. However, apart from compatible electrolyte ion size, capac-
itance retention also depends on the ionic conductivity of the electrolyte [86]. KOH
activation of walnut shells resulted in a unique microporous sheet-like structure with
pore walls as thin as 1-2 carbon layers and specific surface area, pore volume 3577
m? g=!, 2.19 cm? g~!, respectively. The specific capacitance of 330 F g~ at 0.1 A
¢~ ! was achieved, and even when the current density was increased from 0.5 to 100
A g7, 81% of capacitance was retained. The unique pore size distribution and sheet-
like structure resulted in excellent ion transport at high current density. The power
and energy density of the fabricated device using ionic liquid as an electrolyte was
100 kW kg~! and 120 Wh kg~!, respectively [87]. Carbon microspheres prepared
from hydrothermal treatment of xylose were activated using KOH and H;POj, to
generate micropores. The microstructure was retained after the activation, and the
porous microsphere delivered a specific capacitance of 277 F g~! [88]. Micropore-
dominant carbon nanosheets were prepared using the KOH activation method on
fish skin. At 0.1 A g~!, good gravimetric and volumetric capacitance of 374 F g~!
and 381 F cm™ were obtained. Even when the current density was increased to 50
A g~', 183 F g ! and 186 F cm™ of capacitance were retained. The 2D nanosheet
structure was responsible for such behaviour, providing accessible surface area for
better ionic diffusion and conductivity [89]. Similarly, microporous graphene-like
nanosheets were obtained through the carbonization of ginger roots resulting in a
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capacitance of 390 F g~! at 1 A g~! [90]. N-doped microporous carbon nanosheets
were synthesized from melamine using potassium citrate. The material exhibited a
specific capacitance of 350 Fg~! at 1 A g~! [91]. Microwave-induced graphitization
and activation strategy to obtain microporous graphene nanosheets were reported by
Li et al. Black sesame were carbonized and activated using KOH under microwave
radiation to obtain a high specific surface area (2414 m? g~!) and a high graphi-
tization due to which the specific capacitance 369 F g~! at 1 A g~! was achieved
[92].

4.2 Ultra-Microporous Carbon

Ultra-microporous carbon is a sub-class of microporous carbon having a pore size
below 0.7 nm. Due to the extremely small pore size distribution in these carbons, the
choice of electrolyte should be such that it gets effectively adsorbed inside the pores.
When the charge storage was investigated in carbon material with a pore size of
0.55 nm, it was observed that higher capacitance was obtained with KOH electrolyte
compared to EtyNBF, (Tetracthylammonium tetrafluoroborate), strongly suggesting
the size compatibility requirement in ultra-microporous carbons [93]. In the sub-
microporous region, desolvated ions are adsorbed inside the pores, resulting in a high
specific capacitance [94]. Nonetheless, a reasonable amount of large pores is also
necessary to have a superior charge storage performance [95]. However, low capac-
itance retention is observed with increasing current density for ultra-microporous
carbons with extremely narrow pores between 0.35 to 0.43 nm in 2 M H,SOy elec-
trolyte [96]. Ultra-microporous carbon with high O and N content was prepared using
naturally available sodium alginate polysaccharide and examined for energy storage.
A combined effect of EDLC and pseudocapacitance was responsible for a high
specific capacitance of 342 F g~ at 2 A g~! [97]. Predominantly ultra-microporous
carbon prepared using pine cones also showed good specific capacitance of 320 F g~!
at 0.5 A g~! [98]. A high volumetric capacitance can also be achieved using ultra-
microporous carbon. With bacterial cellulose as a precursor, thiourea for heteroatom
doping and KOH as an activating agent, carbon material with pores of 0.53 nm was
obtained. The gravimetric and volumetric capacitance of the obtained carbon was
430 F g~! and 507 F cm, respectively, at 0.5 A g~! [99]. Similarly, KOH-activated
carbon from jujube biochar with pore size in the sub-microporous and microporous
region showed a high volumetric capacitance of 476 F cm™ in 6 M KOH electrolyte
[100].

4.3 Mesoporous Carbon

As mentioned above, the limitation associated with microporous carbon is its lower
capacitance retention with increasing current density due to sluggish kinetics of the
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electrolyte ions while accessing the pores. In the case of mesoporous carbons, this
problem is resolved. However, a trade-off needs to be balanced as high mesoporosity
can decrease the overall volumetric energy density of the porous carbon material as
high porosity and low density limits the volumetric capacitance between 60—130 F
cm™ [101]. The mesoporous carbon rods prepared from ethyl cellulose could deliver
a specific capacitance of 239 F g~ at 1 A g~'. Even when the current density was
increased to 100 A g~!, 53% of the capacitance was retained. This high capacity
retention behavior was observed due to fast electronic and ion transport offered by
mesoporous carbon [64]. Fuertes et al. reported that the pore size of the mesopore
affects the electrochemical behavior. Two different mesoporous carbons with a pore
size distribution of 3 and 8 nm were prepared by template method using furfuryl
alcohol as a carbon source. The specific capacitance for carbon with a smaller meso-
pore was higher. On the contrary, when the current density varied from 0.1 to 1 A
g~ ! in the H,SO, electrolyte, the capacitance retention was higher for carbon having
a larger mesopore size [102]. With lignin-derived carbon material using surfactant
Pluronic F127 as pore dictating agent, mesoporous carbon with very broad pores
varying from 2 to 16 nm was obtained. Further activation using CO, and KOH was
performed to increase the specific capacitance from 77 F g~! to 102 and 92 F ¢!,
respectively [59]. Biogas slurry was converted to mesoporous carbon having a pore
size distribution of 3—4.5 nm using KOH: feedstock in a 3:1 ratio, and a specific
capacitance of 289 F g~! was obtained. Decreasing the activation time or KOH
amount had a negative effect on the charge storage capability of the carbon material
[103]. Mesoporous carbon material prepared using bamboo biomass showed excel-
lent supercapacitor performance displaying a specific capacitance of 293 F g~ at
0.5 A g~'. Upon increasing the current density to 20 A g~!, 194 F g~! specific
capacitance was still retained [104].

A high operating potential window can also be used for mesoporous carbon,
as reported by Bello et al. Pinecone was used as a carbon precursor, and mesopore
generation was carried out using the hydrothermal treatment and its subsequent KOH
activation. A specific capacitance of 137 F g~! was achieved with a 2 V potential
window and Na, SOy electrolyte [105]. Mesoporous carbon obtained through ZnO-
templated activation bark of Platanus. In the Et4NBF, organic electrolyte, a high
potential window of 3 V can be achieved, and a specific capacitance of 116 F g~!
at 1 A g~! was observed [106]. Mesoporous carbon nanosheets were prepared from
camellia oleifera residue through carbonization and microwave-assisted KOH acti-
vation. The obtained material exhibited a high specific capacitance of 367 F g~!
at 1 A g~ with 66% capacitance retention when the current density was increased
20 times. The high performance was attributed to its nanosheet-like structure with
abundant mesopores resulting in a shorter path for ion diffusion during the charging-
discharging process [107]. Through controlled pyrolysis of sugarcane bagasse at
800 °C and quenching in ice water, mesoporous carbon with a high specific capaci-
tance of 314 F g~! at 9 A g~! current density was obtained. Compared to the usual
cooling method at room temperature, this capacitance value was 22% higher [108].
The expansion of pores during the quenching resulted in mesoporous carbon with
a better specific surface area, resulting in better charge storage properties. In the
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presence of thiourea, sodium alginate was converted to mesoporous carbon through
activation using zinc acetate and calcium acetate. In-situ template formation of ZnO
and CaCOj3 was observed, which were removed by acid washing. A specific surface
area between 900 and 1900 m? g~! was obtained, and pore size could be optimized by
controlling the type of activating agent and the amount of thiourea. The electrochem-
ical performance of ZnO-templated carbon was better than that obtained by CaCOs;.
Moreover, thiourea also resulted in the formation of N and S surface functionalities
and a specific capacitance of 350 F g~! was obtained at 1 A g~! [109].

In-situ activation strategies have also been investigated to develop mesoporous
carbons from biomass rich in CaCOs. Through direct carbonization of crab shell,
mesoporous carbon was prepared as naturally present CaCO; acted as the in-situ
template. The resulting biocarbon showed a specific capacitance of 220 F g=! [110].
In the study reported by Yu et al., one-pot microwave-assisted phosphoric acid acti-
vation of sucrose and rice husk mixture in a 6:2:2 ratio (H3POy: rice husk: sucrose)
at 600 W in 20 min resulted in mesoporous carbon with 3.68 nm average pore size.
The obtained material could store 150 F g~! at 0.1 A g~! current density [111].

4.4 Hierarchical Porous Carbon

HPCs typically have a better charge storage performance than other porous carbon
materials. Due to the multimodal pore size available with micro-, meso-, and macro-
pores, these carbon materials provide a better electrochemically available surface
area, short ionic diffusion paths, and fast ion transport [112]. This ultimately results
in better rate capability of HPCs. The macropores act as ion reservoirs for the HPC,
while the mesopores provide diffusion pathways resulting in a high ion transfer
rate [113]. HPC and microporous carbon produced from the same feedstock were
investigated for their charge storage behavior. KOH-activated microporous carbons
possessed a higher surface area and showed higher capacitance at low current density
than HPC. When the current density was increased from 0.2 A g=' to 50 A g~!, the
capacitance of HPC decreased from 150.1 F g~! t0 91.6 F g!, and that of microp-
orous carbon fell from 160.2 F g~! to 42 F g~!. This shows that a hierarchical porous
structure increases the available surface for electrolyte storage [71].

KOH activation reportedly prepared 1D HPC from Metaplexis Japonica filament.
The inherent tube-like morphology was preserved in the carbon material obtained
after carbonization, while after activation, pores emerged on the surface of the hollow
tubular structure. The resulting carbon material exhibited 256.5 F g~! specific capac-
itance [114]. Replacing water in the hydrothermal carbonization process with ionic
liquid (1-butyl-3-methylimidazolium tetrachloroferrate) resulted in the generation of
HPC from grass and KOH activation. The resulting HPC showed a capacitance value
of 336 Fg~' at 1 A g~!. Even upon increasing the current density by ten times, 222
F g~! capacitance was still retained [115]. The carbon obtained after one pot acti-
vation using KHCOj3 showed the presence of micro-meso-macropores resulting in a
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high specific capacitance of 253 F ¢g~! and 187 F g~! from cellulose and bamboo-
derived porous carbon, respectively [74]. Foxtail grass was used to prepare HPC
using a Na,CO3-K,CO3; mixture. The material exhibited gravimetric and volumetric
capacitance of 358 F g~! and 243 F cm, respectively, at 0.5 A g=' [116].

Hu et al. prepared HPC with a large specific surface area (3188 m? g~!) and
pore volume (3.20 cm® g~!) from in-situ hard template activation of lotus seeds
shell with sodium phytate and subsequent chemical activation using NaOH. The
material exhibited exceptional capacitance of 241 F g~! at a high current density
of 200 A g~! in alkaline electrolyte [117]. A mixture of coconut shell and sewage
sludge was hydrothermally carbonized and further activated using KOH to obtain an
HPC structure with a specific capacitance of 420 F g~ at 0.5 A g~! [118]. In the
case of onion-derived HPC using the same activation method, 179.5 F g~! specific
capacitance at 0.5 A g~! was achieved [119].

Other activation strategies to obtain HPCs have also been reported. In a dual
activation strategy, Co**-impregnated Chinese parasol fluff was KOH activated and
then further activated using CO, to get HPC with 682 F g=! at 0.2 A g~! current
density [120]. In this strategy, Co’* acted as a template for converting the biomass to
a carbon nanosheet-like structure through catalytic graphitization. At the same time,
the KOH and CO, were responsible for providing the pores to the HPC structure.
Through K;COj3 activation of banana leaves, micro-mesoporous HPC was obtained
with a specific capacitance of 190 F g~! using an ionic liquid electrolyte and a
3 V potential window [121]. Dual salt activation of Zanthoxylum leaves using ferric
nitrate and zinc chloride resulted in a 3D HPC framework with a hollow nanostructure
and a specific surface area of 1243 m? g~!. The specific capacitance of the material
was around 200 F g~! and the fabricated symmetric device showed an energy density
of 18.7 Wh kg~! at a power density of 225 W kg~' [122]. 3D HPC nanosheets
were synthesized from Prosopis juliflora wood with a high specific surface area of
2943 m? g~! and a high specific capacitance of 426 F g~!. Owing to stable large
electrochemical potential window of 2 V in Na,SOy electrolyte, an energy density
of 56.7 Wh kg~! was obtained at a power density of 248.8 W kg~! [123].

Fibrous carbon with hierarchical porosity is in huge demand due to its flexi-
bility and high capacitance, which makes them useful in portable electronic devices.
For such materials, feedstocks with inherent fibrous nature have been explored
using green processing technologies like electro-spinning, spraying, coating, or
ink-jet printing [124]. Nonetheless, activation techniques that do not alter the
fibrous microstructure are in the nascent stage. HPC from cellulose using a zinc-
ethylenediamine complex activating agent was prepared after freeze-drying and
spraying, followed by carbonization at a high temperature between 700 and 1000 °C.
A stable and flexible supercapacitor electrode with a specific surface area of 1095
m? g~! and capacitance of 216 F g~! (at 1 A g~!) was obtained [125]. A flexible
carbon supercapacitor electrode from the bamboo pulp was prepared by Ying et al.
through a facile and mild activation strategy by employing N-methylmorpholine-
N-oxide solution and freeze-drying it to form ice microcrystals. The HPC formed,
retained the structural integrity, and provided a specific capacitance of 216 F g~/

Z



Porous Hollow Biomass-Based Carbon Nanostructures ... 283

Fig. 2 Pore characteristics in porous carbon supercapacitor electrodes

at 1 A g=! [126]. Similarly, a flexible carbon supercapacitor electrode with hier-
archical porosity was prepared from the same feedstock (i.e., bamboo pulp) using
magnesium acetate activation after hydrothermal treatment in KOH/Na,;SOs. A high
specific capacitance of 331 F g~! at a current density of 1 A g~! was obtained.
Unlike the synthesis of the electrode using KOH or ZnCl, activation, the flexibility
of Mg(OAc), activated biocarbon showed a remarkable flexibility by retaining the
fibrous structure of the carbon precursor [127].

Therefore, the porosity of carbon materials is critical in determining the intended
application of carbons in the supercapacitor electrode. Each pore plays a different
role in determining the overall specific capacitance of the supercapacitor. A pictorial
summary of pores in biomass-derived carbons is shown in Fig. 2. The specific capac-
itance, energy density, and power density of various porous biocarbon are tabulated
in Table 1.

