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Abstract: Biochar (BC) based materials are solid carbon enriched materials produced via different
thermochemical techniques such as pyrolysis. However, the non-modified /non-activated BC-based
materials obtained from the low-temperature pyrolysis of biomass cannot perform well in energy
storage applications due to the mismatched physicochemical and electrical properties such as low
surface area, poor pore features, and low density and conductivity. Therefore, to improve the surface
features and structure of the BC and surface functionalities, surface modifications and activations are
introduced to improve its properties to achieve enhanced electrochemical performance. The surface
modifications use various activation methods to modify the surface properties of BC to achieve
enhanced performance for supercapacitors in energy storage applications. This article provides a
detailed review of surface modification methods and the application of modified BC to be used for the
synthesis of electrodes for supercapacitors. The effect of those activation methods on physicochemical
and electrical properties is critically presented. Finally, the research gap and future prospects are
also elucidated.

Keywords: biomass; pyrolysis; biochar production; surface modification; supercapacitor

1. Introduction

Increasing population, energy demands, and depletion of natural non-renewable
energy resources like coal, gas, and petroleum threaten the energy security of the planet [1].
It is very important to develop cheap and good environmental solutions to address these
energy-related problems. In this regard, energy storage and conversion from renewables
like biomass can be the right alternate to solve energy requirements [2,3]. For energy
storage, there is the development of low cost material to be synthesized from the abundantly
available renewables and natural resources like lignocellulosic biomasses [4].

Sustainable energy generation requires efficient energy storage equipment to harvest
energy [5]. Among those storage equipment, lithium-ion batteries attracted much attention
due to their high energy density. Short life, low power density, and high cost are the issues
associated with lithium-ion batteries [6]. Therefore, it is required to develop a device with
better energy storage performance. Supercapacitors gained interest for being a promising
energy storage device for the future due to their fast charge/discharge rate, high power
density, and good cycle stability [7]. However, due to their lower energy density, they are
not widely used in the energy storage market. Researchers are working to develop such
energy storage materials to achieve promising performance in energy applications [8]. In
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order to evaluate the performance of the supercapacitor, the basic elements related to the
electrodes and electrolyte are considered [9]. The capacitive performance of electrodes
are highly desirable and can be increased with the help of stable, long lasting, and elec-
trically conductive electrode material. These properties along with surface wettability
are of prime importance while fabricating the electrode materials [10]. Carbon materials
obtained from biomass have been considered as suitable materials for supercapacitors
because of their physicochemical properties like high surface area, high porosity, electrical
conductivity, functional groups, availability of metal ions and minerals, stable structure
against electrochemical activity, and their morphology for ions mobility [11,12].

Lignocellulosic biomass provide the chemically stable, tunable pore structure, and high
surface area carbonaceous material. Due to these properties, the lignocellulosic biomass is
advantageous over the other material for the application of high electrical conductance [13].
The carbon materials produced from biomass have attracted much attention due to their
environmental friendly nature, natural abundance, and special porous features in energy
storage and conversion applications [14]. Biochar (BC)-based materials played a vital role
in energy storage and conversion, including making electrodes for supercapacitors [15],
electro-catalysts [16], and lithium-ion batteries. Conventional carbon materials mainly
obtained from the non-renewable sources require severe production conditions and syn-
thesis method [17]. Hence, in order to adopt environment friendly methods of producing
carbon-based material, a sustainable source of raw material needs to be adopted for positive
prospects. In order to produce BC-based material, the promising raw material can be the
biomass that has an inherent potential content of 45 to 50 wt% carbon [18]. Lignocellulosic
biomass is composed of cellulose (40-50 wt%), hemicelluloses (15-30 wt%), and lignin
(15-30 wt%) [19]. The composition of biomass indicates the decomposition of contents at
temperatures that are lower than 500 °C. This feature exists due to the presence of lignin,
cellulose, and the hemicellulose in biomass. This biomass can easily be decomposed to
produce BC, bio-o0il, and incondensable gases, which are a direct result of pyrolysis at
low temperature. However, BC materials show poor capacity retention and lower specific
capacitance due to poor pore features and lower surface area. The BC materials with pre- or
post-treatment show promising results of electrochemical applications. A higher pyrolysis
temperature and treated BC can present the correct pore properties and electrochemical
applications [20]. Inadequate pore structure and poor size distribution in BC-based ma-
terials greatly affect the performance of supercapacitors. These green pyrolyzed biomass
materials exhibit an amorphous structure, which lowers their electrical conductivity and
also affects the performance of supercapacitors. Due to the carbonization temperature,
aromatic carbon contents increase with the significant loss of surface functionalities like
carboxyl, carbonyl, and hydroxyl [21]. BC, having physicochemical properties like high
porosity, functional groups, superior stability, a large surface area, availability of metal
cation and minerals, and high cation exchange capacity can be a promising candidate
for energy and environmental applications [12]. These physicochemical properties can
be modified according to the required electrochemical applications. Therefore, to tailor
the structure of the BC, surface functionalities and activation should be introduced by
different surface modification methods to obtain an excellent energy storage material for
supercapacitors.

Previously different modifications were reviewed separately. Babasaheb M. Mastagar
et al. [22] reviewed the biomass-derived nitrogen-doped porous carbon and its various
applications like catalysis and electrochemical energy storage. Baharak Sajjadi et al. [23,24]
presented a review article studying the physical action and chemical activation of BC for
environment and energy sectors. Wei-Hao Huang et al. [25] updated the research efforts
for BC modifications, particularly to the end applications based of physical and chemical
activation. Feng Shen et al. [26] updated mechanisms that are employed in order to value
add the carbon materials in the context of mechano-chemical conversion. Emanuela Calcio
Gaudino et al. [27] studied the sono-chemical and mechano-chemical surface modification
techniques to valorize the biomass. However, there is no review that discusses the surface
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modification techniques to produce surface modified BC-based material with desired sur-
face features to achieve the excellent performance in supercapacitors application. Therefore,
the objective of this work is to provide a state of the art review on BC production via
pyrolysis, surface modification, and application for supercapacitors to store energy.

In this review, the BC production via the pyrolysis of biomass and its surface modifi-
cation is exclusively discussed. The surface modification techniques for activating the BC
(physical activation, chemical activation, and physicochemical activation), metal loading
on the BC’s surface, heteroatoms doping on the surface of BC, sono-chemical and mechano-
chemical modifications are critically discussed. The application of modified BC-based
materials in supercapacitor applications is briefly presented. Moreover, the research gap
for future directions and recommendations were also presented.

2. Overview of Biomass Pyrolysis for BC Production

Pyrolysis is one of the thermo-chemical conversion methods used to decompose
biomass into useful products in a limited supply of oxygen or in an inert environment
that does not allow gasification to some extent. Pyrolysis is carried out at temperature
ranging from 300-650 °C for a specific time interval to produce non-condensable gases,
solid char, and liquid products [28]. BC is a solid carbonaceous material produced via
different thermal techniques along with liquid and gas as valuable products from widely
available biomass feedstocks. During BC production via pyrolysis, biomass undergoes a
set of complex reactions. To restructure the morphology, porosity, and functionality of the
biomass-derived BC, it is very important to understand these reactions [29]. In pyrolysis the
degrees of polymerization is an important factor in the reaction mechanism of pyrolysis [30].
These reactions are affected by key constituents of the employed biomass, which include
lignin, cellulose, and hemicellulose. During pyrolysis, these components decompose
at different temperature zones for disintegration to produce the porous carbonaceous
material. The pyrolysis process has successive stages for the conversion and disintegration
of biomass. The initial process is the removal of the absorbed moisture, which takes place
at a temperature of about 100-150 °C, and the degradation of hemicellulose that occurs
from 150-260 °C. Afterwards, the cellulosic decomposition range is from 240-350 °C,
and finally, in the case of lignin, the decomposition takes place at about 280-500 °C [28].
Thus, during pyrolysis process de-volatilization of volatiles—which constitutes of carbon
monoxide, carbon dioxide, and methane-takes place to produce BC and black solid, which
is majorly solid carbon. As biomass has complex physical and chemical properties and
structure, the produced carbonaceous material possesses poor surface structure. However,
these carbon materials can be employed for different applications like batteries, capacitors,
and soil and environmental remediation. Consequently, these resultant BC-based materials
require surface modification for activation, which need to bear the controlled attributes of
surface chemistry, porosity, surface area, and stability. Primarily, the biomass has cellulose,
hemicellulose, and lignin as constituents. These components of biomass provide a strong
rigid structure to plants due to chemical bonds [31]. Pyrolysis of biomass is performed
under an inert atmosphere in the temperature range of 350-700 °C [32]. The operating
conditions such as heating rate, temperature, and residence time greatly influence the
distribution of the products. A lower heating rate, long residence time, and lower pyrolysis
temperature (slow pyrolysis) favors the production of char, while a relatively higher
temperature, short residence time, and higher heating rate (fast pyrolysis) promotes the
oil yield [33]. However, the increased temperature could lead to cracking of the volatile,
thereby enhancing the yield of on-condensable gases. The operating conditions in pyrolysis
experiments can be optimized depending on the desired products.