5 Heteroatom-Doped Porous Nanostructures

Doping of heteroatoms like N, P, O, or S is carried out to improve the electro-
chemical behavior of carbon-based materials. As functional groups get removed
from the biomass-derived carbon during pyrolysis/activation at high temperatures
during the generation of graphitic nanostructures, the surface of carbon becomes
less hydrophilic [135]. It is undoubtedly crucial that maximum contact is present
between the electrode material and electrolytic solution for easy adsorption of elec-
trolyte ions once the potential is applied. Therefore, surface functionalities need to be
modified without any compromise with the porosity of carbon material. There are two
strategies to impart heteroatoms in the porous carbon framework, either precursors
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of heteroatoms can be added to biomass/biocarbon as a dopant and carbonized, or
process parameters can be optimized so that the inherent heteroatoms are maintained
in the porous biocarbon.

For N-doped porous carbon, NHj treatment is the most common activation
strategy. Cellulose fiber carbonized in NH3 atmosphere at 800 °C resulted in micro-
porous carbon with 3.9 atomic % N content and a specific surface area of 1072
m? g~!. When used as a binder-free supercapacitor electrode, the resulting material
possessed a specific capacitance of 172 F g~ at I A g~!. N and O surface function-
alities also resulted in low charge-transfer resistance [136]. Hydrothermally treated
glucose-derived carbon was activated in the NH3 atmosphere at 950 °C. N-doped
microporous carbon with spherical morphology was obtained. High specific capac-
itance of 244 F g=! at 0.2 A g~! was obtained owing to its N-rich surface with a
specific surface area of 1049 m? g~!' [137]. NH4Cl was also reportedly used as a
dopant and an activating agent to obtain HPC with 4 at. % N content from Camellia
pollen [138]. N-doped HPC prepared from grape marcs with urea as dopant and KOH
as activating agent. The prepared material exhibited 446 F ¢! at 0.5 A g~! specific
capacitance. When the charge storage performance was compared to the porous
carbon obtained by KOH activation without doping, N-doped HPC showed more
than a 45% increase in capacitance at 1 A g~! under the same conditions, and even
the specific surface area was almost 13% higher [134]. It demonstrated that not only
the electrochemical properties but also the pore enhancement could take place while
doping with urea. Deng et al. systematically investigated the effect of electrolyte and
heteroatom content using gelatin as feedstock and KNO3 as activating agent. The
pore size distribution and N-doping can be adjusted by optimizing the KNO3 dosage
amount. Both heteroatom doping and porosity positively influence the charge storage
performance of the biocarbon. However, the factor varied for enhancement in capac-
itance depending upon the electrolyte. For aqueous KOH electrolyte, enhancement
was dominated by the redox-active sites through pseudocapacitance. While in the
case of ionic liquid electrolyte EmimBF, (1-Ethyl-3-methylimidazolium tetrafluo-
roborate), a broader pore size dispersion was predominant for charge storage through
better charge separation in the nanopores [139]. A 3D honeycomb-like porous HPC
with N, P, O, and S heteroatom was prepared from KOH tree seeds. A high specific
capacitance of 384 F g=! at 0.5 A g~! was achieved for the material in KOH elec-
trolyte solution with more than 95% cycling stability at 20 A g~!. In a neutral Na, SO,
aqueous electrolyte with a large potential window of 2 V, a power density and energy
density of 0.5 kW kg~! and 19.17 Wh kg~!, respectively [140].

N, S co-doped HPC was prepared from Ginkgo leaves using NH4NO3 as a dopant
and activating agent. Only N was doped using an external source, while S was self-
doped due to high S content in the feedstock. Activation by NH4NOj3 resulted in a
specific surface area above 500 m?> g~! and a specific capacitance of 330.5 F g!
at a current density of 0.5 A g~! was observed. Even when the current density was
increased to 10 A g~', a capacitance of 252 F g~! was retained due to the hierarchical
porosity-assisted diffusion of electrolyte at a high current [141]. Walnut shell waste
was converted to N, P, and S co-doped HPC with a specific surface area of 2583
m? g~! and pore volume of 1.24 cm® g~!. The prepared HPC exhibited a specific
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capacitance of 332 Fg~! at 0.5 A g=!, and 211 F g~! was retained at a high current
density of 40 A g~! [142].

Feedstocks with inherent heteroatoms have also been exploited to produce doped
porous carbons. Sword beans are rich in N content due to their nitrogen fixation capa-
bility in legumes during the growth cycle. N-doped porous carbon with a specific
surface area of 2917 m? g~! was prepared from sword bean shells through acti-
vation using KOH. The specific capacitance was 260 F g=! at 1 A g~! current
density [143]. Similarly, Juncus herb carbonized with ZnCl, resulted in N-doped
porous carbon with a specific surface area of around 1300 m? g~! and a specific
capacitance of 290 F g~ at 0.5 A g~! current density [144]. Commercially avail-
able calcium lignosulphonate (a form of lignin extracted from pulping of wood) was
hydrothermally carbonized and thermally annealed at high temperatures, resulting in
self-doped S-rich porous carbon with micro/mesopores [145]. Various heteroatom-
doped biomass-derived porous structures with respective specific capacitances are
summarized in Table 2.

6 Understanding the Resistance Properties of Porous
Carbons

Electrochemical impedance spectroscopy is carried out for resistance studies on
electrode material. The resistance of supercapacitor electrodes negatively affects the
performance and stability. A high resistance decreases the supercapacitor’s energy
output and power density [159]. Resistance can arise due to multiple factors, such
as contact between the electrode material and current collector, limited diffusivity
of electrolyte ions inside the porous electrode, solution resistance (R;), and charge
transfer resistance (R¢¢) [160]. The diffusion-controlled resistance offered by limited
mass transfer of electrolytes is also associated with carbon-based supercapacitors
and is referred to as Warburg impedance [161]. Ry occurs due to the bulk resistance
by the electrolyte solution and depends on its conductivity, while R is due to the
carbon particle’s intrinsic electronic and ionic resistance in the electrode [162]. Ry
can be reduced through graphitization of carbon framework to increase the elec-
trical conductivity, as obtained in graphene sheet-like nanostructures and doping
with heteroatoms that increase the wettability of the active material [163]. Intrinsic
conductivity of biomass-derived carbons can also be enhanced by increasing the
carbonization temperature since it results in the formation of ordered sp> hybridized
graphitic domains in its structure [164]. Another technique that can impart graphitic
structure in biomass-derived carbon is catalytic graphitization using transition metal
salts. Zhang et al. reported impregnation of Willow catkins in Fe(NO3);-KClI solu-
tion followed by carbonization and removal of metal ions to obtain porous graphitic
carbon. Here, KCl acted as a pore-forming agent, while Fe salt resulted in catalytic
graphitization giving the biomass-derived carbon a porous graphitic structure [165].
Similarly, Chang et al. used Co**-assisted graphitization along with activation using
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KOH. It was observed that both the activation resulted in porous carbon with graphitic
domains [166]. Warburg impedance was reported to be less when graphene-like struc-
tures are used in fabricating the supercapacitor electrodes. It was due to the short
electrolyte diffusion paths provided by the graphene-like nanosheet structure [167,
168]. Itis observed that ultra-microporous carbon shows a typically higher equivalent
series resistance due to limited ion transport into a constricted pore structure [169,
170]. However, it can be reduced through various activation strategies. The diffusion-
controlled resistance can be decreased by introducing broader pores or hierarchical
porous channels [171].

7 Challenges and Prospects

Applying porous carbon materials from biomass is undoubtedly reaching new hori-
zons in the charge storage aspects. The pore size, pore interconnectivity, and surface
area significantly impact carbon materials’ charge storage properties and electro-
chemical behavior. From the preparation perspective, control over the pore forma-
tion and nanostructure has come a long way. Different synthetic strategies have been
explored for preparing carbons with various pore structures. However, alternate acti-
vation strategies need to be investigated further. Such as, most of the activations
involve using harsh alkali reagents such as KOH, NaOH, etc., with a high activating
agent to feedstock loading to develop porosity. Using such reagents is harmful to the
environment due to their corrosive nature. Even for flexible supercapacitors using
fibrous porous carbon film as electrodes, it is essential to retain the microstructure.
In those cases, activation with KOH, ZnCl,, etc., can lead to a high structural defor-
mation even though a high porosity can be obtained. In these cases, benign activa-
tion strategies need to be explored for successful porosity generation. Furthermore,
several template removal strategies employ corrosive acids such as HF. Therefore,
more environmentally benign and facile preparation strategies are required.

Another essential factor that must be realized is the bioavailability/abundance of
biomass feedstock while using it for various value-added applications like superca-
pacitor electrode material discussed here. The properties of biomass-derived carbons
are also found to be dependent on the feedstock used. Therefore, the geographical
limitations of biomass need to be well understood so that a de-centralized approach
can be adopted for large-scale production. Also, for the practical application of
biomass-derived porous carbons in fabricated symmetric/asymmetric supercapacitor
devices, optimization of the current collector, conducting polymer, binder, additives,
or electrolyte is also required. Apart from active electrode material, these chemicals
also contribute to the overall cost of the fabricated device.
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8 Conclusions

Biomass-derived porous carbon nanostructures are a valuable class of materials that
have shown excellent charge storage behavior. The abundant feedstocks provide
green and renewable precursors for the development of porous carbon materials. The
ease of tuning the pore size, pore interconnectivity, and surface area through various
activation techniques offers a way to create and incorporate these materials into
supercapacitor electrodes. Moreover, the difference in the charge storage property of
carbon materials with varying pore size distribution provides an insight into their
electrochemical behavior, which can help develop intricate supercapacitor-based
devices. Advancements in preparation strategies that are environmentally friendly
and non-hazardous still require further exploration by the scientific community.
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Carbon Nanomaterials from Biomass m)
for Solar Energy Conversion and Storage | <=

Rabia Nazar, Umer Mehmood, and Ahsan Saeed

Abstract Biomass is a carbon source that is cheap, easy to get, widely available,
good for the environment, and renewable. It is a byproduct of agriculture, industry,
and forestry, so it is important to figure out how to get rid of it responsibly. Carbon
nanomaterials (CNMs), particularly carbon nanotubes and graphene, are in demand
due to their outstanding properties and wide applications. This chapter reviews the
recent progress in preparing CNMs from biomass. Supercapacitors, batteries, and
thin-film solar cells are the most effective energy conversion and storage devices
for practical use. However, the poor electrode performance of these devices prevents
further development. Most of the carbon used in these devices comes from nonrenew-
able resources that are made in harsh conditions. Biomass is a green natural carbon
source with many desirable properties. This chapter also covers renewable carbon
materials derived from biomasses, focusing on their applications in electrochemical
energy storage and conversion devices.

Keywords Biomass - Carbon material + Synthesis - Solar energy conversion -
Energy storage

1 Introduction

Today’s world is facing a great challenge due to the scarcity of water, food, and
energy resources. Recent studies have evidenced that a sharp decline in fossil fuel
resources is likely in the near future due to an increase in waste generation and
expected high population growth [1, 2]. The ecosystem is on the verge of destruction
due to the associated air pollution from the escalated consumption of fossil fuels.
This situation is aggravated by the extremely high use of coal and fossil oils [3].
These fuels contribute a lot to the significant discharge of CO, and SOy gases, which
leads to catastrophic outcomes leading to the greenhouse effect and acid rain [4,
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Fig. 1 The emission of CO; from fuel energy sources as compared to that present in the atmosphere

[8]

5]. During the last century, a drastic rise in the concentration of carbon dioxide
reached a high level of 383 ppm from 228 ppm [6]. With the exponential increase
in the usage of fossil fuels and their different derivative products, their reserves
are progressively declining. Hence, finding a replacement for conventional energy
sources is crucial. Based on this evidence, it is not hard to believe that by the end
of 2050, the world will be a very different place. To preserve the ecological balance
and reduce the degradation of natural resources, it is necessary to investigate the
use of renewable energy resources. The future could only be shaped to be able to
live in harmony with nature by reducing greenhouse gas emissions and limiting the
most dangerous climate changes [7]. This task can be achieved through the joint
efforts of scientists from multidisciplinary scientific fields. Figure 1 represents the
CO; emission as compared to the amount of CO, present in the atmosphere; this
concentration should be minimized to 350 ppm (purple line in Fig. 1). However,
ideally, global CO; emissions should be reduced to zero by the end of 2050 [8].

With the advent of new technological demands and health and environmental
concerns, the world is focusing more on seeking new sources of energy. Alternative
renewable sources such as nuclear, wind, solar, geothermal, and biomass are a focus
of research in the twenty-first century.

This emphasis on research is aimed at maximizing the utilization of these resources
and meeting global demand. For instance, a study found that to meet the 1/3 require-
ments of the prospective energy needed by 2050, around 10,000 nuclear plants would
need to be built [8]. They are extremely expensive to build and maintain, and they
are also fraught with risks and hazards.

Alternative, renewable resources to produce energy are said to be the future of
this world in the absence of fossil fuels. This paradigm shift opens new oppor-
tunities for chemical processing industries and the units of biobased feedstock
to produce sustainable materials capable enough to replace traditional sources of



Carbon Nanomaterials from Biomass for Solar Energy Conversion ... 303

energy. Quite recently, biomass proved to be the most promising renewable feed-
stock. Several processes are available through which biomass can be transformed
into fuels, including green chemical and low environmental impact methods [9, 10].
The growth of dried biomass feedstock is estimated to be 118 billion tons per year
across the world [10]. The agricultural share of biomass is approximately 14 billion
tons per year, with approximately 85% (approximately 12 billion tons per year)
discharged as AA waste.

This is a great source available to be used in many different forms at almost zero
cost. One of the most researched areas is the possibility of using biomass to transform
existing surplus biomass into useful products such as biofuels. The transportation is
possible with zero carbon dioxide emissions. Techniques like fermentation, catalytic
liquefaction, and gasification can be utilized to achieve this conversion [11, 12].
Another new application of biomass is its use in providing substitute materials to
produce chemicals, vitamins, polymers, surfactants, and different solvents [13]. Poly-
meric foams and biodegradable polymers can be synthesized from soybean oil and
keratin fibers [ 14]. Biomass-based polyesters [15], polyurethanes [ 16], and polylactic
acids [17] were also developed with the help of biomass feedstock. The most recent
use of biomass feedstock is in its conversion into carbon-based derivatives. This is
in the critical research and development phase and is a solution to many challenges
confronting the modern world. The constitution of biomass is presented in Fig. 3
[18]. There are different routes available now through which these components can
be converted into biofuels, chemicals, polymers, etc. [19]. Several useful products,
such as activated carbon, biochar, and fertilizers, can be obtained because of this
extraordinary feature of this material [20].

The most abundant material present on the surface of the earth is carbon. The
different elemental forms of it found in nature are graphite, diamond, and coal. This
is one of the most highly produced elements; its products are estimated at 9 gt/year
[21]. The last two decades can be associated with the nanosized allotropes of carbon,
mainly due to their unique characteristics as compared to their macroform, which
may allow the fine manipulation of materials’ properties. Figure 2 depicts the various
hybridization forms of carbon nanoallotropes. The most interesting feature of these
different states is the direct correlation of their properties, i.e., electrical, chemical,
thermal, and mechanical, with their size, shape, and structure. This special feature
allows their use in different technological applications [22].

In the last fifteen years, three Nobel prizes have been awarded to carbon nanoma-
terials: fullerenes, the 1996 Nobel Prize in chemistry; CNTs, the 2008 Kavli Prize in
nanoscience; and graphene, the 2010 Nobel Prize in physics [23]. As already stated,
carbon is one of the most abundant materials on earth. Despite this fact, various
sophisticated techniques are in use to synthesize them with the help of fossil fuel-
based precursors. In the history of mankind, carbon has been obtained from biomass
through the process of carbon formation. Nature is kind enough to supply this excel-
lent material, but we can utilize a lot of synthetic methods to obtain various forms
of this material.



304 R. Nazar et al.

Nanodiamond Fugeggne Fullerene Carbon Graphene

Onion

Fig. 2 Sp hybridized forms of carbon nanomaterials [22]

MO
N o Ho
Hemicellulose (20-40 %) Mm OH ‘]/
0 0

HO

HO

Lﬂ-——---—-———-ﬂ

Fig. 3 Basic components and structure of biomass [18]

2 Biomass as a Sustainable and Renewable Carbon-Rich
Material

Biomass is a carbon-rich material that is renewable. It is mostly composed of hemi-
cellulose, cellulose, and lignin (shown in Fig. 3), which has been widely employed as
feedstock for the preparation of various high-value-added carbon-containing prod-
ucts like carbon materials, chemicals, and biofuels [24]. Extensive research is being
carried out to produce less expensive and greener carbon nanomaterials (CNMs)
such as graphene, carbon nanofibers, carbon nanotubes, and fullerene with the help
of biomass feedstock [25]. From the structure of biomass, it can be seen that it
contains hydrogen, oxygen, nitrogen, sulfur, and carbon in its structure. However,
the most prevalent element present in carbon nanomaterials is a pure form of carbon.
The important feature in the preparation of CNMs from biomass is to keep the carbon
element and remove all other elements present in its structure (N, H, O, and S); this



Carbon Nanomaterials from Biomass for Solar Energy Conversion ... 305

can be achieved by the cleavage of chemical bonds. The typical methods employed
for the elimination of other elements from biomass are pyrolysis, incineration, and
gasification.

The temperature has a crucial effect on the type of products obtained, the change
in aromaticity of biomass derivatives indicates that H and O can be removed from
the C-based structure [26]. It was also observed that with the increase in charring
temperature from 100 to 700 oC, there is a physical-chemical change in the structure
of biomass [26].

Based on these changes, four categories of character are obtained:

1. The first category contains the dominant crystalline character of the feed
materials.

2. The second category is related to the abundant amorphous form of charcoal.

3. The next is composite charcoal, in which less ordered graphene is mixed with
the amorphous phases. Turbostratic char is another form in which poorly ordered
graphite crystallites are present [27]. The presence of rare earth metals such
as magnesium and iron is found to be useful in the conversion of biomass to
high-aromatic carbon material [28].

The fuel obtained from biomass conversion has a high concentration of carbon
monoxide, hydrocarbons, phenol, and alcohol [29]. These high-purity chemicals
are widely used as carbon sources to produce CNMs with the help of the CVD
process [30]. Another important characteristic of biomass is the presence of mineral
elements such as potassium, sodium, calcium, magnesium, and silicon, as well as
small quantities of iron, copper, zinc, and other heavy metals apart from the above-
stated elements [31].

These minerals are present in biomass, depending on the source from which we
obtain that specific biomass feedstock. The environmental conditions, like the salinity
of the soil and the presence of different mineral elements, affect the composition of
the biomass obtained. The quality of biomass obtained from various parts of a single
unit is also not the name; for example, a plant has various organs, such as a stem,
root, shell, and leaf. But within one unit, the distribution of each mineral is generally
constant. This is the reason that biomass obtained from different sources can be
employed in different applications [32]. Therefore, biomass qualifies as an excellent
material to be able to convert into high-quality carbon-based materials.

Nowadays, the emphasis is on thermal conversion processes, such as pyrolysis,
gasification, and incineration, in order to benefit from the unique catalytic properties
of mineral elements. At high temperatures of around 1200-1400 °C, silicon dioxide
and silicon carbide nanowires can be synthesized with the help of elements present
in a coconut shell and bamboo, i.e., Ca, Mg, and Fe [33]. Because of the presence of
various active mineral elements, biomass is an effective catalyst that can be used to
prepare functional materials.

The distribution of all active elements is homogeneously present in an individual
organ of one product. The use of various biomass-based components in the low-
cost, green synthesis of CNMs is becoming increasingly popular these days. It has
a stable 3D structure, which enables it to resist certain mechanical, biological, and
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chemical attacks. After surface treatment, either chemically or thermochemically, the
structure becomes more stable due to the removal of easily degradable components
present in its structure. Consequently, due to the removal of degradable compo-
nents, holes and channels are formed in the matrix. This feature of having channels
throughout the structure of biomass makes it an ideal candidate to use extensively in
different areas like catalytic reactions, such as hydrolysis degradation, and synthesis
techniques [34]. The abundantly available functional groups play an important role
in immobilizing and dispersing the catalyst, making it a useful material to be used in
catalytic reactions. In a CVD process, it is crucial to diffuse the catalyst on a spongy
matrix to initiate the reaction; otherwise, there is an agglomeration of the catalyst,
resulting in a low utilization efficiency and catalytic activity of the synthesized CNMs.

3 Structure of Biomass-Derived Carbon Nanomaterials

With the help of literature, a brief table (Table 1) is designed, which shows that
carbon nanomaterials (CNMs) have been successfully synthesized by employing
several biomass feedstocks such as seaweed, jute, ginger, glucose, rice husks, corn
flour, pine nutshells, sugarcane, wheat straws, peanut shells, and seed coats.

3.1 Graphene

The single layer of graphite on an atomic scale is Graphene. The same atomic level
of graphite is the structural unit of CNTs and fullerenes [35].

Graphene exists in sp?> and sp* hybridized states, the structure resembles the
honeycomb lattice concerning sigma and pi bonds (as shown in Fig. 2) [36]. The
existence of delocalized electrons is owing to the presence of pi-orbitals of carbon
atoms. The structure of graphene is 2D making it an extraordinary material, capable
of having remarkable electrical, mechanical, and thermal properties. Due to these
properties, graphene qualifies to be the favorite material to be used in energy-related
devices, solar cells, and many other applications of the new technological era [37].
Conventionally, the production of graphene was based on single chemical precursors
[38]. Recently, biomass-based feedstock has been used to synthesize graphene. In
one research article, a single layer of graphene doped with nitrogen was produced at
800 °C by utilizing Chitosan [39].

Shams et al. described a novel method of using camphor leaf to synthesize
graphene by pyrolysis at 1200°C [40]. They further purified the obtained product
from the amorphous state of carbon.

Another scientist produced graphene using wheat straw, by utilizing a combined
hydrothermal and graphitization approach [41].

Remarkable results were obtained when graphene oxide along with milled sheep
horn was heated together through the pyrolysis step, and a 3D porous, sulfur, and
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nitrogen-based graphene was found. This work shows that biomass can be used as the
feed precursor to produce the graphene and to functionalize the obtained graphene
too [42].

The recent attention designated to the synthesis of graphene from biomass mate-
rials is due to the fact that their synthesis does not require the use of any catalysts or
strong acids, making the procedure a green synthesis from renewable materials.

3.2 Carbon Nanotubes (CNTs)

These are hollow cylindrical materials that are covalently bonded with sp2 carbon
atoms. Just like in graphene, the properties of CNTs (mechanical, chemical, and
thermal) are based on the type of hybridization demonstrating the structure of CNTs.
Due to the arrangement of carbon atoms in its structure, CNTs show high tensile
strength, toughness, and rigidity, qualifying them as a strong candidate to be used in
different reinforcement applications [43].

CNTs are a success because of some additional properties, i.e., good electrical
and thermal conductivity, and remarkable optical properties.

The electrical properties of CNTs are based on their geometry. Basically, a cylin-
drical shape of CNTs is created by rolling up the graphene sheet; the pattern of the
resulting structure of CNTs is crucial, as it demonstrates whether the matter behaves
as semiconductive or metallic. The metallic characteristics are due to their supe-
rior conductivity as compared to traditional materials available, e.g., copper. The
good thermal conductivity and heat capacity of these nanotubes are manipulated to
be useful in different composite systems for heat dissipation [44]. Another unique
characteristic of CNTs is their optical properties, and due to this property, CNTs
are applied in different applications such as electromagnetic interference shielding
(EMI), coatings, films to be used in sensors, and solar cells [44].

The production of CNTs from biomass is a newer field; these can be produced
from both cellulose and lignocellulosic biomass by using the pyrolysis technique.
For instance, the absorbent cotton treated at a temperature range of 400-600 °C
synthesized CNTs with an inner diameter of 10 nm and an outer diameter of 80 nm
[45]. Similarly, another process stated in the literature stated that cellulose acetate
was pyrolyzed at around 750 °C, yielding CNTs having a 24-38 nm diameter [46].

Lignocellulosic biomass such as wood sawdust and fiber can also be used to
synthesize CNTs [47]. By using wood fiber, the carbonization reaction was carried
out at a temperature ranging from 240 to 400 °C in an open atmosphere, and the
resulting CNTs were 10-20 nm in diameter after purifying them with HCI [47].

Another study is published in which gumwood was pyrolyzed at around 500 °C to
yield CNTs in an inert atmosphere; the diameter of the obtained CNTs was reported
to be 50 nm [48]. Bamboo charcoal was pyrolyzed in the presence of ethanol at a very
high temperature (1000-1500 °C) to produce CNTs [49]. Even grass was utilized in
one study to obtain CNTs at 600 °C with a diameter between 30 and 50 nm [50].

Z



308 R. Nazar et al.

All these examples show the successful method available now to produce CNTs
from biomass derivatives. The research is still in the process of evaluating different
parameters to control the diameters and lengths of CNTs produced from these green
synthesis methods.

3.3 Carbon Nanofibers (CNFs)

Carbon nanofibers are a type of CNM that has straight chains arranged in a sp2-
hybridized state. By observing them with the help of a scanning electron micro-
scope, they look like CNTs. However, when viewed under high magnification with a
transmission electron microscope (TEM), they appear to be solid materials with no
hollow cylindrical structure, as demonstrated by CNTs.

They also exhibit high mechanical and electrical properties. Due to their good
mechanical properties, they can be used in composites as a reinforcing agent. The
remarkable good electrical conductivity of these nanofibers paves the way for their
use in energy and sensor devices.

The synthesis of CNFs with the help of biomass materials is also in progress. A
study was published in which 3D carbon nanofibers were synthesized by employing
pre-treated bacterial cellulose [51].

It was reported that the resulting products need to be purified by extraction with
the help of acids, due to the strategies followed to produce them. The acid treatment
has an adverse effect on the morphological properties of the obtained CNFs.

3.4 Carbon Onions

Carbon onions are a relatively newer type of CNM; they are sp2-hybridized multi-
faceted polyhedral quasi-spherical shaped structures with concentric layers [52]. The
excellent features of this discovery are their unique physical and chemical properties.
They possess exceptionally high optical properties and reasonably good capacitance,
proving them to be usable in supercapacitors. They can be utilized both as active mate-
rials and as conductive materials [53]. The recent report demonstrates the production
of carbon onions from wool wood pyrolysis at 600 °C in the presence of oxygen and
nitrogen [54] (Table 1).

3.5 Carbon Spheres

This special class of CNMs is obtained because of broken concentric layers derived
from the core. The Vander Waals forces are responsible for their unique structure.

Z
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The carbon spheres are exclusively used as an electrode material in energy storage
and conversion devices. The biomass derivatives such as cassava flour or carrageenan
can be used as the feedstock to produce CSs by employing the hydrothermal
carbonization method.

4 Synthesis/Production of Carbon Materials from Biomass

Efforts to continue preparing carbon materials from biomass in the future are there-
fore of great importance. In this chapter, various techniques for preparing carbon
materials using biomass as a carbon source will be discussed in depth. These include
pyrolysis, hydrothermal carbonization, cyclic oxidation, chemical vapor deposition
(CVD), and combustion.

4.1 Pyrolysis

Pyrolysis of biomass refers to the process of thermal decomposition of biomass that
occurs in the absence of oxygen. A natural chemical reaction takes place in the
first two seconds, which is the foundational step in the combustion and gasification
processes. This reaction is the precursor to both processes. The pyrolysis of biomass
results in the production of several byproducts, the most notable of which are biochar
and bio-oil, in addition to gases such as CHy, H,, CO, and CO, [63]. Low tempera-
tures (less than 450 degrees Celsius) and high heating rates are required to produce
biochar, while high temperatures (greater than 800 degrees Celsius) are required to
produce gases [64]. When the process is carried out at a temperature in the middle of
its range and at a heating rate that is in the middle of its range, the primary byproduct
is bio-oil. The pyrolysis process is affected by the particle size of the feedstock.
Because of the need for rapid heat transfer, most pyrolysis technologies can only
process particles with a diameter of 2 mm [40]. Graphitization is a high-temperature
pyrolysis that converts amorphous and turbostratic carbon into CNTs, CNFs, and
nanocapsules. For graphitization to happen, the temperature must be above 2000 °C.
This has led to high costs and safety risks, which have made it hard for businesses to
use. Pyrolysis with a chemical activation agent like KOH or ZnCl, is a well-known
way to make activated carbon from biomass with a high specific surface area (SSA)
and well-developed pores. This process is called thermochemical activation. Also,
the chemical activation agent is necessary for the carbon matrix to change and for
porous structures to form. Recent studies have shown that biomass can be used to
get carbon materials by activating them with heat [65, 66].

Catalytic graphitization favors highly graphited carbon materials, while thermo-
chemical activation yields layered porous carbon. Combining these two methods for
preparing carbon materials is receiving much attention. Su and his colleagues did
a study on making carbon materials from poplar catkins. They did this by using
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Ni(NO3), and KOH as catalysts in a process called graphitization and a chemical
activation process. The TEM investigation revealed that the hollow carbon nanomesh
was effectively created, and additional research showed that the CNMs as created
had a large SSA of 1893 m? g~! and pore volume of 1.495 cm? g~'[67].