Effective energy storage applications can be manifested by producing BC from biomass,
employing the pyrolysis process and modifying the surface via activation. This modification
is an efficient approach to store energy. BC-based materials have well developed pore
structure and functional groups, hence the selection of correct material is important in
order to employ the precursor to obtain the desired attributes for enhanced applicability.



Catalysts 2022, 12, 798

4 of 35

Biomass precursors for BC production should be cheap, abundant, renewable, diverse, and
environment friendly. To obtain the desired surface and textural properties, higher fixed
carbon is imperative in the biomass along with the lowest possible ash contents [34]. A vast
variety of biomass is available, such as woody and non-woody biomass, industrial waste
biomass, and agricultural biomass wastes to be considered for the selection of the precursor
with which to produce BC-based materials. The physicochemical properties of biomass
for BC-based material production are based on elemental composition, proximate analysis,
particle size, grindability, and density of the biomass. Lignocellulosic biomass contains
mainly carbon, hydrogen, oxygen, nitrogen, calcium, potassium, and minor concentration
of Si, P, Al, Mg, and Fe, etc. Due to some of the constraints like high moisture content, low
bulk density, diverse physicochemical properties, and seasonal variation, lignocellulosic
biomasses are not used as a direct energy conversion source [35]. For thermochemical
conversion to make biochar, it is necessary to understand the chemical composition of
biomass. The components in lignocellulosic biomass such as hemicellulose, cellulose,
and lignin have certain decomposition temperature and degradation rates. Hemicellulose
decomposition starts earlier than for cellulose and lignin. Generally, hemicellulose produces
lower char, tar, and gas [36,37], while lignin produces higher char and less gases compared
to cellulose. Cellulose has been reported to produce higher oil yield and lower gases
and char yield [36,37]. Cotton stalk has lower hemicellulose (27.98%) and lignin (20.51%)
contents, which promotes less char yield, while the cellulose content of 40.17% promotes
a higher production of oil [38]. The hemicellulose and lignin content of biomass are
critical compositional parameters for char production. The feedstocks with higher lignin
content have been reported to produce higher char yield compared to those with higher
hemicellulose content. Khan et al. [39] investigated the pyrolysis of rice straw and waste
tire at 550 °C in a fixed bed reactor. The char yield from the pyrolysis of rice straw alone was
slightly lower than the oil yield, which corresponds to the lower lignin content. Moreover,
Ma et al. [40] reported that the char obtained from lignin is superior to char derived from
hemicellulose in the terms of mass and energy yield. However, the surface structure
and porosity of the char derived from cellulose is superior compared to that of lignin.
Lignin, due to its complex structure, degrades at a wide range of temperature ranging
from 150-900 °C, and has a complex degradation mechanism that causes a lower surface
area and total pore volume [41]. It was also found that the higher the lignin content, the
higher the surface area and porosity, which is due to the stable structure of lignin and
preserved pore structure [42,43]. Similarly, the feedstocks with higher fixed carbon content
will produce a higher char yield compared to those with higher volatile contents. The
ash content is another compositional parameter of feedstock that significantly impacts the
quality of char. Char with a lower ash content renders higher porosity, and a higher ash
content causes a lower surface area as ash blocks the pores of biochar, which restricts its
performance in supercapacitor applications [44].

Figure 1 shows factors affecting the pyrolysis process, subsequently on the physico-
chemical and electrical properties of BC. For instance, various factors have been studies
and found a great impact on the properties and production of BC, which include the
reaction temperature, heating rate, and nature of the feedstock as major influencers [45].
The composition of biomass has a promising impact on the yield of the pyrolysis pro-
cess, especially its hydrogen-to-carbon (H/C) and oxygen-to-carbon (O/C) ratio. With
components of lignocellulosic biomass, each one has its own decomposition temperature
range like hemicellulose (150-350 °C), cellulose (275-350 °C), and lignin (250-500 °C) [46].
The particle size of the biomass feedstock has an effect on the products of the pyrolysis
process. The smaller the particle size, the higher the liquid yield, as it offers less resistance
to the release of condensable gases. On the other hand, a bigger particle size resists the
primary product of pyrolysis, which favours secondary cracking to yield solid product. The
pyrolysis reaction temperature is the parameter that can affect yield, as well as physical and
chemical properties of the BC. Previously, achnatherum was pyrolyzed at 300 °C, 500 °C,
and 700 °C, which enunciated a decrease in BC yield from 48% to 24% with an increasing
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reaction temperature, which further resulted in the gradual disappearance of the functional
groups on the BC [47]. Pyrolysis temperature has a prominent impact of the surface area
and total pore volume. At lower temperatures of less than 400 °C, only a slight change
occurs as it does not provide appropriate conditions for complete devolatilization, which
restricts the formation of new pores [48]. As the temperature rises, the amorphous carbon
changes to crystalline and higher temperature also provides activation energy, which leads
to micropore formation [49].

The heating rate has a remarkable effect on the surface features and yield of the BC.
BC yield is increased at low heating rates because the decomposition of the biomass is
lowered during the secondary cracking process. The formation of aromatic structures in BC
occurs at lower heating rates rather than at a fast heating rate [50]. The heating rate has a
very close relation to BC-specific surface area and porosity. For instance, when the heating
rate was increased from 1 °C/min to 20 °C/min, the surface area of rapeseed stem-derived
BC was increased from 295.9 m?/g to 384.1 m?/g, while the pore volume was increased
from 0.1659 cm®/g to 0.2192 cm3/g [51]. In another study, it was found that when the
heating rate was increased from 10 °C/min to 30 °C/min, the surface area was found to
be increased from 210.4 m?/ g to 411.06 m2/ g, but it was decreased to 385.38 m?/ g when
the heating rate was further increased to 50 °C/min [52]. From the previous studies, a
conclusion can be drawn that a suitable and preferable surface area and porosity of biochar
can be achieved at heating rate from 5 °C/min to 30 °C/min. Residence time also has a
great influence on the surface area and porosity of the BC. In addition, it was also studied
that surface area of rapeseed stem-derived BC increased from 46.7 to 98.4 m?/g against
the residence time increasing from 10 min to 60 min, but the surface area decreased to
91.4 m?2/ g when the residence went to 100 min. Prolonged residence time and exposure to
high temperature leads to the destruction of pores, therefore, a residence time in the range
of 30-120 min is generally considered appropriate [51]. During pyrolysis, nitrogen gas is
generally used, which has an important impact on the surface properties of BC. The surface
area and pore volume increase with the increase in the flow rate of N, gas during pyrolysis.
Previous study shows that the surface area of BC increased from 36 m?/g to 352 m?/g
against the respective gas flow rates of 50 to 150 mL/min [53]. Devolatilization increases
with the increased flow of gas, which causes pore formation to increase the surface area [54];
however, a flow rate that is too high leads to less release of volatile matter, which indicates
a lower surface area and pore volume [53].

Temperature Heating rate  Residence time  Gas flow

e
PerlySls Q
gy

Biomass feedstocks

Figure 1. Factors affecting the pyrolysis process of biomass. Recreated with permission from Ref. [55].
Copyright © 2022 Springer Nature.

Based on heating rates, residence time, and heating methods, pyrolysis can be broadly
categorized into slow pyrolysis, fast pyrolysis, flash pyrolysis, and microwave-assisted
pyrolysis. The product of the pyrolysis process mainly depends on the reactor design,
characteristics of the biomass—either physical or chemical, and operating parameters.
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A long residence time (hours to days), low heating rate, and pyrolysis reaction temper-
ature range for slow pyrolysis is 400 °C to 600 °C, and it was concluded that 600 °C was the
most effective temperature to obtain a high surface area (261.78 m?/g and 307.10 m?/g),
total pore volume (0.16 cm®/g and 0.18 cm®/g), high mass fraction (84.87 and 88.43 wt%),
and carbon and fixed carbon (84.07 and 85.16 wt%) for the biomass materials pigeon pea
stalk and bamboo, respectively [56]. Slow pyrolysis yields higher BC with less carbon con-
tents, while fast pyrolysis favors a higher heating value, specific surface area, and carbon
contents with a smaller yield of BC [57]. Some of the factors affecting the physiochemical
properties of BC produced via pyrolysis are previously reported in [49,58].