4.2 Hydrothermal Carbonization

Hydrothermal conditions, defined as an aqueous medium with a temperature and
pressure greater than or equal to 100 °C and 0.1 MPa, occur frequently in nature.
Under these conditions, a wide variety of minerals and coal can form [68]. In 1913,
Bergius performed the first hydrothermal transformation of cellulose into coal-like
materials [70]. After this, a number of researchers looked into how different factors
such as temperature and pH affect a reaction’s outcome, as well as its mechanism of
formation [69].

HTC is now commonly used at room temperature (130-250 °C). Many working
groups have contributed to uncovering HTC-derived carbon (HTC) structure and
formation mechanism [70]. This has made it a useful methodology for producing
various carbonaceous materials. Using hydrothermal treatment of biomass, reagents
and solvents can interact more easily, resulting in carbon materials being formed.

Consideration should also be given to time and energy-saving concerns in the
home. Since it heats quickly, consumes less energy, and takes less time than other
conventional heating systems, microwave heating represents a unique intangible
layout. Carbon microspheres derived from glucose were synthesized by Lee et al.
using a microwave-assisted hydrothermal scheme [71]. Instead of taking an hour
or more like traditional HTC (1-24 h), microwave-assisted HTC only took 15 min,
saving both time and energy.

The micropore size distributions of activated carbon materials (0.7-2 nm) are
inadequate for electrolyte diffusion. The template method can create tiny holes
with sizes between 1 and 200 nm and also produces an ordered structure, which
is not possible with conventional activation [72]. Knox et al. [73] reported the first
porous carbon template synthesis. The procedure employs both hard-template and
soft-template techniques. After the original parent is eliminated, porous carbon is
generated. Utilizing a series of innate porous structures, this methodology has been
developed [74].

Due to their low carbon content (less than 80%), HTCs are not “real” CNMs.
Restrictions on energy storage and conversion can be found in HTCs made from
carbohydrates that have low Specific Surface Area (SSA) (SBET less than 10m2/g)
and poor electrical conductivity [70]. A post-thermal treatment, in which the sp>C-X
bonds transform into aromatic sp?’C = C bonds, is necessary for HTCs to make a
complex structure [75].
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4.3 Cyclic Oxidation

The cyclic oxidation method for preparing carbon from biomass focuses on redu-
plicative oxidation processes. This method converts 3D biomass into tubular structure
(CNTs). Kang et al. [50] used cyclic oxidation to make carbon. Grass was dried and
crumbled before being heated in air to 250 °C to make CNMs. The residue was heated
at 600 °C for 20 min with controlled oxygen. The system was then brought back to
room temperature and given the same amount of oxygen again. Before the product
was gathered, the heat treatment at around 600 °C was done almost fifty times.
Images obtained using transmission electron microscopy (TEM) demonstrated that
the as-prepared material, which displayed a hollow-center structure, consisted of
MWCNTs with inner and outer diameters ranging from 10 to 30 and 30 to 50 nm,
respectively.

Goodell’s team also examined the effects of heat treatment on the synthesis of
CNMs [76]. Using cyclic heat treatment, the researchers found that heat pretreatment
preserved the cell wall nano-architecture, leading to the formation of tubular carbon
materials. Dehydration of cellulose and stabilization of lignin were both enhanced
by the low temperature pretreatment; the latter also limited lignin flow during the
subsequent higher temperature process. CNTs, graphene, and carbon nanospheres
were also extracted from biomass applying this method, according to Qu et al. [77].

4.4 Chemical-Vapor-Deposition (CVD)

In the CVD method, the starting materials are put into a chamber where a substrate
is exposed to them. In a perfect world, the starting material would be light enough
to be carried by a carrier gas. It would then react with the heat in the reactor to
make carbon materials on the scaffold. The synthesis temperature is ranging from
200 to 1100 °C [78]. CVD has made a lot of progress in making carbon materials.
Depending on where the catalyst is placed during the CNM preparation process,
one can roughly classify these as either in situ CVD or two-stage CVD. Figure 4
compares conventional, in situ, and two-stage CVD.

During the in-situ CVD process that is used to prepare CNMs from biomass, the
biomass is first converted into carbon sources, then it is broken down into carbon
atoms, and finally, carbon materials are fabricated from the carbon atoms. It is essen-
tial to prepare a biomass-catalyst system that is homogeneous. A uniform mixture
has the potential to supply a suitable amount of carbon sources and active catalytic
sites, which are both necessary for an efficient conversion of biomass to CNM.
The preparation of CVD CM is affected by a number of factors, including carbon
source, catalyst, and operating parameters [80]. In order to produce CNMs from
biomass using a two-step CVD method, normally two processes are required. First,
the biomass must be heated to turn it into vapors, and then a catalyst must be used
to transform the vapors into CMs. In most cases, these two steps will be carried
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Fig. 4 Conventional, in situ, and two-step CVD relationships [79]

out in two separate reactors. The two-step CVD method for making CNMs from
biomass depends on various parameters, such as the type of carbon source, the type
of catalyst, and the temperature at which the process is carried out, just like the
in-situ CVD method does. During the first stage of the process, the type of biomass
feedstock as well as the conditions of the pyrolysis have a significant impact on the
composition of the pyrolysis vapors. These vapors serve as the carbon source for the
CNM synthesis that occurs during the second stage. Second-stage CNMs formation
uses different catalysts. Stainless steel screens [81], NiO with/without support [82],
and multi-metal catalysts were reported [83].

The CVD synthesis of carbon spheres and fullerenes is advantageous, because it
produces uniformly sized structures. The CVD method is helpful in customizing the
diameter, crystallinity, and fiber axis orientation of carbon nanofibers [84]. CVD is a
good way to make CNTs because it gives you a lot of control over the carbon/catalyst
ratio, particle size, and their orientation [84]. Because most biomass is solid, floating
catalyst CVD is rarely used directly. Rice husks, wood, and corncobs are good
examples of biomass that can be converted to CNMs.

5 Biomass-Derived CNMs for Energy Conversion
and Storage

The demand for electric power in the modern world keeps going up. Especially in
developing countries, where population and industrial growth are driving factors,
there are often power outages because fossil fuels aren’t always available, and elec-
tricity is sent from centralized power plants to an underdeveloped network that isn’t
often upgraded or maintained [85]. If there isn’t enough electricity, it hurts economic
growth and national security in a big way. So, the most important thing for a growing
economy is to use decentralized renewable energy sources (wind, solar, hydro, and
tidal power) to make electricity [86]. Solar energy is abundant in many developing
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countries, so a lot of research has been done on how to capture, change, and store it
[87].

5.1 Energy Harvesting/Conversion Devices

5.1.1 Thin-Film Solar Cell

Nanomaterials made of carbon have been the focus of research for a potential appli-
cation in energy conversion systems. Here, we describe a comprehensive review of
the wide range of applications for carbon nanomaterials and nanotechnology within
the context of cutting-edge research and development (R&D) in the area of thin-film
solar cells.

Polymer Heterojunction Solar Cells

Over the course of the past three decades, organic solar cells (OSC) have been devel-
oped as an alternative to silicon solar cells. They have several benefits, the most
notable of which are their structural adaptability, remarkable coefficients of absorp-
tion, and the capacity to manufacture thin-film solar cells with very low thicknesses.
OSCs are composed of a semiconducting material that has the capability to absorb
light in the ultraviolet to the visible range of spectrum as well as the capability to
carry an electric current. This material is what gives OSCs their dual absorption
capabilities. An interpenetrating network is created between a fullerene derivative
and a polymer in a bulk heterojunction organic solar cell, also known as a BHJ-OSC.
Electron—hole pairs can be created when light-absorbing polymers are used. [88].
Excitons move towards the donor—acceptor interface. Quantification of free charge
carriers can be accomplished through the generation or recombination of electron—
donor—acceptor complexes. Electrodes are used to collect the charge carriers that are
pushed around by the internal electric field. (Fig. 5) [89].

Interpenetrating networks, which are composed of two different semiconducting
polymers, have been developed as the ideal photovoltaic material for a high effi-
ciency. This structure offers the spatially distributed interfaces that are required for
an effective photogeneration as well as an easy collection of electrons and holes
[91]. As a direct result of this, recent studies have shown that photovoltaic cells that
are based on interpenetrating network composites that are made up of conjugated
polymer and Cgg derivatives can achieve conversion efficiencies that are significantly
higher, reaching up to 8% [92]. Thermal annealing can further enhance the perfor-
mance of polymer solar cells. PC¢BM ([6]-phenyl C61 butyric acid methyl ester)
is a common acceptor in polymer solar cells, but other fullerene derivatives like
PC7,BM or PCgyBM can be used for higher efficiency [93].

The performance of dispersed heterojunction organic photovoltaic devices has
been the subject of recent research, which has investigated nanostructure of the
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Fig. 5 Energy level diagram
of polymer solar cell [90]

blends to further enhance the efficiency of cells. These studies were carried out
in an effort to improve the efficiency of the devices. In order to accomplish this
goal, a focus has been placed on the development of disperse heterojunctions that
are constructed using polymer/CNT composite systems. It is anticipated that the
CNT, which is an extended form of C60, will provide greater electron mobility while
simultaneously lowering the percolation threshold. Because their field-effect electron
mobility can reach up to 77,000 cm? V~! s~!, carbon nanotubes are recognized as an
extremely electron-conductive semiconductor. This is due to the fact that it has been
reported that their field-effect electron mobility [94]. Time-of-flight experiments and
field-effect transistor analyses determined PCBM’s electron mobilities to be 1076 to
10! ecm? V=1 571 [95]. For the first time, MWNTs and poly(p-phenylene vinylene)
(PPV) were combined to form a rectifying heterojunction, as reported by Romero
et al. [58]. Curran et al. [96] mixed poly(m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene) and MWNTSs in toluene and then solution cast. Wetting MWNT's
with polymer improved photoconductivity, photoluminescence, and electrolumines-
cence [97]. It has been hypothesized that the improved performance of the device is
due to the favorable electronic properties of CNTs as well as their enormous surface
areas. CNTs have the potential to provide high thermal conductivity as well as good
mechanical stability. The incorporation of dye molecules into polymer—CNT solar
cells may lead to an increase in the short-circuit current due to the potential for further
improvement in light absorption in the ultraviolet and red regions (I.). Esterifying
CH,OH-terminated P3HT onto acid-oxidized CNTs was the method that Kuila et al.
used in their investigation of charge transfer at the polymer—CNT interface. This
was done using a bilayer photovoltaic device. P3HT-attached carbon nanotubes, also
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known as P3CNTs, are soluble in a wide variety of organic solvents, which makes it
easier for them to mix closely with free P3HT chains and produce powerful electronic
interactions. It was found that nanocomposite optical and electrochemical properties
differed from conventional composite. In the traditional composite, pure CNT and
P3HT were mixed together [98]. When compared to CNTs, graphene’s 2D carbon
network possesses a significantly higher specific surface area. Even in a bulk hetero-
junction device, there is less chance that a short circuit will happen via the active layer
[99]. The use of 2D graphene nanosheets in polymer solar cells (PSCs) in addition to
0D fullerenes and 1D CNTs has also been studied [100]. Yuetal. [101] used esterifica-
tion to graft CH, OH-terminated P3HT onto graphene oxide carboxylic groups (GO).
This is interesting. The power-conversion efficiency of their fabricated device was
improved by a factor of two hundred under one-sun illumination. This efficiency was
measured as 0.61%. Separate research conducted by Yu and colleagues resulted in
the development of a straightforward lithiation reaction that allowed for the covalent
attachment of monosubstituted C60 onto graphene. C60-grafted graphene nanosheets
improve electron transport and hence device performance [102, 103].

Dye-Sensitized Solar Cells

In 1991, Gratzel proposed the first dye-sensitized solar cell (DSSC) that worked well
enough. Even though the DSSC turns light into electricity less well than a Si-based
solar cell, it has many benefits, the most important of which is that it is cheap. Figure 6
shows the schematic illustration of DSSCs. Covalent bonds are what hold the dye
molecules to the metal oxide semiconductor.

Even though pristine TiO, has many extraordinary properties that make it a
perfect candidate for photoanode (PE), the performance of DSSCs based on pris-
tine TiO; is not sufficient for use in high-performance applications [105]. Therefore,
nanocomposites of carbonaceous materials with TiO, have been sought to make
high-performance DSSCs. Allotropes of carbon have high electrical conductivity

Fig. 6 Schematic
illustration of DSSCs [104]

L— Catalyst

— Electrolyte
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and electrolyte stability. CNTs and graphene are effective PE fillers for DSSCs.
High electron mobility and light harvesting are to blame. This section reviews carbon
nanocomposites with TiO, for efficient DSSCs.

In the production of DSSCs, carbon black (CB) is only occasionally used. The
CB has a higher conduction band when compared to TiO,, which has a lower band.
It has the potential to raise the conduction band energy level of the CB/TiO; film. As
aresult, it can achieve a higher output voltage [106]. By putting TiO2/CB nanocom-
posite and dye in a triangle, Ting and Chao [106] were able to improve the PCE of
DSSCs. The open circuit voltage (Voc) went up from 0.5 V to 0.6 V. The PCE and
short-circuit current density were also made better. Kang et al. [107] made CB/TiO,
nanocomposites with thermally treated CB. Nanocomposite thin-film photoanodes
improved DSSC efficiency by 31%.

Instead of providing an effective transport path [108], CNTs’ high conductivity
boosts DSSC performance. High-performance CNTs require alignment and disper-
sion. CNT alignment made composites anisotropic in two directions. Parallel conduc-
tivity is higher than perpendicular [109]. Similarly, CNT dispersion in the base fluid
affects the PCE of DSSC [110]. Conduction band of CNTs is lower than TiO2.
This difference would shift the Fermi level (FL) towards more positive or down-
ward [111].]. Figure 7a shows how MWCNTs lower Fermi level. CNTs’ contents
determine their positive potential. Increased CNT content shifts FL to a more positive
potential, increasing charge injection efficiency [112]. Charge collection efficiency is
another important factor in DSSC PE electron transport. CNTs increase PE conduc-
tivity by providing an electron transport path [113]. As can be seen in Fig. 7b, the
rapid transport of electrons also helps to reduce the recombination of injected elec-
trons with electrolyte. This decrease in recombination contributes to an increase in
the overall fill factor (FF) of DSSCs, which in turn contributes to an improvement in
PCE.

Semiconducting SWCNTSs perform better than metallic SWCNTs, according to
Guai et al. [114]. This was the case when comparing the two types of SWCNTs. It is
possible that this is due to the non-continuous band structure of s-SWCNTs, whereas
the bandgap of metallic-based SWCNTs is zero [115].

The bandgap, surface area, and electron mobility of graphene are all modifiable.
Due to its properties, graphene is widely regarded as an excellent candidate for
use as an additive material in DSSCs. Also, the 2D-graphene sheet makes it easy
for electrons that have been injected to move around. PEs made from graphene
have better PCE than those made from CNTs and carbon particles, according to
numerous experiments [116]. Due to higher charge recombination with electrolyte,
CNTs’ weak interaction with spherical TiO2 nanoparticles limits DSSC efficiency. A
single graphene sheet improves nanoscale TiO2 contact. Graphene’s work function
(—4.42eV)[117]is between TiO;’s (4.4 eV) and FTO’s (4.7 eV)[118]. This energy
level allows stepwise transfer of photogenerated electrons from TiO; to conductive
substrate (Fig. 8a). As can be seen in Fig. 8b, graphene serves as a connecting
medium between TiO2 and FTO [119]. Because of these advances, graphene is an
ideal material for the PE of a DSSC that operates at a high level of efficiency.
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Fig. 7 The inclusion of
carbon nanotubes has two
effects: a) a shift in energy
level, and b) an enhancement
in electrical conductivity
[112]

The development of a catalyst material that can be produced at a lower cost is
of the utmost importance for the eventual commercialization of DSSCs. In addition
to having a low cost, the catalyst should have excellent catalytic characteristics and
resistance to corrosion. The most obvious candidate to take the place of Pt is carbon.
It can be found in large quantities throughout the crust of the Earth. In addition to this,
it possesses all the characteristics that are necessary for the material that constitutes
the catalyst. Some of the carbon allotropes that have been utilized as catalysts in
DSSCs include activated carbon, CB, graphene, and CNTs [120].

5.2 Energy Storage Devices

It has been demonstrated that supercapacitors and batteries belong to electrochem-
ical energy storage devices [121]. Traditional electrode materials, however, such as
graphite is neither renewable nor sustainable; however, they are essential compo-
nents of the devices in question. Traditional non-sustainable electrode materials
can be replaced with renewable biomass-derived materials. It could be owing to
their distinct structures, mechanical strength, and conductivity. Moreover, they are
versatile and tend to form hybrid composites with other materials. Biomass and
its derivatives have been tried as high-performance electrode materials to enhance
the power density and energy density of electrochemical storage devices. [122]. In
the following, we will discuss the most recent developments in the field of super-
capacitors and lithium batteries that use carbon electrode materials derived from
biomass.
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@

(b)

Fig. 8 aGraphene/TiO2-based DSSC energy level diagram [105] and b Charge transfer mechanism
in composite anode [119]

5.2.1 Supercapacitors with Activated Carbon Nanomaterial Electrodes

Most activated carbon’s surface area is micropore-sized. In general, pores of this
size are inaccessible to electrolyte ions and cannot support an electrical double
layer. Mesopores boost a double-layer capacitor’s capacitance [123]. Recent studies
demonstrate that charge storage in pores 0.5-2 nm in size rises as pore size decreases
owing to the increased proximity of the ion center to the electrode surface [124]. A
double layer can’t form in pores that are less than 0.5 nm wide [125]. Activated
carbon materials that are currently on the market have a lot of surface area but not
many mesopores. This means that electrolytes can’t get to them easily, which limits
their capacitance. This means that the resulting supercapacitors have a low energy
density. Activated carbons also don’t conduct electricity well, and because they aren’t
easy to get to by electrolytes, they have a high internal resistance. This makes the

Z
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capacitors have a low power density. So, the activated carbon electrodes used in the
supercapacitors that are currently on the market have a low energy density and a low
power density.

Because of this, new materials are needed to make up for the problems with acti-
vated carbon electrodes so that supercapacitors can work better. High conductivity,
mesoporosity, and electrolyte accessibility make CNTs a good electrode material for
supercapacitors [126]. Researchers used the combination of CNT electrode mate-
rials and electrolytes to enhance supercapacitors’ performance, safety, and lifespan.
Randomly entangled CNTs were first researched for supercapacitor applications.
CNTs have a moderate surface area compared to activated carbons. However, a
larger capacitance has been observed for CNTs [126, 127] as compared to activated
carbons. The double-layer capacitors generally possess the charge densities in the
range of 20-50 wF. An et al. [128] determined that the theoretical capacitance of
their CNTs was between 71 and 178 F g~!. This is in close agreement with the
measured values (180 F g~') in the top bound, which indicates that the CNTs have
perfect electrolyte accessibility. The enhanced electrolyte accessibility and thus high
capacitances found for CNT electrodes are due to the peculiar mesoporosity caused
by tube entanglement [126, 128].

Since the 1990s, CNTs have been used for supercapacitance [129]. CNT-based
capacitors lack the required capacitance. It is mainly due to the high interface resis-
tance between current collector and CNT electrode, poor interaction between elec-
trolyte and electrode, and instability of double layer. Graphene has been examined as
a carbon-based electrode in supercapacitors because of its higher SSA, high electrical
conductivity, and superior mechanical stability. Theoretically, a graphene electrode’s
double-layer capacitance can approach 550 F g~!, the greatest of any carbon-based
electrode [130]. Stoller et al. used electrodes made of graphene oxide that had been
chemically changed to get specific capacitances of 135F g~ and 99 F g~! in aqueous
and organic electrolytes, respectively [131]. This group also made reduced graphene
oxides with capacitance values of 191Fg~! using simple microwave heating method
[132].

5.2.2 Lithium-Ion Batteries (LiBs)

LiBs have been made commercially with graphite and lithium cobalt oxide as the
anode and cathode, respectively [133]. The electrolytes are mostly comprised of
a combination of the solvent and Li salts. The mixture of these materials results
in a nominal voltage of around 3.6 V, which is approximately double the value of
a conventional alkaline battery. During charging and discharging of LiBs, Li ions
move from anode to cathode through electrolyte. Therefore, lithium-ion batteries
have a longer cycle life than alkaline or other types of rechargeable batteries. The
structure and working mechanism of LiB is shown in Fig. 9 [134]. It has been found
that the electrode properties affect battery energy, power, safety, and cycle life.
Because of its comparatively large capacity and superior cyclability, graphite has
traditionally been utilized as the anode material of choice for lithium-ion batteries.

Z
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Fig. 9 Working principle of
a Li-ion battery [134]

The intercalation and deintercalation of lithium ions into and out of graphite, respec-
tively, during charge and discharge, is the fundamental mechanism behind graphite’s
role as the battery’s anode (Fig. 9). The saturated concentration of graphite at ther-
modynamic equilibrium is LiC6, which is equal to a theoretical capacity of 372 mAh
¢~!. Advanced LiBs need higher-capacity anode materials to increase energy density
[134]. Also, the best anode material for LiBs should be more reversible and have a
faster rate of charging and discharging than graphite [135]. To improve energy storage
of LiBs, higher-capacity cathode materials are needed. Numerous studies have been
conducted on nanostructured electrode materials for LiBs because they have a large
SSA and make it easy for ions to move through them [136]. CNTs are promising for
LiBs due to their high conductivity, high SSA, porosity, and easy electrolyte diffu-
sivity [136]. CNTs have been investigated as host materials and conductive additions
for anode applications. CNTs are an appealing host anode material for Li + inter-
calation. Several papers have been written about how Li + can be successfully put
into both SWNTs and MWNTSs [135]. On the other hand, CNT anodes have two
major flaws. One of them is the capacity that can’t be changed. This is caused by the
formation of a layer on the surface of the carbon called the solid electrolyte interphase
(SEI). This is like what happens when graphite is used as an anode [137]. The other
problem is the voltage hysteresis that happens between charging and discharging.
This is mostly caused by how fast the Li* intercalation and deintercalation reactions
at the CNTs anode occur. To address these issues, for example, by shortening the
nanotubes to increase the electrode’s charge transfer capabilities, attempts have been
made.
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Graphene’s excellent conductivity, high SSA, and electrochemical stability make
it a suitable electrode material for LiBs [138]. However, graphene’s specific capacity
is quite limited, as only one lithium ion can be retained per six carbon atoms [139].
Various methods, such as generating hybrid materials with metal oxide, adding
dopants, and regulating the formation of layered structures, have been built to over-
come these primary constraints. Metal oxide and graphene-based hybrid materials
improve the metal oxide electrode’s reversible cycling performance.

6 Conclusion and Future Outlook

Carbon from biomass is used in advanced energy storage and conversion devices,
especially in supercapacitors, LiBs, and thin-film solar cells. Even though there
has been some progress in the field of energy conversion and storage with carbon
materials made from biomass, there are still some challenges that make it hard to use
them more:

1. The use of biomass in the production of high-performance carbon nanomaterials
is still challenging due to the fact that biomass has a complicated 3D structure,
strong chemical bonding, and a high oxygen concentration.

2. Different energy storage techniques require different architectures of biomass-
derived carbon.

3. Biomass-derived carbon structure and surface chemistry should be regulated.
Chemical activation promotes SSA by generating micropores. These micropores
limit electrolyte ion transit and transfer, causing inadequate power. In supercapac-
itors, ion and electron transport is difficult when carbon materials are excessively
porous.

4. Using heteroatoms in LiBs can increase interlayer spacing and active sites. Inter-
calation and deintercalation of lithium/sodium ions are important for battery oper-
ation. Oxygen and sulfur-containing functional groups reduce the conductivity
of carbon-based materials.

5. Owing to their superior electrical conductivity and wide SSA, biomass-derived
carbon materials support high pseudo-capacitance materials. However, interface
combination is crucial.

6. It’s important to scale up manufacturing of biomass-derived carbon compounds
from the lab to industry. The production of CNMs from biomass should be
low-cost and free from toxic gasses.

In a nutshell, the material structure’s contradictory problems need to be balanced
to offer suggestions for the design of efficient electrode materials for energy conver-
sion and storage. Future research should be focused on the development of all
biomass-based electrochemical systems that make full use of the structural varia-
tion of biomass to fulfill sustainable development approaches. These systems should
take full benefit of the structural potential offered by biomass.
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Abstract The conventional procedures for the production of nanomaterials result in
the generation of a significant amount of chemical waste. In recent years, there has
been a lot of focus placed on the idea of using plant biomass as a viable alternative
substrate in the production of bulk chemicals, liquid biofuels, and synthetic materials.
This concept has garnered a lot of interest in recent times because, contrary to tradi-
tional physical and chemical techniques, bio-resource-based nanomaterial synthesis
is cost-effective, environmentally safe, and appropriate for mass manufacturing. The
synthesis of nanomaterials with an abundance of beneficial qualities from renewable
biomass, including plants, marine organisms, biomass waste, etc., can be one of the
major sources for the production, due to the presence of biomolecules, especially
polyphenols, which act as a reducing agent and stabilizer. Also, the size of different
nanomaterials has been discussed, which plays an important role in their properties.
These nanomaterials are lethal to resistant bacteria and present a significant oppor-
tunity for the maximization of energy production and storage. It can be used for a
broad variety of purposes, including the treatment of wastewater and various other
means of cleaning the environment. This chapter provides an update on the plant
biomass-based synthesis of various nano-ranged nanomaterials that can be charac-
terized using appropriate techniques. Also, all the growing uses and applications
of nanomaterials in different sectors, such as imaging, drug delivery, ion detection,
energy storage, photodegradation, etc., are briefly discussed.
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Abbreviations

Ultraviolet-visible UV-Vis
Transmission electron microscopy TEM
Scanning electron microscopy SEM
Fourier transform infrared FTIR
Dynamic light scattering DLS
Energy dispersive X-ray EDX
Carbon quantum dots CDQ
Carbon dots CDh
Nanometers Nm
Nanomaterials NMs
Nanoparticles NPs
Laser ablation LA
Chemical vapor deposition CVD
X-ray diffraction XRD
Temperature Temp.

1 Introduction

Biomass contains a wealth of interesting biomaterials that might be used in a variety
of ways. These include as a source for polymers and innovative composites, which
could find endless applications, and as a precursor to the production of platform
chemicals and biofuels. Biomass’ adaptability stems from its various morphological,
biocompatible, biodegradable, and chemical characteristics [1, 2]. It has become
increasingly common to contemplate using biological approaches for the synthesis
of NPs due to the fact that these techniques mitigate many of the negative side effects
associated with mass-producing nanoparticles. The biological and green approach
uses bacteria, yeasts, fungi, algae, and plants for the industrial synthesis of green
NMs, with biomass acting as the reducing agent as well as the stabilizing agent
[3-5].

Nanomaterials, materials ranging from 1 to 100 nm, can be categorized as natural,
accidental, or engineered (ENMs). Because of their small sizes, they possess unique
qualities. [6-8]. Computer chips, environment and energy, biomedicine, health,
cosmetics, aerospace, and defense are among the many sectors that utilize them.
Nanomaterials are also added to fundamental materials to improve their performance.
Nanomaterials are typically composed of inorganic, organic, carbon, and composite
components. Metallic oxides and other nanosized metals are examples of inorganic
nanomaterials. Titanium dioxide (TiO,), zinc oxide (ZnO), and iron oxide (Fe3O,4) are
common metal oxide-based nanomaterials, along with silica (Si0,), copper oxide
(CuO), and oxides of iron (such as Fe;O3). Organic nanomaterials are composed
of carbon-containing organic compounds, excluding carbon-based substances like
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cyclodextrin, micelles, dendrimers, and liposomes. Graphene, multi-walled carbon
nanotubes, carbon fiber, fullerene, carbon black, single-walled carbon nanotubes,
and activated carbon are carbon-based nanomaterials. Metal-metal oxide, organic or
carbon, and metal-organic framework-based compounds are the three main types of
composite nanomaterials [9—12]. Nanomaterials have been synthesized using various
plant parts, such as petals, roots, stems, leaves, fruits, etc. [13—16]. Lemongrass, aloe
vera, neem, tamarind, and geranium extracts, among others, have been extensively
researched for their potential use in the synthesis of gold and silver NMs [17-19]. The
introduction of NPs has revolutionized the healthcare industry, drug and gene transfer,
and optical engineering. Enhanced optical detection capabilities, where incident light
is connected with plasmon excitation of the metal, result in a millionfold more light
scattering compared to any other molecule, making metal NPs the promising biolog-
ical detection instruments [20]. Recent years have seen extensive research on the
potential benefits of incorporating nanotechnology and nanomaterials into biofuel
production. By modifying the properties of feed materials and biocatalysts, nano-
materials can be used in the development of a novel hybrid nanobiocatalytic system
that brings together biotechnology and nanotechnology [21]. Nanomaterials’ unique
characteristics, including their small size, large surface area, abundance of surface-
active functional groups, and unusual shape, present exciting prospects in a wide
range of environmental contexts. These inherent properties of nanoparticles make
them excellent candidates for removing harmful pollutants from wastewater [22]
(Figs. 1 and 2).