Briefly, pyrolysis biomass is heated so swiftly that it reaches pyrolytic temperature
before it decomposes. A very high heating rate 10-200 °C/s, pyrolysis temperature in
the range of 425-600 °C with a short residence time 0.5-10 s, and maximum liquid yield
up to 50-75% are the important features of fast pyrolysis [59], while flash pyrolysis is
characterized by a higher heating rate that may reach 2500 °C/s and a short residence
time of <0.5 s with a bio-oil yield of up to 75-80%. In microwave pyrolysis, microwaves
are used to generate heat inside the feedstock samples without any contact between the
sample and heating source as in conventional pyrolysis [60,61]. Microwave pyrolysis,
due to uniform heating, is more efficient than conventional pyrolysis. In conventional
pyrolysis, uneven heating leads to a degraded quantity and quality of the bio-oil, while
uniform heating in microwave pyrolysis yields a superior bio-oil with better chemical
composition [60]. Figure 2 shows the heating patterns of microwave-assisted pyrolysis and
conventional pyrolysis [62]. In conventional pyrolysis, the sample is heated by convective
heat transfer from the surface to the core, while the microwave sample is heated from the
core to the surface.

Volatiles can pas : — Volatiles can pas
. High Temperature Low Temperature
through high ‘ gh e B — P through low
temperature region temperature region
Pyrolysis / \\
- Sample y \
P . ,/" \
y N / N

Low | J‘ High :’>\‘
[:> 'l‘emp:rature K:] <’: Tempe?‘nhlre |

Heat Transfer  \

Direction \ M /

Conventional Microwave
Heating Heating

Figure 2. Comparison of microwave pyrolysis with the conventional pyrolysis of biomass. Recreated
with permission from Ref. [62]. Copyright © 2003 Elsevier B.V.

BC-based materials obtained from different biomass feedstocks like wood, plant
waste, agro-residues, and industrial biomass waste have been used to develop electrodes
for supercapacitors applications. BC-based materials are attractive for supercapacitors
applications due to their physicochemical properties such as low cost, abundant availability,
high thermal stability, compatibility to be transformed to composite and hybrid materials,
good corrosion resistance, and easy processability [63]. However, issues associated with
these materials are obtaining a suitable surface area with a desired pore structure, high
electrical conductivity, and good compatibility with electrolyte solution [64]. As reported
above, BC-based materials obtained from lignocellulosic biomass feedstocks have abundant
oxygenated functional groups compared to conventional carbon materials. These oxygen
contents can be tuned by different pyrolysis conditions like the heating rate, residence time,
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and pyrolysis temperature. Some BC-based materials have a very small surface area and
limited developed porosity that can be evaded by producing stable, highly porous BCs,
which are a result of the various activation methods [65]. To address these issues, different
surface modification techniques are being used to elevate the values of specific capacitance
and porosity. This can further improve the surface features of produced BC-based materials
for high-performance supercapacitors [64].

3. Surface Modification of BC for Supercapacitor Applications

Carbon-based electrodes bearing functional groups on the surface, in addition to the
pore network, distribution, specific surface area, metal oxides and the hetero-atom, are the
key attributes that regard the elevated performance of the electrochemical devices [66,67].
Elevating these properties would mean enhancing the electrochemical ability of the pro-
duced anode material. Various methods are applicable in order to modify the pore structure,
surface chemistry, and specific surface area of these produced carbonaceous materials.
These methods can be either physical or chemical and are being widely used [68]; corn
husk-derived BC was produced by chemical modification using KOH as an activating agent
with an enhanced surface area of 928 m? /g and specific capacitance of 356 F/g. BC surface
features can be modified to enhance its performance in several applications by different
methods. Figure 3 displays that modification can be either made with pre-treatment, post
treatment, or self-activation mods [25]. In route 1, Q Sun et al. [69] pretreated cotton
biomass with magnesium nitrate, followed by carbonization and activation using ZnCl,
as an activating agent at 800 °C for 2 h in a tube furnace under N, gas flow to produce
surface-modified BC for a supercapacitor. Results showed a high surface area of 1990 m? /g
and capacitance of 240 F/g with 89% cycle stability. In route 2, L Qin et al. [70] reported the
post treatment of pine nut shell to make surface-modified activated carbon for application
in supercapacitors, adopting the steam activation method. In route 3, Z Zhang et al. [71]
reported the self-activation of biomass (Glebionis coronaria) to produce surface-modified
carbon electrodes that have nitrogen doped on their surface for possible application in
supercapacitors [71]. In addition, Glebionis coronaria-derived BC achieved a specific capac-
itance of 205 F/g with a capacitance retention up to 95% after 5000 cycles and an enhanced
surface of 1007 m?/g.

N
Pre-treatment Pre-
with activating treated
agent biomass

Pyrolysis

\/

.\
Pyrolysis :‘t; Post-
treatment
—
-

Insitu-treatment of biomass + Pyrolysis

Route 1

Figure 3. BC surface modification by different routes. Route 1: pretreatment method [69], Route 2:
post treatment method [70], Route 3: self-activation [71]. Recreated with permission from Ref. [25].
Copyright © 2020 Elsevier B.V.

On a broader spectrum, five main techniques are used to modify the structure and
surface functionalities of BC. These can be either applied pre or post pyrolysis. These
include the activation of BC, doping of heteroatoms on BC, loading of metal oxides on BC,
and mechanochemical and sono-chemical surface modification of BC.
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3.1. BC Activation Methods for Supercapacitor Applications

BC-based materials directly obtained from pyrolysis generally present poor surface
attributes and lower SA; these properties like improved energy density, rapid charge
discharge are critical to the electro-chemical applications, while activation enhances the
surface features of activated carbon [72]. The activation of BC involves two steps: one is
pyrolysis of the biomass selected, and the second is the surface modification carried out
with the help of activation. Pyrolysis produces a BC with a pore structure that is not fully
developed and a stable structure that can be restructured by chemical or physical activation
methods. Physically activated carbon from oil palm fruit demonstrated a larger porosity
and higher surface area compared to raw BC [73]. Physicochemical activation is another
plausible solution to modify the surface of the BC in order to enhance the properties of
the activated carbon [74,75]. The method via which the physicochemical properties of
BC are altered is crucial. Ranging from physical and chemical, this method can also be
the physical-chemical treatment. Figure 4A—C shows the AC with diverse morphologies
produced via these techniques. Katarzyna Januszewicz et al. [76] employed physical and
chemical methods and prepared activated carbon from chestnut shells. E. Taer et al. [74]
synthesized AC and employed it for supercapacitor applications; sugarcane bagasse was
the biomass that was treated, using a combination of physical and chemical activation
processes for effective surface results as can be seen in Figure 4C. The cyclic voltammetry
showed that both cells showed the same rectangular shapes in the potential range. An
increase in current values was evident in the combination of physically and chemically
activated BC.

Physical Activation

Biomass Chemical Activation

Physicochemical
Activation

Figure 4. SEM images of activated carbon production via physical, chemical, and a combination
of both physical and chemical activation. (A) Physical activation; (B) chemical activation, adopted
with the permission from Ref. [76]. Copyright © 1996-2020 MDPI (C) physicochemical activation.
Reproduced with the permission from Ref. [74]. Copyright © 2014 Trans Tech Publications.

Table 1 summarizes the three activation methods, which include physical, chemical,
and physicochemical activation methods [77]. Many lignocellulosic biomass feedstocks
that include husks, roots, shoots, shells, etc., are listed. Different types of activation agents
including acids, alkali, and salts can be used for chemical activation. For physical activation,
air, steam, and CO; are the main agents used for activation.
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Table 1. Activation methods, chemical activation, physical activation, and physicochemical activation
to produce activated carbon from different biomass feedstocks using different activation agents.
Adapted with permission from Ref. [77].

Method of Activation

Lignocellulosic Biomass Activation Agent Ref.

Coffee endocarp, rice husk fly ash, sawdust
fly ash, corncob, macadamia nut shell, CO, and steam [78-80]
bagasse bottom ash, date stones

Bean pods, coconut shell, olive stones, apple

Steam/CO, [81-84]
Physical activation pulp, coffee endocarp
Vine shoots, sugarcane bagasse CO; and air [48,85]
Pine nut shell Steam [70]
Fish skin, onion, palm kernel shell, bamboo
. N species, argan (Argania spinosa) seed shells, B
Chemical activation potato starch, goat hair, coconut shell, soybean oil KOH [86-101]
cake, distillers dried grains, elm samara, cornstalk
Silkworm excretment, of squid gladius chitin, wax
ground, cuttle bones, wheat straw, rice straw, .
cotton stalk, soybean stalk, peanut shell, banana NaOH, and NaOH/KOH [102-1071
peel, polysaccharides
palm kernel shell, cashmere, cocoa pod husk KOH/K,CO3 [89,108,109]
Shrimp §he11, waste particleboard, wood H4PO, /KOH 82,84,110]
waste sticks
tea}<wood sawdgst, potato waste, S. bengalense, ZnCl [111-113]
residue, Persian ironwood
Raw cotton, bean curd Zn(NO)3 and CH3COOK [114,115]
Peanut shell KOH and air [116]
Physicochemical activation ~ Needle coke Steam [117]
Cassava peel waste KOH and CO, [118]