Fig. 1 Plant biomass-based nanomaterials synthesis and applications
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Fig. 2 Methods for synthesis of nanomaterials using different techniques

1.1 Classification of the Nanomaterials Based on Their

ey
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Dimensions is As

Zero-dimensional nanomaterials (0-D): This means that the NMs have all 3 of
their dimensions inside the range of the nanoscale. This category will eventually
include nanoparticles.

One-dimensional nanomaterial (1-D): For this, if you choose any 1 dimension,
it will be within the nanoscale range, while the other 2 dimensions will be
outside the range of the nanoscale. This category is associated with nanotubes,
nanowires, and nanorods, among other similar structures.

Two-dimensional nanomaterials (2-D): Only two dimensions fall inside the
range of nanoscales, whereas the third dimension remains outside of it.
Nanolayers, nanocoatings, and nanofilms are all types that fall under this
category.

Three-dimensional or bulk nanomaterials (3-D): These nanoparticles don’t fall
within the range of the nanoscale in any of the dimensions. This indicates that
in three dimensions, they are larger than 100 nm in scale. Nanocomposites,
multi-nanolayer structures, bundles of nanowires, core shells, and bundles of
nanotubes are some examples of these [23, 24].

1.2 Types of Nanomaterials

One of the many characteristics that can be used to categorize nanomaterials is
the type of constituent materials that they are made up of. On the basis of the many
different types of materials, we can broadly divide them into the following categories:

Z
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Metallic nanomaterials
Polymeric nanomaterials
Ceramic-based nanomaterials
Carbon-based nanomaterials.

S e

Metal based nanomaterials

Nanomaterials based on metals have seen widespread use in a variety of different
applications. They are able to be separated into a variety of categories, including metal
NPs, metal oxide NPs, bimetallic NPs, trimetallic NPs, among others. Because of
their smaller particle size, increased surface area, and increased reactivity, certain
metal nanoparticles, such as gold and silver, exhibit exceptional optical, electric,
and molecular capabilities when compared with the bulk materials. In general, the
synthesis method will dictate the size of the metal NPs that are produced. Metal
nanoparticles have interesting size- and shape-dependent characteristics, which
results in a wide variety of interesting applications [25].

Polymeric nanomaterials

Polymeric nanostructures with particle sizes ranging from 1 to 1000 nm at minimum
in one dimension have garnered a significant amount of interest in a variety of scien-
tific applications. This is primarily due to the considerable rise in the ratio of surface
area to volume that these materials exhibit. In comparison to bulk polymers, they have
a number of advantageous characteristics. They exhibit outstanding characteristics
in the optical and electrical domains [26].

Ceramic-based nanomaterials

Phosphates, carbides, oxides, etc., of metals or metalloids are the primary building
blocks of ceramic nanomaterials. Ceramic nanoparticles based on silica and alumina
are the ones that are used most frequently. They are protected from degranulation
and degradation, thanks to their porous structure at the nanoscale. There are three
subtypes of nanoceramics: nanostructured scaffolds, nanoclay, and nanomaterials
[27].

Carbon-based nanomaterials

Because of the superior properties they possess, nanoparticles based on carbon have
found widespread use in a vast array of applications. Carbon quantum dots (CQDs),
graphene, and a few other materials, such as carbon nanotubes (CNTs), are among
the best-known examples of this kind of material. CQDs are zero-dimensional carbon
nanoparticles with a size smaller than 10 nm and internal dimensions in the region
of nanometers, although their lengths are in the region of micrometers. CNTs have
lengths in the range of micrometers [28—30]. Nanomaterials, due to their small size
and unique properties, play an important role in moving towards a greener future, and
their diverse applications in medicine, environment, cell imaging, drug inhibition,
photocatalytic degradation, defense, health, and other fields pique the interest of
researchers. This not only paves the way for the conversion of biomass waste into
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useful reducing and capping agents for nanomaterials and other analogues, but it also
offers a concept for multistep processing of waste materials that could result in many
new and useful materials for various purposes. Furthermore, by effectively turning
biomass waste into valuable products, this will serve as an example for promoting a
sustainable economy and providing actual solutions to problems.

2 Routes for Synthesis of Nanomaterials

Being in demand, new and different routes for the synthesis of nanomaterials have
been developed that can be chemical-free and suitable for different applications.
In this respect, aspects such as reducing agent, solvent, and capping agent should
be examined from a green chemistry viewpoint, including the usage of nontoxic
capping agents, less hazardous reducing agents, and environmentally safe solvents.
Another element gaining great attention is the creation of green synthetic procedures
that solve the heating efficiency difficulties faced by conventional methods [30].
Generally, nanomaterials can be synthesized using both top-down and bottom-up
approaches to obtain different spatial arrangements, sizes, and shapes.

2.1 Top-Down Approach

Large pieces of material can be divided into smaller, nano-sized fragments with
this technique. Top-down techniques are easier to use, but they are ineffective when
trying to create particles with complex forms or sizes. The main disadvantage of
this approach is the challenges involved in obtaining the correct particle size and
morphology (Fig. 3).

2.1.1 Ball Milling Process

Ball milling, which generates NPs through the attrition process, is the mechanical
method of a top-down approach that is both the simplest and most effective. The
process of “grinding,” which consists of the transfer of kinetic energy from the
grinding media to the substance being reduced, is applied to the material being
reduced. The use of this method results in the production of a variety of NPs and
alloys of metals. A regular amount of powder is added to the milling vial, where
it is processed by friction and the movement of the balls inside the vial. At high
temperatures, the temperature and pressure produced by the contact between the
balls and the vessel wall, as well as the contact between the balls and the wall, can
cause a violent change of phase. To reduce the size of the particles, it is used in
a variety of materials. The reduction of particles, surface modification, crystallite
size, potential generation of metastable phases, and mechanical dislocation are all
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Fig. 3 Schematic diagram
for top-down approach for
the synthesis on
nanomaterial

significantly impacted by this process for powdered samples. A large variety of
reactions that don’t happen naturally at the temperature of the environment can be
manufactured [31-33].

2.1.2 Thermal Evaporation

During this endothermic reaction, the heat generated causes degradation. The heat
produced destroys the chemical bond of a substance [34]. Among the numerous
approaches for the synthesis of inorganic nanoparticles, this method is regarded as
one of the most frequent for the development of stable, highly dispersed suspensions
with the capacity for self-assembly. Various substances are coated with thin films,
utilizing thermal evaporation [35]. There are a number of elements that can have an
effect on the thermal evaporation process. Experimental conditions for the creation
of nanocrystals include the heating in the furnace, the length of time that evaporation
lasts, and the distance from the source to the substrate [36]. Thermal evaporation
does not require a solvent, is suitable for low melting-point materials, and is simple
to monitor. It is possible to deposit materials on surfaces in an even and homogeneous
manner, which is of critical importance when working with ultrathin layers [37, 38].

2.1.3 Laser Ablation

Laser ablation (LA), which essentially uses a laser to eliminate molecules from
the surface of a substrate in order to form micro- or nanostructures, has a broad
range of applications in ceramics, polymers, metals, and glasses. By focusing a laser
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source from above, it is a method for extracting chemicals from a substrate. Ablation
occurs when the substance consumes sufficient energy to melt or vaporize. LA is a
continuous process in laser machining such as drilling, high-precision, and laser beam
milling [39]. Nd: YAG lasers, which produce light at a wavelength of 1064 nm, are the
most common source of near-infrared laser radiation. The wavelength range of diode
lasers, which emit light, is 800-970 nm [40]. A popular method includes directing
the beam of a laser at a metal target that is partially submerged in liquid. This results
in the formation of vapor, drops of molten material, or plasma, which combines with
the liquid media to produce certain entities and ultimately nanomaterials [41].

2.1.4 Sputtering

Vacuum sputtering is an established top-down technique for fabricating thin films
by blasting a substrate with powerful gas ions derived from Ar, O, Nj, or Hj,
among others. The bombardment ejects atoms or clusters from the substance, which
can subsequently be deposited on a substrate introduced into the vacuum sputtering
chamber. To obtain NPs as opposed to large aggregates or thin films, extremely brief
sputtering times, on the scale of a few to several tens of seconds, have been obtained
through post-heat treatment or low pressure clusters from the substance, which can
subsequently be deposited on a substrate introduced into the vacuum sputtering
chamber. To obtain NPs as opposed to large aggregates or thin films, extremely
brief sputtering times, on the scale of a few to several tens of seconds, have been
obtained through post-heat treatment or low pressure. By alternately sputtering two
or more targets, NPs can be placed between two solid layers to restrict their growth
and distribute a greater quantity of nanoparticles in solid media [42]. Sputtering is a
technique for depositing NMs on the surface of a substrate by emitting particles with
high-energy charged particle strikes. This is done during the process of sputtering.
The sputtering method can be utilized for a variety of applications, including thin-
layer deposition, surface etching, and surface coating [42].

Sputtering with an ion beam is an alternative way to the ones that have been
discussed previously. Ions are directly sputtered onto a target by an ion beam
emanating from the source of the ions, and the plasma from which the ions are
extracted is contained within the discharge vessel of the ion source. This indicates
that the working gas and substrate do not come into contact with one another [43].

2.2 Bottom-Up Approach

The technique that begins from the bottom-up is also referred to as the "constructive
approach." The bottom-up strategy is diametrically opposed to the top-down strategy.
The formation and self-assembly of molecules and atoms as their basis produces
nanomaterials with characteristic size, shape, and chemical composition (Fig. 4) [44].
This method is used to synthesize the majority of plant biomass-based nanomaterials.

Z
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Fig. 4 Schematic diagram for the bottom-up approach for the synthesis of nanomaterial

2.2.1 Chemical Vapor Deposition (CVD)

CVD is a versatile and effective technique for producing nanoparticles. CVD was a
significant technology in the microelectronics industry for years, and it continues to
be one of the most compelling techniques capable of resolving the issues posed by
contemporary technologies [45]. This method produces NMs using relatively simple
components. Using this method, a substrate is covered with a thin layer of gaseous
molecules. A chemical reaction happens when gas is brought into contact with a
heated substrate in a reactor vessel. The result is the formation of a thin layer on the
substrate’s surface [46]. Changing the CVD process parameters can result in different
amounts of NMs being produced. Processes are carried out at moderate pressure;
similarly, operations can be carried out at low pressure (1 Torr) or at an extremely high
vacuum (100 Torr). A uniform coating influences the quality of the materials as well
as the deposition, all of which are controlled by the pressure. The type of precursors,
catalysts, and temperature, as well as the state of the gas flow, the substrate, and the
physical properties of the vapor, are all important. The vast majority of conventional
CVD techniques are performed at extremely high temperatures, frequently around
1000 °C; however, when the material cannot withstand high temperatures, moderate
temperatures (around 300 °C) are used (Fig. 5) [47].



340 M. Aslam et al.

Fumnace

N

1 valve i
erL-Q_Cl_ Ricis
Capsule
dplll
gauge 5
vaporizer ._J_. v |7 E
F- [
MTS -
water —fmmmo"
bath o
H, N
Rotary 1.substrate
VRO 2.susceptor

pump

Fig. 5 A schematic diagram of a laboratory CVD equipment [48]. Reprinted under terms of the
Creative Commons license from ref (Choy et al. 2021). Copyright 2021 Springer Nature

2.2.2 Hydrothermal

Heterogeneous reactions in aqueous media at 100 °C and 1 bar of pressure are the
hallmark of hydrothermal synthesis. It’s still a go-to technique for making ultrafine
oxide powders [48]. In this process, cations precipitate as polymeric hydroxides,
which then undergo dehydration and speed up the development of the metal oxide
crystal structure. When a base is introduced to a metal salt solution, a second metal
cation forms that is useful for regulating the particle formation process by inhibiting
the production of complex hydroxide [49]. The hydrothermal method has contributed
significantly to the contemporary domains of science and technology due to its pure
end product, homogeneous precipitation, relative affordability, and environmentally
friendly conditions. In addition, this technique can be subdivided into hydrothermal
synthesis, crystal development, and treatment, as well as the preparation of functional
ceramic powder and the treatment of organic waste [49, 50].

2.2.3 Co-precipitation

Co-precipitation is the combination of more than two salts of water-soluble metal
ions, typically divalent and trivalent. In such compounds, the bulk of the dissolved
salts are composed of trivalent metal ions. These hydrophilic salts act as reducing
agents to produce at least one water-insoluble salt that precipitates. Continuous agita-
tion of the solution is required, which may or may not coincide with the proper temper-
ature based on the reaction circumstances and reducing agent [23]. Co-precipitation
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Fig. 6 Schematic process of Co-precipitation method

is the technique of establishing a consistent distribution of two or more ionic species
via a precipitation reaction in a homogenous solution (Fig. 6). Through a series of
chemical processes in solution, this method produces homogeneous nanomaterials
with small diameters and narrow size distributions. For pH maintenance, the solu-
tion is blended directly or drop-by-drop with the other solution that contains soluble
precipitation reagents. In this method, chlorides, hydroxides, carbonates, hydrox-
ides, and oxalates are the most commonly used precipitants. The aged precipitates
are next filtered or centrifuged to remove the larger particles. To eliminate impuri-
ties and obtain NPs of purity, additional washing with deionized water, ethanol, or
other solvents is necessary. Post-treatment like sintering, calcination, and annealing
is employed to generate NMs with the required crystalline structure and morphology
[51].

2.2.4 Sol-Gel

It is the process wherein suitable chemical solutions serve as precursors. In the
sol-gel technique, metal oxide and chloride are frequent precursors. The precursor
is distributed in the host liquid by several processes, such as sonication. Various
processes, such as filtering, sedimentation, and centrifugation, are used to separate
the solid phase from the liquid in order to extract the nanoparticles from the resulting
solution. Condensation and hydrolysis reactions are involved in the process of trans-
forming sol into gel [34]. This approach is able to produce two or more distinct types
of nanoparticles at the same time, which means that alloy products can be produced
in a single step by combining two or even more metal (or metal oxide) precursors
in a specific ratio. The transition from the liquid to the solid state, known as the
sol-gel process, can be accomplished through a number of different methods, the
vast majority of which entail a slow drying process to get rid of the solvent. In this
process, providing the appropriate circumstances to prevent the creation of splits is
one of the most significant concerns to address. This is because the drying of the gel
is associated with its shrinkage (Fig. 7) [52].
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Fig. 7 Schematic of sol gel including different stages

For instance, the techniques utilized in the synthesis include ultrasonic treatment,
solid-state microwave radiation, and thermal breakdown, which require a great deal
of energy, space, and costly equipment [53]. To minimize all the effects, a natural
source of synthesis can be highly effective. Fungi, bacteria, sawdust, animal-based
gelatin, and many more Out of all this, we have chosen to discuss plant biomass-based
synthesis, which can be done from various parts of the plant.