3.1.1. Physical Activation for BC Modification

Physical activation of BC is a process involving two steps. Firstly, the carbonization
of biomass feedstock takes place at higher temperatures of <800 °C. In the second step,
this produced carbon is activated by using suitable activating agents. These agents can be
air, COy, and steam at higher temperatures [119]. Among these activating agents, CO, is
superior to others due to its lower reactivity at high temperatures and controllability of
pore structure [120,121]. Hybrid willow, a lignocellulosic biomass was converted to AC
via physical activation using CO; as an activating agent. Maximum specific capacitance
was achieved up to 92.7 F/g at a current density of 100 mA /g. A temperature of 800 °C
and 60 min residence time was the optimum activation condition to achieve the maximum
surface area of 738.74 m?/g. [122]. It is usually carried out at lower temperatures in the
air, while at a temperature range from 700 °C to 1100 °C in steam and CO; [62]. However,
a temperature of 1200 °C and above leads to a lower carbon yield, ash formation, and
collapse of the pore structure [123]. On the other side, the devolatilizion process happens
to increase pore making in order to enhance the capacity of the BC [124]. This activation
method is highly adoptable and environmentally friendly, but the correct proportions
of speed, time, and temperature are crucial. In order to establish the required surface
properties and creation of functional group activation, the temperature and duration must
be appropriate as BC obtained by this method of activation is mainly affected by time and
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temperature [125]. BC and HyO or CO; react during physical activation, causing carbon
atoms to be removed with the formation of pore structures, represented by Equations
(1)-(3) [126,127].

C+ CO, — 2CO 1)
CO+ H,0 + CO, + H, )
C+H,0 —» H, + CO 3)

Syzygium cumini fruit shells (SCFS) along with another biomass—Chrysopogon zizan-
ioides roots (CZR)—are biomass precursors used to make activated carbon denoted by
(SCFS-AC) and (CZR-AC), respectively, which are employed for supercapacitors. The BC
for these materials was produced by the method of physical activation. SCFS-AC and
CZR-AC symmetric supercapacitors exhibited the extraordinary values of the capacitance
of 253 F/g and 294 F/g at 0.5 A/g, respectively. However, SCFS-AC delivers a specific
capacitance of 120 F/g at a high current density of 10 A/g due to its high surface area and
good distribution of microspores and the thick pore walls of its surface, indicating good
stability, while CZR-AC showed a specific capacitance 50 F/g at 5 A/g current density
with a mesoporous distribution and thin walls, indicating less stability than SCFS-AC [128].
Activated porous carbon (PAC) electrode material from pine nut shell was produced via
steam activation. Effects of factors affecting the properties were analyzed. These are the
activation time, temperature, and steam flow rates. The optimal conditions were a temper-
ature of 850 °C, time of 60 min, and 18 mL/h of steam flow indicated by PAC850-60-18.
Figure 5a represents the crystallinity and functional groups of BC produced from pine nut
shell denoted PNSB and activated carbon at optimized conditions that were analyzed by
XRD [70]. The pattern showed that both have diffraction peaks at 43° and 23°, respectively,
which are amorphous structures. The peak intensity of activated carbon is slightly higher,
which indicates that activation can enhance the degree of graphitization. Figure 5b,c depicts
the obtained AC showed a specific capacitance of 128 F/g at a current density of 0.5 A/g
and specific surface area of 956 m?/g. Figure 5d shows the SEM micrograph of the activated
carbon produced at optimum conditions at a higher magnification. It shows the uniformity
and developed pore structure with micropores, mesopores, and macropores [70]. Chestnut
seed-derived activated carbon was obtained via physical method of activation by CO, and
chemical activation by KOH as an electrode material to achieve the specific surface area
of 1221.2 m? /g in the case of chemical activation, while 105 m?/g and the capacitance of
173 F/g at 0.1 A/g with physical activation. The power density of 2030 W /kg with the
energy density of 3.12 Wh/kg clearly indicates that the obtained activated carbon is a
promising material for use in applications of supercapacitors [76]. The physical activation
technique is much more advantageous compared to other techniques due to its commercial
scale application and adaptability. The resulting BCs also show promising properties
of enhanced porosity and physical strength [96,129], but a low BC yield, longer time of
activation, higher activation temperature, and high energy consumption to carry out the
activation process are the major concerns associated with physical activation.

Hemp fiber biomass precursor was used to synthesize hemp fiber porous carbon
(HFPC) by physical activation using CO; as an activating agent. Duration activation
was studied for 10 h, 20 h, and 30 h, representing the samples as HFPC-10, HFPC-20,
and HFPC-30, respectively. Figure 6a-c shows the images of the field emission scanning
electron microscope (FESEM) for the AC produced at different times on reaction. It can
be clearly seen that as the duration of the activation process increases, the macrospores
formation takes place and web-like structure can be seen for 30 h reaction time. This
contributes to achieve an enhanced electrochemical performance [130]. The results of
the electrochemical performance of the material HFPC-30 with the high surface area of
1060 m? /g and specific capacitance of 600 F/g at 1 A/g current density: a very energy
density of 25.3 Wh/kg at a power density of 4320 W /kg with 85% capacitance retention
after 10,000 cycles was achieved.
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Figure 5. Physical activation of pine nut shell biochar using steam as an activating agent (a) XRD
pattern. (b) BET analysis; (c) specific capacitance; (d) SEM micrograph. Reprinted with permission
from Ref. [70]. Copyright 2019 ESG Publishing.

Figure 6. FESEM images: (a) HFPC-10, (b) HFPC-20, and (c) HFPC-30. Reprinted with the permission
from Ref. [130]. Copyright © 2022 Elsevier B.V.

3.1.2. Chemical Activation of BC

Chemical activation of the BC has two major steps, which constitute of the activator
mix and calcination at elevated temperatures. Generally, the biomass that needs to be
thermally treated undergoes mixing with the activating agent at an optimized ratio and
is then activated at an elevated temperature in order to have suitable results. Activating
agents may be bases, acids, and slats. These can be impregnated into the desired materials
with the help of physical mixing and stirring [131]. Activating conditions, precursors, and
the structure of the activated material play a vital part in assessing the electrochemical
performance of the produced material. In some cases, biomass-derived BC is produced via
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pyrolysis and the impregnated char is then heated in a nitrogenous environment to make
activated carbon; chestnut derived-BC is produced and activated by the post-treatment
method to make activated carbon as a promising electrode material for energy storage [76].
Surface-modified AC was obtained from corncob biomass precursor; hydro-char was post-
treated with ZnCl,, H3PO,, and KOH followed by activation at 600 °C. It was observed
that KOH-activated BC executed the highest surface area among all tested materials—up
to 1222 m? /g [132]. Pretreatment of biomass precursor with an activating agent and then
subjecting the pretreated material to pyrolysis is another way to produce AC; oil palm shell
impregnated with ZnCL, was subjected to pyrolysis at different temperatures to achieve
AC [133].

In the chemical activation method, the activator has a prime role to affect the prop-
erties of activated BC; among these, KOH has special benefits to achieve high yield with
controlled pore features of microporess, mesopores, and a high specific surface area at
lower temperatures [134]. KOH activation is generally employed by the help of a two-stage
process (pre-heat treatment and subsequent activation). A range of biomass has been
employed for the production of BC, which is further activated by KOH and NaOH as acti-
vating agents. These materials were employed for the application of supercapacitors. The
physical attributes of porosity can be elaborated by the help of subsequent multiple steps.
In the beginning, these oxidants oxidize the carbon into carbonate ions. Post-washing of
metal compounds also develops further pores. Then, M;CO3 decomposes into CO or CO»,
leading to further pore development. The general reaction scheme for chemical activation
by alkali is as follows shown by Equations (4)—(7), where M denotes the alkali metals like K
or Na [135].

2MOH + CO, — M,CO3 + H,O 1 )
2C 4+ 2MOH — 2CO 1 +2M 1 +Hy ®)
M,CO; + C — MO + 2CO 1 6)
M,O + C — 2M 1 +CO 1 @)

Zhang et al. [136] evaluated the impact of KOH dosage and various values of the
activating temperature to produce BC from Xanthoceras sorbifolia seed coats. His findings
were are follows: an increase in KOH dosage and a rise in activation temperature caused
an increase in surface area of 2445 m? /g and specific capacitance of 423 F/g [136]. For
example, activated porous carbon from bamboo via carbonization followed by activation
showed 293 F/g capacitance at 0.5Ag ™! [137]. Figure 7 shows MnO, loaded crosslinked
carbon nano sheet (MnO,@CCNs) preparation via KOH activation. These metal oxide
loaded sheets can be made in two ways; one is pre-treatment with KOH, and the other is
post-treatment followed by hydrothermal deposition of metal oxides [138].