3 How Plant Driven Synthesis of Nanomaterials
is Beneficial

Variable-sized and shaped NMs are generated from many plant parts, including the
root, stem, leaves, flowers, latex, and seeds. The study shows that plant elements
are favored due to their exceptional ability to decrease metal ions. In addition,
plants are readily available and safe to handle. Alkaloids, diterpenoids, salicylic
acids, steroids, tannins, polysaccharides, glycosides, flavonoids, phenolic acids, vita-
mins, enzymes, minerals, lectones, saponins, amino acids, and sterols are bioac-
tive substances derived from plants that serve as reducing and stabilizing agents
[54]. The use of green synthesis over chemical processes is due to its significant
benefits, including cost-effectiveness, lower toxicity, environmental friendliness, and
improved application.
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4 Synthesis of Nanomaterials Using Plant Biomass

Nanomaterials can be synthesized from various techniques which involve both
chemical and biologicals processes but one of the primary reason for choosing
plant biomass is that they are environment friendly and cost effective. Some of the
synthesizing methods are included in Table 1.

4.1 Titanium Dioxide (TiO;)

Srinivasan et al. [13] added 25 mL of Sesbania grandiflora plant extract, which they
mixed with 225 mL of a 5 mM TiO, solution and incubated for 1 day at room
temperature under stable conditions. The development of a greenish color suggested
the formation of TiO2 NPs. Rajendhiran et al. used Carissa carandas fruit extract for
producing TiO;. 100 mL of ethanol was added to 6 mL of titanium isopropoxide with
continuous stirring for 2 h. To this solution, plant extract was added in different ratios,
stirred for 80 min, filtered, and dried. The nanomaterial formed is characterized by
SEM, as shown in Fig. 5 [55]. TiO, was produced by extracting the leaves of the Acor-
uscalamus (A. calamus) plant and using them as a capping and reducing agent. This
created a new biogenic source. It was discovered that the nanoparticles had a globular
shape and ranged in size from 15 to 40 nm on average. Strong photocatalytic activity
was demonstrated by the biosynthesized TiO, nanoparticles, which resulted in the
degradation of 96.59% of the RhB dye [82]. Titanium dioxide nanoparticles (TiO,
NPs) were produced by a green manufacturing process that was kind on the environ-
ment and made use of the root extract of the Withania somnifera plant. To evaluate the
antimicrobial properties of the TiO, NPs against Pseudomonas aeruginosa, Serratia
marcescens, Staphylococcus aureus, Escherichia coli, Candida albicans, and Listeria
monocytogenes, the minimum inhibitory concentration (MIC) was calculated.

4.2 Metal Nanoparticles (MNPs)

The synthesis of silver nanoparticles (AgNPs) using an aqueous root extract of the
Salvadora persica plant as a reducing agent is environmentally friendly. Salvadora
persica nanoparticles with an average size of 37.5 nm demonstrated remarkable
antibacterial activity [14]. Moringa and neem plant extracts were used in the produc-
tion of silver nanoparticles by Solaiman and colleagues. The researchers determined
the size of the particles to be 3.82—16 and 8.34—13.7 nm, respectively, and discovered
that the particles had a spherical shape [83]. Another study created silver nanoparti-
cles from an extract of Wedelia chinensis leaves and tested them for their potential
as cytotoxic, antioxidant, and antibacterial agents. Yu et al. discussed eco-friendly
silver nanoparticles (AgNPs) made from Eriobotrya japonica (Thunb.) plant leaves
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and their application in the catalytic degradation of dyes [84]. Bhagat et al. developed
an effective, quicker, and more environmentally friendly process for the biosynthesis
of Au-NPs using the leaf extract of Citrus limonum. The protocol was helped by an
ultrasonicator. These Au-NPs have the potential for use in the qualitative and quan-
titative examination of the organophosphate pesticide dichlorvos with great success.
It was discovered that this procedure was helpful in determining whether or not an
organophosphate pesticide was present in two extracted samples, such as soil and
fabric [85]. The Anbara fruit, also known as Phoenix dactylifera L., is used in the
synthesis of platinum nanoparticles (PtNPs), which are then characterized by the
application of a variety of spectroscopic analytical techniques. These PtNPs were
put through their paces in an experiment to investigate the hepatotoxic and hepato-
protective effects of CCl4’s acute liver injury in Wister rats [86]. Under the influence
of daylight, a method for the synthesis of Cu nanoparticles (CuNPs) utilizing the
extract from Jatropha curcas (JC) leaves has been recorded for possible photocatalytic
activity towards methylene blue (MB), in comparison with other dyes [87].

4.3 Other Nanomaterials

Another group of researchers manufactured multiwalled carbon nanotubes using a
catalyst generated from plants. They employed the CVD process for the synthesis
to obtain nanomaterials of 8—15 nm [61]. The carbon sources for the hydrothermal
synthesis of carbon quantum dots were fresh bamboo leaves. These leaves were
washed with distilled water and then air-dried. For cold crushing, a predetermined
amount (2.0 g) of dry bamboo leaves are cooled and grinded with liquid nitrogen.
The fine powder resulting from the grinding process is dispersed in 25 mL of distilled
water. The combined mixture is then transferred to a Teflon-lined 50 mL autoclave
and boiled at 200 °C for 6 h. It was centrifuged and filtered to yield 2—-6 nm-sized
material [67].

Stan et al. [71] synthesized ZnO nanomaterials from aqueous Allium cepa (onion),
Petroselinum crispum (parsley), and Allium sativum (garlic). They used 20 mL of
plant extract and added 2 g of zinc nitrate, which was stirred for 20 min, and the
mixture obtained after 12 h at 95 °C was then heated in an air furnace at 400 °C
for 2 h. The dried mass was characterized, and the size was found to be between 14
and 70 nm. Matinise et al. [58] used 50 ml of Moringa oleifera leaf extract and one
hour of magnetic stirring to dissolve 5 g of Fe(NO3)3.9 H,O and Zn(NO3)2.6 H,O.
The combination was kept covered for 18 h. It was then rinsed multiple times with
deionized water and heated at 500 and 700 °C for two hours. HRTEM and SAED
characterization, as shown in Fig. 8, confirm the formation of nanomaterials. An
environmentally friendly method was used to synthesize the nanomaterial ZnFe,O4
using an extract of the plant Limoniacidissima. After characterization, the size was
found to be around 20 nm [76].
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Fig. 8 HRTEM and SAED images of ZnFe;O4 nanocomposites (R.T, 500 and 700 °C) [70].
Reprinted under terms of the Creative Commons license from ref (Matinise et al.). Copyright 2021
Springer Nature

These nanomaterials have characteristic properties, and their sizes vary according
to the conditions and plant biomass used. Nanomaterials synthesized from different
plant biomass have been discussed in Table 1.

All these nanomaterials are of great potential in various walks of life from daily
activities to industries. Having a good size to volume ratio helps these nanomaterials
to have unique characteristics.

5 Applications

Nanomaterials, due to their easy synthesis from plant-based biomass, are extensively
used in different fields and walks of life for everything from the enhancement of
materials to defense to manufacturing new materials to drug delivery. NMs have the
potential to be utilized in industries and are now used in a variety of applications
[88-90]. Following are some of the daily use applications explained in the area of
research and development (Fig. 9).
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Fig. 9 Applications of plant biomass-based nanomaterials

5.1 Biomedical Applications

The advent of novel microbiological species, including the SARS-CoV?2 virus that
caused the current COVID-19 epidemic and multidrug-resistant pathogenic microor-
ganisms, has resulted in an increase in healthcare concerns for humanity [91, 92].
Numerous pharmacotherapeutic uses of NMs have been investigated, as well as
their antibacterial, antioxidant, and anti-inflammatory capabilities, and as a result,
potent new therapeutic choices are now readily available. The metals gold, palladium,
selenium, and silver have all shown anti-disease activity in nanostructures [93]. It
was discovered that platinum nanomaterial produced with Saccharomyces boulardii
possessed anticancer effects against A-431 and MCF-7 cell lines [94]. Ortega et al.
found that silver nanoparticles generated by Cryptococcus laurentii had the same
impact as chemotherapy on breast cancer cell lines [95]. The investigation of NPs in
leukocytes to find out what role they play in gut inflammation has revealed that they
stop a molecule called Cyclin D1 from working. Cyclin D1 controls the cell cycle.
Kumar et al. [96] investigated that, through the metabolic pathway, the nanomate-
rials might come into contact with the cell walls and membranes of bacteria. The
nanoparticles then stick to the basic parts of bacterial cells, like enzymes, DNA, and
ribosomes. They are much more likely to prevent enzymes and proteins from doing
their important tasks [97].
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5.1.1 Antimicrobial Applications

Nanomaterials (NMs) have been extensively studied for their potential to be antimi-
crobial, and it is possible that this potential is due to the production of reactive oxygen
species (ROS), which can damage cell proteins and disrupt nuclear membranes [96].
One of the following inhibitory processes may be a component of the antiviral mech-
anism of NMs: viral adsorption on NMs [98], fragmentation of the viral envelope
[99], free radical generation, and a reduction in the ability of viruses to adhere to cell
membranes [100]. Because NMs are tiny and have a large surface area, they have
a significant antibacterial potential because they can quickly cross cell membranes
and halt microbial development. According to several studies, bacteria’s cellular
membranes are harmed by zinc-based metallic NMs, which cause the contents of the
cells to leak out and cause cell death [101]. In a study, many NMs based on gum karya
were created and evaluated against various Chlamydomonas and microalgae species
[102]. In order to prevent superinfections, zinc NMs work well in wound dressings
[103], and they have a significant antioxidant potential [104]. Numerous investiga-
tions have demonstrated the capability of numerous additional metallic NMs, such as
Fe;04, NiO, MgO, and CO304 [105, 106]. HIV, CoxB4, HSV1, and dengue viruses
can all be treated using biogenic silver nanoparticles (NMs) [107, 108]. Further-
more, biogenic ZnO nanorods have been shown to be antibacterial against the dengue
vector Aedes aegypti [109]. In addition, oxidized copper NMs dramatically reduce
the “oncolytic virus” activity. Thatoi et al. [72] developed a method for the synthesis
of silver and zinc oxide nanomaterials for microbial pathogens using mangrove plants
with a wavelength of 9-16 nm. Cittrarasuet al. tested seNP’s antimicrobial activity
with gram-positive and gram-negative bacteria (B. subtilis and E. coli) at various
concentrations, and the inhibition results were compared with the normal antibiotic
methicillin (standard). It was found that seNPs show an increase in inhibition activity
with increasing concentrations of 25—-100 uL/mL at the inhibition range between 14
and 20 mm diameter [110]. The high inhibition range (7-10 mm) of selenium is
shown in Fig. 10.

5.1.2 Anticancer Applications

Green metallic nanoparticles derived from plants have been reported to be effective
anticancer agents. The safety of cytotoxic, biogenic NMs is a top priority because they
should only act on cancerous cells instead of healthy ones. An excellent antitumor
medication should be impactful, safe, and selective to the cancer site, and it shouldn’t
need to be monitored [93]. As a result, scientists and doctors have been working to
create antineoplastic medicines that have a wide margin of safety, are affordable,
biodegradable, and biocompatible, and have no off-site consequences. The plant,
Cassia auriculata, was used to make gold NMs, which have demonstrated an anti-
cancer effect at a concentration of 30 wg/ml, while silver NMs derived from Cassia
auriculata leaves have been employed to destroy A459 lung cancer cells at a low
dose of 10 pg/ml [111]. Biogenic gold NMs made from the plant Cajanus cajan have
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(a)

Fig. 10 (a—c) The antibacterial activity of selenium NMs on different pathogenic strains. Reprinted
under terms of the Creative Commons license from ref [ 110]. Copyright 2021 Springer Nature. TEM,
transmission electron microscopy

been shown to kill HepG2 liver cancer cells for 24 h with an LD50 of 6 g/ml [112].
A recent study discovered that HepG2, A459, and HeLa cells were more harmful to
biogenic silver nanoparticles (NMs) [113]. Green zinc sulfide NMs based on Bertoni
are also efficient at eliminating cancer, with an IC50 of 400 pg/ml against MCF-7
cells [113]. At a minimum concentration of 50 pwg/ml, cynodondactylon leaf-based
TiO2 NMs demonstrated superior anticancer capability to NMs produced chemically
in opposition to a lung cancer cell line (A549) [114]. A similar anticancer potential
has been shown by biogenic Mg oxide and Sn oxide NMs against MCF-7 cells [115,
116], and green silver nanoparticles made from Rhus coriaria have been evaluated
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and found to be effective at inhibiting the cellular line for breast cancer, MCF-7
[117]. With regard to Bacillus subtilis, E. coli, colon, breast, and liver cancer cells,
Saudi date extract-based Platinum NMs show significant antibacterial and anticancer
activity [118]. Other top-notch evaluations provide in-depth insights into the anti-
cancer applications of green metallic NMs [119-121]. Zubair et al. [122] produced
NPs of silver, cerium, and copper from the leaf extracts of T. portulacastrum and C.
quinoa. The NPs were tested on the HepG2 cell line, and the normal human embry-
onic kidney cell line (HEK-293) was used to measure the cell cytotoxicity. The cell
was treated with 10, 50, and 100 pLg/ml concentrations for 24 h, and the result shows
a high cytotoxicity effect of 90% at 50 pwg/ml. These results show that applying lower
concentrations of nanoparticles shows a high cytotoxicity effect (Fig. 11) [122].

5.1.3 Regenerative and Tissue Engineering Medical Applications

Green NMs have the potential to be used in regenerative medicine as well as the engi-
neering of dysfunctional or damaged tissue structures due to their distinct size, shape,
and ability to be hemostatically tailored. The development of tissue scaffolds based on
nanoscale materials is an example of the advancement of a substance that successfully
mimics extracellular matrix and can be used to not only provide mechanical strength
but also to transport payloads of growth precursors. For this purpose, a variety of
polymeric and metallic NMs can be utilized, and they will aid in tracking cellular
activity in tissues that are being designed or are undergoing tissue regeneration [123,
124]. Vial et al. [125] have claimed that green and biogenic gold NMs can be used to
improve the mechanical and adhesive qualities of tissue scaffolds. This improvement
would then encourage the normal differentiation and proliferation of cells. In one
study, the introduction of bioactive MgO NMs into the system of polymers dramati-
cally improved the differentiation, adhesion, and development of osteoblast-like MG
63 cells [126]. The increased compatibility of green magnesium oxide NMs produced
by C. gigantea with developing zebrafish compared to chemically produced magne-
sium oxide NMs suggests that green NMs have stronger morphological and size-
based stability than NMs made conventionally [127]. Biogenic Au NMs have been
investigated for usage in immunostaining and cellular internalization, and they’ve
been applied to tumor identification [128]. It has been observed that iron oxide is
suitable as a component of magnetic resonance imaging of many biological systems,
including the spleen, lymph-nodes, bone marrow, and liver. This is because iron
oxide’s supramagnetic properties make it a good contrast agent [ 129]. Srinivasan et al.
[13] used photosynthesized TiO, in research on the toxicity of zebrafish embryos,
which was carried out to monitor changes in toxicological effects. In addition, the
model utilized in this study was ideal for investigating the toxicity of zebrafish. TiO,
nanoparticles improved bioavailability and cellular uptake [13].
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Fig. 11 Cytotoxicity effect of three types nanoparticles Ag, Ce, Cu which are synthesized by using
the leaf extract of T. portulacastrum and C. quinoa against HepG2 cell line. Ag (A, B), Ce (A, B),
and Cu (A, B) represents the Silver, cerium, and copper nanoparticles prepared by T. porulacastrum
and C. quinoa respectively. Reprinted under terms of the Creative Commons license from ref (Zubair
et al. 2021). Copyright 2021 Springer Nature
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5.1.4 Drug Delivery

One of the developing approaches in current medical research on the deadliest patho-
logical disorders, including cancer, is the administration of therapeutic molecules
[130]. Conventional dosage forms do not exhibit sustained and regulated release,
which leads to a number of drawbacks, including quick elimination, non-specificity,
and limited bioavailability. Green-metallic NMs can be employed to address the
shortcomings mentioned above by slowly releasing the medication molecules where
they are needed without causing any side effects off-site [131]. When used to
distribute gemcitabine, green, biocompatible gold nanoparticles based on gum karaya
showed pronounced dose-dependent suppression with the use of the lung tumor cell
line A549 in the production of ROS [132]. Doxorubicin-loaded, green produced
zinc oxide NMs have demonstrated greater anti-tumor activity than doxorubicin
alone [133]. Drug delivery uses are also possible for green NMs produced trans-
dermally. It is significant in this context that a semi-solid gel containing both zinc
oxide nanoparticles and ketoconazole demonstrated improved antifungal activity on
canine skin [134]. Huang et al. [135] synthesized high-yield carbon dots (CDs) for
identification of colitoxin DNA in human serum using banana peels of sizes 5-15
without any surface passivation agents. Manivasagan et al. [136] synthesized gold
NMs loaded with doxorubicin for drug delivery from Fucus vesiculosus. They tested
AuNMs on human breast cancer cells (MDA-MB-321) with different concentrations
(5-50 pg/ml) for 24 h incubation, and the result showed that in 24 h, 50% of the
cells died, showing IC50 values of fucoidan, Fu AuNPs, DOX, and DOX-Fu AuNPs
against MDA-MB-231 cells, and the experiments proved the excellent anticancer
activity (Fig. 12).

5.2 Sensors

Nanomaterials made from biomass are effective for various sensing applications
due to their high sensitivity to the chemical environment. Surface phenomena have
a significant impact on electrical processes, hence, preferred materials are quickly
selected as nanostructures due to their high surface area [24]. Shen et al. [137]
synthesized fluorescence carbon dots for cell-imaging and Fe** sensing using sweet
potatoes of sizes 1-5 nm, which were accomplished via hydrothermal treatment.
The resulting CDs have soluble functional groups on their surfaces, which have a
quantum yield of 8.64%, are easily dispersed. Ajitha et al. [138] synthesized silver
nanoparticles from Monordica charantia leaf extract. The prepared AgNPs show
excellent catalytic activity on the reduction of methylene blue. Au-NPs have also been
used to tell when meat is going bad. The biogenic amines that are made when bacteria
break down amino acids are tyramine, histamine, cadaverine, and phenylalanine.
Their storage at 5 °C has kept the mystery around the fake odor intact. One study
measured histidine and histamine levels in chicken using Au-NPs with detection
limits of 0.6 wuM and 6.59 x 107, respectively [139]. Ag-NPs-based detection is a
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Fig. 12 a Results confirming the in vitro cytotoxicity effect of fucoidan, fucoidan capped gold
nanoparticles, native DOX, and DOX-loaded fucoidan capped gold nanoparticles against MDA-
MB-231 cells for 24 h. b Morphological alterations in MDA-MB-231 cells incubated with 5 p.g/mL
of DOX-loaded fucoidan capped gold nanoparticles for 24 and 48 h, as assessed by contrast phase
microscopy. Reprinted under terms of the Creative Commons license from ref [136]. Copyright
2021 Springer Nature

very good way to figure out how many agricultural and horticultural crops have gone
bad after harvest. For example, Bacillus subtilis causes spoilage in Musa acuminata
and makes 1,2-benzenedicarboxylic acid and bis (2-methylpropyl) ester, which is a
volatile compound, during its spoilage. When the ruined bananas were treated with
the colloidal solution Ag-NPs, they took on a reddish brown appearance. The same
strategy can be used with various types of fruit trees [140].
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5.3 Cellular Imaging

NMs are useful for characterizing and imaging tissues, lesions, and cells, which have
been applied as biomarkers for the early diagnosis of disease. In order to verify a
particular illness-related malfunctioning, they are placed inside cells at a specified
spot [93]. Nanotechnology can deliver the next-generation instruments needed for
illness detection as well as precise regulators that make it easier to recognize clinical
circumstances than ever before [141]. Quantum nanobeads made using the green
method are used in an accurate assay for the detection of the hepatitis B virus [142].
Carbon quantum dots (CQDs) are effective for detecting poisons in food and for
medical imaging. Carbon quantum dots with a size of 2.7 nm were produced with
a yield of 38.8% by Qianchun Zhang et al. In addition, the CQDs as-prepared not
only exhibit high blue fluorescence but also low toxicity and benign biocompatibility.
Because of this, MCF7 cells can be imaged using CQDs. Our findings suggest that the
suggested CQDs based on ginkgo kernel biomass have significant promise for NO,
detection and cell imaging [143]. Alam et al. [144] synthesized luminescent carbon
quantum dots for cellular imaging using cabbage of sizes 2—6 nm by a simple, one-
step green process for low-temperature carbonization. Excellent aqueous solubility
and stability, as well as enhanced resistance to photobleaching, were all displayed
by the CQD with a quantum yield of 16.5%.

5.4 Thermal Properties of Nanomaterials

The films’ thermal characteristics are a crucial factor to consider when assessing
their potential for use in food packaging. Typically, differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) are used to examine the thermal char-
acteristics of films [145]. The impact of various nanomaterials on the thermal prop-
erties of films made of plant proteins has been assessed using the DSC and TGA
techniques. Cellulose in several nanoforms, including CNC and CNF, is the most
often employed nanoreinforcement to enhance the thermal characteristics of plant-
protein-based films. Researchers used TGA to evaluate how licorice residue-derived
nanocellulose affected the thermal characteristics of SPI-based films. In two periods
of 240-260 and 360 °C, they asserted that incorporating nanocellulose into the SPI-
based films reduced weight loss. The improvement in SPI film’s thermal stability
caused by the addition of nanocellulose has been linked to this phenomenon. Further-
more, it has been noted that the addition of CNC raised the degradation temperatures
of peptide backbones in SPI films [146, 147].
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5.5 Food Applications of Plant-Based Nanomaterials

Researchers, the food industry, and consumers have all shown a great deal of interest
in the use of packaging-based active plant proteins, including NPs, on food. Utilizing
nanocomposite films made of plant proteins and coatings on diverse food products
will be the main topic of the sections that follow [145]. Unquestionably, fruits and
vegetables are important to a balanced diet. Fruits and vegetables have a naturally
limited shelf life and are a major challenge to preserve due to their high moisture
content, rapid biochemical modifications, physiological ageing, and microbial infec-
tions that hasten disintegration and make them appear unappealing during storage
and transportation [148]. Bohmer-Maas et al. studied the storage of cherry toma-
toes over a 22-day period using a mixture of Zn and TiO, nanofibers. Thus, the
results show that the addition of TiO, increases thermal stability up to 600 °C while
decreasing nanofiber diameter. Additionally, the reduction of weight for the samples
is noticeably improved when TiO; is used in the creation of the nanocomposite; for
example, the weight loss of the solely zinc-based nanocomposite was approximately
69.83% [149].

5.6 Environmental Remediation Applications

Concerning worldwide issues of environmental contamination, certain metallic NMs
and dendrimers have the potential to be employed in the treatment of soil, water, and
air pollution due to their distinctive physicochemical characteristics. Particularly, the
use of zerovalent iron has the ability to clean up soil and groundwater contamination
brought on by heavy metals and halogenated hydrocarbons [150, 151]. The literature
has also discussed the potential of biologically generated tin oxide NMs to degrade
dyes and other contaminants, with a clearance effectiveness of about 76.48% for
chromium. Researchers have looked into the capacity of certain NMs to convert
toxic contaminants into less dangerous moieties [152]. Water is essential to life on
earth, hence, it is currently a serious concern that water sources are contaminated.
It’s notable in this respect that a number of metallic NMs have been investigated for
the effective removal of hazardous metal, organic and inorganic contaminants, and
pathogenic bacteria from water reservoirs [153]. Various applications of different
plant biomass-derived nanomaterials are summarized in Table 2.

6 Conclusions

With expanding research and technological advancements in science and engi-
neering, interest in nanomaterials has increased. Nanomaterials are successfully
synthesized by various plant biomasses such as Capsicum annuum var. grossum
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Table 2 Application of different plant biomass-derived nanomaterials

S. | Plant biomass Nanomaterial | Size(nm) | Application References
No.
1. | Sweet potato Fluorescence | 1-5 Used for cell imaging | [137]
carbon dots and Fe>* sensing
2. | Banana peels Pd-Au@ 5-15 Identification of [135]
CDs/GCE colitoxin DNA in
human serum
3. | Cabbage Luminescent | 2-6 Cellular imaging [144]
Carbon
quantum dots
4. | Sugarcane bagasse Carbon 8-11 Fluoride ion [154]
quantum dots detection in water
with a blue
emission
5. | Apple juice Fluorescence | 3.6-5.5 | Bio-imaging of [155]
carbon dots mycobacterium and
fungi cells
6. | Waste biomass Graphene 5-6 Fluorescence [156]
Mainly dead neem leaves | quantum dots quenching,
photoluminescence
“on—off-on”
performance to
indicate the presence
of Ag+ ions in
aqueous solution
7. | Sugarcane stalk Fluorescent 1.8-2.0 | Bioimaging and [157]
carbon dots multicolorbiolabeling
in cancer cells
8. | Catharanthusroseus Green carbon |5 Multi-ion detection [158]
quantum dots
9. | Bamboo shells Ultra-pure - Energy storage [159]
carbon
10. | Watermelon waste Magnetic 90-250 | Removal of heavy [160]
carbon metals from drinking
nanocomposite water
11. | Dead pine needles N&O - Supercapacitors [161]
Co-doped
Nano
structures
12. | Pomegranate seeds Iron oxide 25-55 Evaluation of [68]

photocatalytic
activity for
degradation of textile
dye

(continued)
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Table 2 (continued)

S. | Plant biomass Nanomaterial | Size(nm) | Application References

No.

13. | Green tea extract Iron 20-50 Promoter for Fenton | [69]
like dye degradation
reactions

18. | Plant extract like garlic, Zinc oxide 9-55 Photodegradation of | [71]

onion methylene blue dye

19. | Mangrove plant Silver and zinc | 9-16 Microbial pathogens | [72]

oxide

20. | Wood apple Zinc ferrite 20 Photodegradation for | [76]

(Limoniaacidissima) juice Evans blue and
Methylene blue,
Antibacterial activity
21. | Gardenia resinifera Manganese 17-35 Antibacterial activity | [77]
oxide against all tested
bacterial pathogens

22. | Daturametel L CeO2 5-15 Degradation activity | [79]
(DPPH)

23. | Lycopersiconesculentum SnO; - Photocatalytic [78]
degradation

24. | Andrographispaniculata Samarium 30-50 Inhibition action [80]

oxide

25. | Combretumerythrophyllum | Gold 13.20 Antibacterial and [162]
anticancer

26. | Jasminumauriculatum Gold 8-37 Wide-ranging [163]
antibacterial effects,
notably against fungi

27. | Mimosa tenuiflora Gold 2-40 Delivery of drugs [164]
using a fluorescent
probe

28. | Cestrum nocturnum Silver 20 Antioxidant and [165]
Antibacterial

29. | Adeniumabesum Silver - DNA fragmentation, |[124]
antioxidants, and
anticancer

30. | M. glabrata Silver 2-30 Decomposition of an | [166]
antibiotic, methyl
orange, and
rhodamine B

31. | Eucalyptus Iron 80-90 Phosphate and [167]
chromium removal

32. | Daphne mezereum Iron 6.5-14.9 | Discolorations of dye | [168]

33. | Dolichos lablab L Tron 12.5 Dye absorption from | [169]
oil sludge

(continued)

Z
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Table 2 (continued)

S. | Plant biomass Nanomaterial | Size(nm) | Application References

No.

34. | Orobancheoccidentale Copper 50 Nematicidal [170]

35. | Tridaxprocumbens Copper 71 Degradation of [171]
Bismarck brown

36. | Calotropisgigantea Zinc 10-50 Nitrite sensing, [172]
photocatalysis, and
antimicrobial

37. | Berberisaristata Zinc 90-110 | Prevention of [173]

infections in the
urinary system

38. | Peganumharmala Platinum 1.9-33.5 | Antioxidant, [174]
anticancer, and
inhibitor of cystine
proteinase

39. | Cotton boll peels Palladium 9.44 Capacity for catalysis | [175]
against hazardous

pulp, Bamboo leaves, Punica bambooum (pomegranate) seed, Citrus maxima peel,
and green tea leaves, which are environmentally friendly, have high efficiency, and
are easily available. The plant biomass consists of various functional groups, mainly
polyphenols that behave as both reducing and capping agents for the synthesis of
nanomaterials. Some of the characterization techniques that can be used to obtain the
morphology and size of the nanomaterials are TEM, XRD, and others. This method
can be used to create nanomaterials of various types, such as TiO,, ZnFeO,4, Carbon
quantum dots, AgCoPQOy4, MnO,, and others, which have potential applications in a
variety of fields, such as drug delivery, agriculture, cellular imaging, ion detection
in water, selective photoluminescence, and so on. Various productive nanomaterials
have also been engineered in recent years to make the process chemical-free and
simple to synthesize. In this chapter, we have briefly discussed some of the applica-
tions and synthesis of the nanomaterials from different plant biomasses, which can
have a larger future scope.
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