Pyrolysis Hydrothermal 4

Activation Deposition

Willow catkin CCNs MnO,@CCNs

Figure 7. Preparation scheme of manganese oxide loaded carbon nano-sheets by KOH activation
supercapacitors. Reprinted with permission from Ref. [138]. Copyright © 2015 Elsevier B.V.
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The pyrolysis of rice straw followed by KOH activation was carried out to synthesize
AC. This AC showed promising electrochemical performance by exhibiting a capacitance
of 332 F/g for supercapacitor applications [139]. One-step KOH activation is also being
widely used to produce AC for energy storage. Pyrolysis of corn husk treated with KOH
was carried out to produce porous carbon, which showed an excellent capacitance of
356 F/g [68]. Recently, hierarchically porous carbon material synthesis was reported
using KHCOj as an activator [19,140]. Chestnut seed precursor was used to make AC by
physical and chemical activation methods, coupled with pyrolysis. Figure 8a presents the
morphology of BC before activation and the formation of large pores with a low specific
surface area of 17.1 m? /g, while a noticeable change in structure and specific surface area
occurs after activation [76]. While Figure 8b shows that during physical activation with
CO,, the specific surface area increases up to 105.7 m? /g with smaller pores, while in the
chemical activation method in Figure 8c, there is a significant change in structure with
various micropores that have a high specific surface area of 1221.2 m?/g [76]. Figure 8d,e
depicts the electrochemical analysis. Cyclic voltammetry curves of non-activated carbon,
and physically and chemically AC were recorded at 10 mVs~! and 100 mVs~!. Due to the
activation process, an increase in surface area leads to a higher value of capacitance. There
is a promising increase in the case of chemical activation, which is due to the formation of
micropores that causes the well confinement of ions.

A higher carbon yield, developed and larger porosity, and lower pyrolysis temperature
are some of the advantages of chemical over physical activation. These factors are of great
importance to store energy in supercapacitors [141].

1
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Figure 8. SEM Images of: (a) non activated, (b) physical activated carbon, (c) chemically activated
carbon, (d) cyclic voltammetry curves at 10 mVs~! (e) at 100 mVs 1. Reprinted with permission
from Ref. [76]. Copyright © 2020 MDPIL
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It has been previously reported that potato starch-derived AC was produced using
KOH activation for supercapacitor applications. An increasing ratio of KOH/AC and
decreasing carbonization temperature resulted in achieving a 335 Fg~! capacitance with
increased SA [142]. In the same way as the different ratios of KOH to BC, activated BC was
derived from bamboo, which showed the development of micropores is nearly completed
at a ratio of BC/KOH = %, while increasing the ratio of BC/KOH to 1/3 leads to an
increased mesoporous fraction, which is due to larger pores. When the ratio is increased to
1, the surface area reaches from 1010.21 to 1413.21 m?/g. Similarly, the total pore volume
is affected by the increasing ratio, which increases from 0.123 to 0.708 cm?®/g. It was
also concluded that a higher mesoporous fraction showed a higher capacitance due to an
effective mobility of ions from larger pores [143]. AC derived from corncobs via chemical
activation was used as an electrode material for supercapacitors, which achieved 401.6 F/g
high specific capacitance in 0.5 M H,SOj and 328.4 Fg~! in 6 molar KOH electrolytes at
0.5 Ag~! current density. The highest specific surface area of 3054 m? /g with favorable
functional groups and well developed micro porosity and electronic conductivity was
exhibited by the AC synthesized at a temperature of 850 °C [144]. The direct KOH activation
method was applied to synthesize AC from miscanthus grass, which was investigated at
different reaction times for 6, 12, 18, 24, and 48 h and with chemical pretreatment of biomass
in an aqueous solution of KOH 16% (w/v) under stirring at 25 °C. At a current density
of 0.5 A/g, a specific capacitance of 162 F/g was exhibited by miscanthus-derived AC
synthesized after 18 h pretreatment with KOH and a micropore volume of 0.26 cm3/ g and
surface area of 639 m?/g. In the case of 12 h pretreatment with KOH, AC showed an energy
density of up 14.4 Wh/kg and current density up 377 W /kg with stable performance [15].

Chemical activation is the most common and effective process to produce surface
modified AC with a well decorated porosity and high surface area. However, expensive
chemicals, post washing of these chemicals, and unwanted hazardous by-products are the
challenges associated with this process of activation.

3.1.3. Physiochemical Activation of BC

The physicochemical activation method is a technique to activate the BC by the
combination of both physical and chemical methods [145]; an activating agent is used to
treat the precursor feedstocks or char, followed by pyrolysis in the reactor in an oxidant
flow to make activated material [146]. This method is utilized when it is difficult to remove
the activating agent used in the activation process through washing; otherwise, it can cause
blockage of pores. [147]. High temperature, long process time, and lower yield are some of
the issues associated with this method.

Thus Hu et al. [148] studied the combined effect of this method of activation to achieve
high mesoporosity by applying CO, activation at 800 °C to KOH or ZnCl, AC produced
from coconut shell and palm stone. His findings were of an increased surface area up to
2400 m? /g and mesoporosity from 14-94%. Previously, AC produced from coffee grounds
via physical, chemical, and a combination of both methods was studied. The results
revealed a 405.68 m?g~! high surface area in the case of chemical activation, followed by
the combination of physical and chemical activation at 133.72 m?/g, and 35.45 m?/g for
physical activation [149]. E. Taer et al. [74] used sugarcane bagasse precursor to make AC by
physical process and physicochemical process. SEM micrographs in Figure 9 clearly shows
that AC produced via the physicochemical method is more porous than AC produced by
the physical activation process. The specific capacitance achieved by physical AC was
146 F/g, while in case of physicochemical AC it increased to 176 F/g. Physiochemical
activation has been less studied to synthesize AC for supercapacitor application because it
involves two activation processes.
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Figure 9. SEM micrographs. ACM1 activated carbon via physical activation, and ACM2 activated
carbon via physicochemical activation. Reprinted with permission from Ref. [74]. Copyright © 2022
by Trans Tech Publications Ltd.

Activation methods including physical, chemical, and physicochemical activation are
used to produce AC for different applications such as energy storage. These methods have
some advantages and disadvantages, which are summarized in the Table 2.

Physiochemical activation implemented to synthesize activated carbon for supercapac-
itor applications has been less studied because it involves two activation processes. Table 3
summarizes the physical, chemical, and jointly physiochemical activation methods used
to produce activated BC-based materials from different biomass feedstocks. The electro-
chemical performance of activated carbon produced via different activation techniques for
supercapacitors has been discussed.

Table 2. Advantages and disadvantages of activation techniques.

Activation Method

Advantages

Disadvantages

Physical activation

Commercial scale application,
easy adoptability, biochar
with enhanced porosity and
physical strength

Lower yield of biochar, longer
activation time, high
activation temperature, high
energy consumption

Chemical activation

Higher biochar yield, high
surface area, developed and
larger porosity and lower
activation temperature

Expensive chemicals,
post-washing of these
chemicals, unwanted
hazardous by-products

Physicochemical activation

It is utilized when it is difficult
to remove the activating agent
used in activation process
through washing

Less studied method of
activation, lower char yield,
high temperature
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Table 3. Activated carbon production from different biomass feedstocks via activation methods and application for supercapacitor electrodes. Adapted with

permission from Ref. [150].

. . he o Specific Surface Current Density Specific Capacitance Energy Density Power Density
Lignocellulosic Biomass Activation Methods Area (m?/g) (Ag1) (Fg1) Electrolyte (Whikg) (W/kg) Ref.
Rice husks and crab shells Chemical activation by KOH 3557 0.5 474 6 M KOH — — [151]

s . 6 M KOH and
Corn husk Activation with KOH 1370 1 127 and 80 1M TEABF4/AN 20 681 [152]
Sisal KOH activation 2289 0.5 415 6 M KOH — — [153]
Camellia oleifera shell Chemical activation with ZnCl, 1935 0.2 374 and 266 1 NéI‘I\E[zSKOOle_? nd — — [154]
Rose flower Chemical activation with KOH/KNOj3 1980 1 350 6 M KOH — — [155]
Sunflower seed shell KOH activation 1162 0.25 244 30 wt% KOH 4.8 2.4 [156]
oL . 367 for aqueous

. Carbonization at 450 °C and chemical

Rice husk activation by KOH at 400-900 °C 3145 227 electrolyte and 174 for 6 M KOH — — [157]
organic electrolyte

Carbonization at 400 °C in muffle furnace

Rice husk of NaOH pretreated rice husk, activation 2696 at 850 °C 0.1 147 at 850 °C 6 M KOH 5.11 — [158]
by KOH at 750 °C, 850 °C, and 950 °C

Poplar anthers Chemical activation with KOH 3639 0.5 361.5 6 M KOH [159]
Apricot shell NaOH activation 2335 0.5 339 6 M KOH — — [160]
Rice husk Chemical activation with KOH 3263 0.5 315 6 M KOH [161]
Castor shell Chemical activation with KOH 1527 1 365 6 M KOH — — [162]
Cornstalk Chemical activation with K,C,04-H,0O 2054 0.5 461 1M NaySOy — — [163]
Husk of cotton Seed Chemical activation with KOH 1694.1 0.5 1694.1 6 M KOH — — [164]
Cotton stalk Chemical activation with KOH 1964.46 0.2 254 1 M NaySOy — — [165]
Waste tea leaves Chemical activation with KOH 2841 1 330 2 M KOH — — [166]
Corn grains Chemical activation with KOH 3199 0.5 257 6 M KOH — — [167]

. . Self-activation at 700 °C, 750 °C, 800 °C,
Mantis shrimp shell 850 °C, and 900 °C with NS co-doping 401 1 201 6 M KOH — — [25]
Grape Marcs Doping Wlth;f%r(‘)dogA with KOH 22214 0.5 446 1M H,50, 163 348.3 [150]

. . . . 9.5 in aqueous

Quinoa N doping with CA with different 2597 05 330 6 M KOH electrolyte and 22 in — [168]

KOH ratios.

organic electrolyte
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3.2. Metal Oxide Loaded Modified BC for Supercapacitors

Surface loading with metal /hydroxides is another way to change the surface of the BC.
Metal loading is a process in which the BC surface is loaded with the transition metal oxides
to change its features. BC acts as a substrate to support the metal oxides and hydroxides to
increase surface redox activity. Among all metal loading methods, the most common and
developed method is impregnation. By this method, the metallic particles are impregnated
into the pores of the BC by capillary action [169,170]. To make a compatible BC-based
material with transition metals oxide, two activation techniques are used: the first is acid
activation and the second is alkali activation—the alkali activation mechanism. Raw algal
biochar (RAB) was prepared via pyrolysis at a heating rate of 15 °C/min reaching the
reaction temperature of 700 °C. RAB is the precursor to synthesize 3D interconnected
mesopores network (3DFAB). Green microalgae was treated with 6 M NaOH and refluxed
for 5 h at 100 °C. 3DFAB synthesized by pyrolysis at 700 °C for 2 h followed by reflux by
H,S0,4 and HNOj for 6 h at 80 °C [171].

Figure 10 presents the mechanism of alkali activation. In this method, the BC sample is
mixed with an activating agent followed by thermochemical conversion. During pyrolysis,
the reaction of NaOH with carboxyl, carbonyl, hydroxyl, ether, and ester groups takes
place. As a result, free radicals and vacancies are generated. Other reactions of NaOH
with C-C and C-H also generate vacancies. The formation of many oxygen functional
groups takes place due to the penetration of OH and NaOH into vacancies [171]. The
impregnation of metallic particles becomes easy because the metal uptake is enhanced due
to acidic functional groups, which are obtained during chemical treatment by acid while
contact between metal and carbon increases with basic treatment [172-174]. Oxides or
hydroxides MnO;, NiO, Co304, Ni (OH);, and Co(OH); of transition metals are reported
as pseudo-capacitor materials [175]. However, metal oxides/hydroxide loaded BC-based
materials act both as a pseudo-capacitor and electric double layer capacitor. Previously,
it was studied that BC obtained from wood used a substrate to grow MnO,. The redox
reaction of BC and KMnO,4 makes BC loaded with manganese oxide [19].

Free radicals

Pyrolysis
6 M NaOH reflux for 5 hours at100°C

3DFAB

Figure 10. Alkali activation mechanism prior to synthesize metal oxide-loaded BC. Reprinted with
permission from Ref. [171]. Copyright © 2021 Springer Nature.

Banana stem-derived BC was obtained via pyrolysis at 500 °C for 12 h. Iron oxide-
loaded magnetic BC was made by treating raw BC with FeCl; and FeSOy solutions. The
surface area increased from 7.97 m?g ! to 283 m?g !, which happens due to the fusion of
metallic particles on the surface of the BC. To enhance the conductivity and capacitance, the
magnetic BC was transformed to a composite with conducting polymer polyaniline. The
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magnetic BC and composite demonstrated specific capacitances of 234 F/g and 315 F/g,
respectively [176].

Metal oxide-loaded BC-based materials exhibited excellent electrochemical perfor-
mance for supercapacitors. However, it is still a challenge to control the doping content of
metal oxide. BC based as a career for this method should be optimized in its structure and
porosity.

3.3. Heteroatoms Doped BC for Supercapacitors

The low manufacturing cost, low toxicity, high cycle stability, and environmentally
friendly nature of the AC make it a promising candidate for the construction of electrodes
for supercapacitors. [177,178]. The electrochemical performance of storage devices can be
enhanced by enhancing the surface area, conductivity for current, and stable structure of
the electrodes [179,180]. Doping BC with heteroatoms is an alternative way to change the
surface features of BC to improve its electrochemical performance. Doping of nonmetals like
nitrogen, sulphur, phosphorous, boron, fluorine, and metallic atoms like gold, silver, cobalt,
and iron has received attention with regard to the modification the carbon-based materials.
The atomic size and electronegativity of the nonmetal dopants can effectively enhance the
charge storage capacity of the devices [181-183]. The main atoms to be used for surface
doping are S, P, N, O, and B. To improve the performance of BC, a single atom doping of N
is most commonly used. N-doped BC can be produced via two routes; one is N self-doping,
which is conducted with biomass that contains N containing components. Figure 11 shows
the scheme to fabricate N-doped BC for supercapacitor applications. It is implemented in
two steps: carbonization, followed by pyrolysis. These nitrogen-containing precursors can
be converted into N-doped BC via in-situ pyrolysis as also discussed by [184,185], while in
the second route, one N-doped BC can be obtained by nitrogen-containing dopants like
urea, thiourea, NH4Cl, etc. These elements can be co-doped with two or more in number
on BC-based materials. This modification technique can control the electronic properties of
BC-based materials, while improving the conductivity and wettability, whilst the additional
reaction of functional groups may occur to produce pseudo-capacitance [186-188]. Biomass
originates from plants and animals that are usually rich in carbon, but contains also other
nonmetal atoms that are uniformly distributed; due to this modification method, doped
BC-based materials can easily be made via simple annealing [189-191]. Previously ultrathin
graphitic carbon was produced via KOH activation from green tea waste biomass, which
exhibited a good specific capacitance and excellent cycle stability [192].

To tune the surface of BC, this doping is an alternative approach to modify the surface
of BC-based materials to improve the capacitance performance. N-rich hierarchical carbon
electrode with a 2221.4 m?g~! high surface area prepared from grape marcs exhibited an
excellent charge storage ability in electrolyte of 1 M H,SO4 ata 0.5 Ag~! current, density
maximum of 446.0 Fg_l, and a capacitance compared to 6 M KOH and 1M Na,5SO,4 with
specific capacitances of 345.5 Fg~! and 310 Fg~!, respectively. Supercapacitors assembled
by these materials showed excellent performance by reaching 16.3 Whkg ! energy density
with 348.3 Wkg~! power density [150]. Self-activation was proposed to make N-S co-
doped hierarchical porous BC-based materials from mantis shrimp shells using pyrolysis
at different temperatures of 700 °C, 750 °C, 800 °C, 850 °C, and 900 °C for supercapacitors.
Electrochemical tests revealed that at an activation temperature of 750 °C BC achieved
401 m?2g~1SA, a1 Ag~! current density, a highest specific capacitance of 201 Fg~!, and
nitrogen contents (8.2 wt%) and sulfur contents (1.16 wt%) in 6 M KOH electrolyte [193].

Doping of biochar with heteroatoms-based materials demonstrated excellent perfor-
mance for supercapacitors, however, the effect and mechanism of heteroatoms doping
towards electrochemical performance is still not clear. The working mechanism of different
types of heteroatoms doping is unclear, and it is also difficult to control the concentra-
tions and ratios of different doping species. Table 4 summarizes the metal loaded and
heteroatoms doping of different biomass feedstocks for electrochemical applications.
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Table 4. Modified BC-based materials via metal loaded and heteroatoms doped BC as an electrode materials for supercapacitor application. Recreated from the

references [125,150].

Lignocellulosic Biomass Modification Method for Supercapacitor Materials Capacitance (F/g) Current Density (F/g) Electrolyte Cycle Stability (%) Ref.
Bagasse MnO,; /Porous carbon 492.5 1 6 M KOH 92.1% after 5000 cycles [195]
Typha domingensis Ni—Co oxides/nanofibers composite 142 1 6 M KOH 78.4% after 5000 cycles [196]
Hemp straw Fe,O3/porous carbon nanocomposites 256 1 6 M KOH 77.71% after 5000 cycles [197]
Houttuynia nitrogen-doped hierarchically porous carbon 4735 1 6 M KOH 95.74% after 10,000 cycles [198]
Peach gum Ni(OH); /carbon nanosheet 350 1 6 M KOH 83.9% after 5000 cycles [104]
Datura metel seed pod N, S codoped activated mesoporous carbon 340 1 1 M H,504 95.24% after 3000 cycles [199]
Elaeocarpus tectorius Phosphorus-doped porous carbon 385 0.2 1 M H,S04 96% after 1000 cycles [200]
Carboxy methy] cellulose co-doped hierarchically porous 465 1 3 M KOH 86.3% after 10,000 cycles [201]
ammonium
Bamboo leaves Copper oxide/cuprous oxide/hierarchical porous carbon 147 1 3 M KOH 93% after 10,000 cycles [202]
Lotus pollen CuCl,-activated carbon 496 1 1 M NaySOy 90.8% after 10,000 cycles [203,204]
Rape pollen Co-doping of Nitroge}i‘oigjss:;fggio make hierarchically 361 1 6 M KOH 94.5% after 20,000 cycles [205]
Ginkgo leaves porous carbon doped with nitrogen 323.2 0.5 6 M KOH 99% after 12,000 cycles [206]
Peanut shells doped BC with nitrogen 447 0.2 1M H,SO, 91.4% after 10,000 cycles [207]
Bamboo Graphene functionalized bio-carbon xerogel 189 1 6M KOH 10% after 10,000 cycles [208]
Tofu Fe;C/Fe304 nanosheets 315 0.5 6 M KOH - [209]
Banana peel MnO,; and biomass-derived 3D porous carbon composites 170 10 1 M Na,SOy4 98% after 3000 cycles [106]
Cotton Seed Husk 3D Porous Carbon like Honeycomb 238 0.5 6 M KOH 91% after 5000 cycles [164]
Puffball spores Self-doped hollow-sphere porous carbon doped with N & S 285 0.5 2 M KOH 80.3% after 5000 cycles [210]
Paper towel Bifunctional 3D n-doped carbon materials 379.5 1 6 M KOH 94.5% after 10,000 cycles [211]
Potato waste N-doped carbon activated ZnCl, and melamine 255 0.5 2 M KOH 93.7 after 5000 cycles [212]
Pine nut shells N-doped BC with KOH and melamine activation 324 0.5 6 M KOH — [213]
Bamboo shoot Shells N, S-doped BC 302.5 0.5 le %4 — [82]
Bamboo KOH activated, and HA-doped BC with N, B 281 0.2 1 M KOH — [214]
Peanut meal Carbonization, ZnCl,; and Mg(NO3),-6H,0 activation 525 1 1 M H,S04 — [215]
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‘ S Doping by H,S, SO,, CS,, S-organics ‘

‘ B Doping by BCl;, H;BO;, B,O, B-organics

Oxidized-N

. i

Carbonization BIOCHAR Pyrolysis

Pyridinic-N

Pyrrolic-N

o—

OH

Figure 11. Scheme to make heteroatoms doped BC. Doped BC obtained by two steps; carbonization
followed by pyrolysis in an inert atmosphere. Recreated with permission from Ref. [194]. Copyright
© 2020 Elsevier B.V.

3.4. Modification of BC Using Sono-Chemical Method for Supercapacitors

Biomass valorization can be carried out in a variety of ways, such as microwave,
gamma rays, electron beam, pulse electric field, and ultrasound technology. Ultrasonic
irradiation gained attention due to its mechano-acoustic (physical) and sono-chemical
(chemical) effects. The mechanoacoustic effect physically disrupts the surface of biomass,
while in case of the sono-chemical phenomenon, extreme temperature and pressure due to
cavitation leads to the generation of highly reactive radicals [216]. Sound waves that are
higher than 20,000 Hz in frequency are categorized as ultrasound. When they transmit in a
system, there would be many effects that can affect processes such as heating, mechanical,
chemical, and sound effects. Solid and liquid reactions are improved by this treatment,
which is due to the uniform mixing of reactants [217,218].

Figure 12 shows the schematic of the formation of porous carbon via sono-chemical
modification [219]. In Figure 12 it is shown that during ultrasonic treatment, dissolved
NaOH can easily penetrate into the micropores of the carbonized biomass precursor. With
the increasing temperature, NaOH reacts efficiently with carbon to produce more mesopores
and micropores to make porous carbons with a high surface area. Figure 13a—d displays the
electrochemical performance of sono-chemically modified BC from rice straw at a relatively
low activation temperature. At a temperature of 600 °C and 1 h sonication, porous carbon
was produced that exhibited a 420 Fg~! higher capacitance at 1.0 Ag~! density. This
modified BC achieved a 1820.2 m?g~! surface area with a superior rate performance of
314 Fg~! at 10 Ag~!. The supercapacitor showed a high electrochemical performance by
achieving an energy density of 11.1 Wh/kg and power density of 500 W/kg. The cycle’s
stability after 10,000 cycles up to 99.8% was achieved at 20 Ag~! current density [219].

s
p— s Na* OH-
S Na' OH- /
I, Ultrasonic treatment pyrolysis
lh
Na* OH-
/ -
Na* OH' . Na* OH- Na® OH
z, ' Porous carbon
v

Figure 12. Representation of sono-chemical method to produce surface modified porous carbon.
Reprinted with permission from Ref. [219]. Copyright © The Royal Society of Chemistry 2020.



Catalysts 2022, 12, 798

21 of 35

Due to acoustic cavitation [220,221], mechanical and chemical effects produced by
ultrasound can enhance the mass transfer [222,223], due to which the formation and
destruction of microbubbles take place in the liquid. All these results suggested that the
ultrasound-assisted method is an effective technique that can produce a stable electrode
material at a lower activation temperature for supercapacitors [125]. Two routes were
studied to modify the surface of the char produced from coconut shell using hydrogen
peroxide as an oxidizing agent. In the first route, char was mixed with H,O, and then
activated with KOH; in the second route, char mixed with H,O, was sonicated and then
activated with KOH. Results showed that a maximum specific surface area of 2700 m?/g
achieved at 30% concentration of H,O, assisted with sonication, while ultra-sonicated
activated char exhibited high a specific capacitance of 487 F/g, and char without sonication
achieved 296 F/g [224]. Bean dregs biomass derived porous carbon obtained via ultrasonic
activation coupled with KOH treatment showed a high specific surface area of 1281 m?/g
and specific capacitance of 197 F/g [225]. Recently, it was studied that ultrasonic activation
can reduce or clean the ash of BC to make more pores, due to which the specific surface area
is increased [226]. From all of the above studies, it can be concluded that sono-chemical
treatment improves the electrochemical performance of AC derived from biomass.
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Figure 13. (a) Specific capacitance at current density (b) Specific capacitance at temperatures 500, 600
and 700 °C (c) Energy and power densities (d) 99.8% cyclic performance for 10,000 cycle numbers
loaded at 20 A/g. The inset figure is the first 10 (I) and the last 10 times (II). Reprinted with permission
from Ref. [219]. Copyright © (2020) The Royal Society of Chemistry.
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This technique has many advantages for biomass pretreatment and the conversion of
lignocellulosic biomass to valuable products like modified BC-based materials. However,
there are many issues that need to be addressed. The challenge is to scale it up from the
laboratory scale to the industrial scale. Furthermore, the effects of the ultrasound method
varied from biomass feedstocks and processes. These can be studied by comprehensive
models that can predict the viability of ultrasound-assisted processes.

3.5. Modification of BC Using Mechano-Chemical Method for Supercapacitors

Mechano-chemistry utilizes the mechanical energy to change the structure and phys-
iochemical properties of solid matter. SL James et al. [227] reported a mechano-chemical
reaction—a chemical reaction initiated by absorbing mechanical energy. Lignin, cellulose,
and hemicellulose are the main components of lignocellulosic biomass, which make its com-
plex structure. This rigid structure of biomass can be destroyed by mechanical forces such
as friction, compression, shear, and impact by milling treatment. After milling treatment,
hemicellulose, cellulose, and lignin are more accessible to catalysts or enzymes. Biomass is
a sustainable precursor for BC-based materials synthesis [19]. There are many applications
where BC-based materials can be used widely; these are energy storage, catalysts, adsorp-
tion, etc. There are many techniques for BC preparation, such as pyrolysis, hydrothermal
carbonization, ionothermal carbonization, torrefaction, etc. [228,229]. Previously, it was
studied that the blending and torrefaction of biomass feedstocks can play a vital role in
carbon enrichment [230]. Figure 14 presents the BC-based materials can be made by cou-
pling the abovementioned techniques with mechano-chemical synthesis. The ball milling
technique can be used as an individual, or it can be coupled with some other methods
to destroy the building blocks of the precursors or BC [26]. To enhance the biomass val-
orization, there can be changes in the structure of biomass due to mechanical pretreatment
along with some other pretreatments: surface area [231,232], particle size [233], degree of
polymerization [234], crystallinity index of cellulose [233,235], and thermal stability [236].

| Metal salts “ Hot water I Ozonolysis I

o) | | | o
= j Lignin 543
==
,/\’ Z Ball milling Hemicellulose /~
%_}/ treatment P

Hemicellulose -I Biomass after treatment

| Acid " Alkaline ” Microwavcl

Figure 14. BM method coupled with other techniques to destroy the complex structure of lignocellu-
losic biomass. Recreated with permission from Ref. [26]. Copyrights © 2020 Elsevier B.V.

Xidong Lin et al. [237] proposed a green and an activation-free method to prepare
BC-based materials from agro-residues through mechano-chemistry. The BC-based material
was obtained by ball milling treatment, followed by carbonization with a high surface area
of 1771 m?2/ g compared to direct carbonization with a lower surface area of 5 m2/ g; it also
demonstrate excellent electrochemical performances. Figure 15 depicts a green, solvent-free,
and top-down approach to produce high-surface-area BC-based materials from biomass
precursors [237]. This is a clear depiction that mechano-chemical treatment followed by
carbonization produces surface-modified BC-based material with a high surface area in
comparison to simple carbonization.

Figure 16a—c demonstrates the ball milling at 350 rpm for 30 min was performed,
followed by pyrolysis at a high temperature (>800 °C) of dairy manure and eggshell
wastes. Some of the CaCOj3 acted as an activating agent, decomposing CO, in order
to produce micropores, and the removal of CaO and remaining CaCO3 by HCl solution
produced mesopores, which led to the production of hierarchical porous carbons for making
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electrodes for supercapacitors [238]. The porous carbon produced by this method achieved

a maximum surface area of 543.6 m?/g and its total pore

volume was 0.48 cm3g’1. It

has promising electrochemical performance due to it exhibiting a specific capacitance of
226.6 Fg~1. After 2500 GCD cycles, it performed 100% capacitance retention.

Carbonization
—
a

b 1 Mechanochemical treatment

High surface area

Figure 15. Comparison of surface modification of BC-based materials by carbonization and its
combination with the ball milling method. Route (a) carbonization, Route (b) mechano-chemical

treatment followed by carbonization. Reprinted with permission fr
American Chemical Society.

om Ref. [237]. Copyright © 2017
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Figure 16. (a) Synthesis scheme of hierarchical porous carbon produced from dairy manure and
eggshells via the BM technique (b) charge and discharge curves of samples at current density of

1 A/g (c) specific capacitance of samples at different current densities
from Ref. [238]. Copyright © 2018 John Wiley & Sons.

. Reprinted with the permis-sion



Catalysts 2022, 12, 798

24 of 35

BC-based materials are sustainable and low-cost supports for metallic catalysts [239].
Generally, these metallic catalysts are fabricated by wet impregnation. Mechano-chemical
is a technique that provides a green and solvent-free synthesis of electrode material and
metal catalyst. Previously, two tracks were adopted via a mechano-chemical method;
(1) pyrolysis of biomass followed by ball milling with oxide of iron (Fe3Oy), and (2) biomass
and metal precursor were ball milled and then pyrolyzed to produce metal-coated BC-
based material [240,241]. Figure 17 presents the mechano-chemical modification provides a
green route to prepare carbon/metal composite in a solvent-free environment [26].

Ball Milling

Route 1 /o, N\
Pyrolysis S )

Biochat Metal Oxides

sseworg

Ball Milling Metal loaded

. biochar
: '.‘._‘:7 ‘ Pyrolysis
’|:(>N:@¢ = Py

Biomass mixed
with metal oxides

Route 2

Metal Oxides

Figure 17. Two-way mechano-chemical method to produce metal oxide loaded BC-based material
produced via pyrolysis. Recreated with permission from Ref. [26]. Copyrights © 2020 Elsevier B.V.

Mechano-chemical modification is a method that can be used to make nanofibers and
carbon quantum dots. Surface area and oxygen-containing functional groups of BC-based
materials can be enhanced by this method [242-245]. Biomass-derived porous carbon
synthesized via this treatment plays multiple roles in supercapacitor applications due to
its inherent heteroatoms present in the precursor biomass. Mechano-chemically modified
BC-based material derived from lotus root showed a higher specific capacitance of 390 F/g
due to its high specific surface area compared with chemically activated BC with a specific
capacitance of 236 F/g. The energy storage device delivered the highest energy density of 9
Wh/kg at a power density of 80.8 W/kg in an aqueous electrolyte system [246]. The solvent-
free approach is used to produce BC with developed micro/mesoporous structure and
superhydrophilic characteristics from Corn Stover including pre-carbonization, ball milling,
and activation. This method of modification enhanced the porosity, hydrophilicity, surface
energy, and graphitization of the BC-based materials. Among all ball-milled activated BC
at 800 °C, it presented a high specific surface area of 2440.6 m?/g and specific capacitance
of 398 F/g at 0.5 A/g the current density in 1 M HpSOy electrolyte, and showed an energy
density of 5 Wh/kg at a power density of 100 W/kg. XRD pattern of samples describe
the crystalline structure of carbon. The broad peak centered at 22.5° was ascribed to
its amorphous structure. Peak shifting at 24.5° for the ball-milled BC at 800 °C with d-
spacing of 0.34 nm indicated the increased crystallinity and graphitization after milling
treatment [247]. Table 5 summarizes the electrochemical performance of sono-chemically
and mechano-chemically modified biochar obtained from biomass for supercapacitor.

Mechano-chemical treatment for biomass valorization has many advantages over wet
processes as it does not require the consumption of any solvents and avoids post-treatment
like solvent removal and product purity processing. It is being used at a laboratory scale
for biomass conversion, but no data are available at the commercial level. The high energy
demand to perform this method is an obstacle to its commercialization.
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Table 5. Sonochemically and mechanochemically modified BC-based materials used for making

electrode materials for supercapacitor applications.

Lignocellulosic Modification Specific SPE?lﬁC Curre'nt Energy Pows.er
Biomass Techniques Surface Capacitance Density Electrolyte Density Density Ref.
Area (m?/g) (Flg) (Alg) (Wh/kg) (W/kg)
Ultrasound assisted
Rice straw activation, which 18202 420 1 1.1 500 [219]
lowers activation
temperature
487 with
. sonication
Coconut shell Ultrasound a§51st§ d 2700 and 296 [224]
with KOH activation .
without
sonication
Garlic peel Ultrasound assisted 3887 46 1 6 M KOH 59.57 190.06 [248]
modification
Carbonization at
700 °C for 4 h at Hichest
2 °C/min. ball milling ) fci Pl 390 with
coupled with K;CO3 as P mechano-
. ; surface area .
an activating agent in a of 1400 at chemical
Lotus root mass ratio of 1:1 for 5 h 700 °C modification 04 3 M KOH 9 80.8 [246]
at 500 rpm with et}}anol compared to & 236 W1th
as a reaction medium. 600 °C and chemical
Activation was carried 5 activation
out at 600 °C, 700 °C 800°C
and 800 °C
Mechano-chemically
Corn stover BC activated at 2440.6 398 0.5 1 M H,SO4 5 100 [247]

different temperatures

4. Knowledge Gap and Future Perspective

Further research is requisite to understand the reactions occurring during BC produc-
tion and surface modification at a macroscopic and microscopic level to be lined with
biochar performance in supercapacitor applications.

Techno-economic analysis of BC-based material production via pyrolysis and surface
modification techniques is also necessary for prospects in supercapacitor applications.
An interconnected hierarchical pore-structured BC would be a good direction to
achieve the required objective. BC with improved energy storage ability and electro-
chemical performance need future energy storage devices.

Efficiency comparison of different modification methods is difficult; therefore, a com-
prehensive comparison needs to be made at individual optimum conditions on the
same BC prepared by different methods for the same energy storage application.
More emphasized work must be conducted on the solvent-free technique mechano-
chemical modification method, and also for the ultrasound-assisted method to obtain
the required surface structure of BC-based materials. A combination of the ultrasound
and milling effect can be more efficient to produce modified BC-based materials for
energy applications.

5. Conclusive Remarks

Physical activation is advantageous due to commercial-scale applications and adapt-
ability. The BC materials produced by this method show the promising properties
of enhanced porosity and physical strength, which are critically required to improve
the electrochemical performance of supercapacitors. On the other hand, low BC yield,
longer time of activation, and higher activation temperature leading to high energy
consumption are issues associated with this method.
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e A higher carbon yield, larger porosity, and lower pyrolysis temperature are some
of the advantages of chemical activation to achieve an improved performance of
supercapacitors. However, expansive chemicals and post-washing of these chemicals
and by-products are some of the challenges of this method.

e  Metals oxide loading on the biochar surface increases the surface redox activity. It also
improves the electrical conductivity and surface area of the BC, which enhances the
performance of the supercapacitor. The uniform distribution of metals is one of the
challenges to be considered in this method.

e  Heteroatom doping plays its role in improving the surface area, electrical conductivity,
and stability of the BC for enhanced supercapacitor applications.

e  Sono-chemical surface modification can modify the surface in lesser time with a lower
activation temperature and improved surface area and capacitance for supercapacitors.

e  Mechano-chemical modification is a solvent-free technique for surface modification
of BC to achieve a high surface area, enhanced specific capacitance, and high energy
density for supercapacitors. However, high energy consumption is an issue associated
with this method. This technique can be coupled with various other techniques to
modify the surface features of the BC for supercapacitor applications.
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