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The use of biomass as carbon precursors has been extensively investigated, with a particular emphasis on examining the properties
of derived porous carbon and its application in electrical double-layer capacitors (EDLCs). Biomass-derived porous carbon-based
electrodes have shown promising properties that can improve the efficiency of EDLCs. However, despite the extensive research in
this field, no definitive solution has been proposed. This review investigates in depth three main factors that impact the
electrochemical performance of derived porous carbon-based electrodes: (1) the initial properties of raw biomass as carbon
precursors, (2) operating conditions, and (3) physicochemical properties of biomass-derived porous carbon materials. Examined
operating conditions include synthesis techniques, activating agents, the mass ratio of the activating agent to the raw biomass as
porous carbon precursors, carbonization/activation duration, operating temperature, and the mass of the active material in the
electrode. The surface morphology and surface functional groups were used to evaluate the physicochemical properties of derived
porous carbon materials. Multiple factors influence the properties of porous carbon derived from biomass and, consequently, the
efficiency of the electrodes made from these materials. This study reveals that the properties of porous carbon-based electrodes
derived from biomass vary from one biomass to another and are affected by various parameters, conditions, and synthesis
techniques. Therefore, it is impossible to rely exclusively on a single factor to improve the electrochemical performance of EDLC
electrodes. A thorough consideration of the multiple factors is required to optimize the properties and performance of the
electrodes.

1. Introduction renewables, however, poses challenges to their reliability

and integration with primary energy sources, necessi-
Because of the limited resources and environmental  tating the development of high-capacity energy storage
concerns associated with nonconventional energy re-  systems [1, 2]. This has led to the dominance of lithium-
sources, the global landscape has shifted towards re- ion batteries, lead-acid batteries, and supercapacitors for
newable energy resources. The intermittent nature of  solar and wind energy technologies. However, batteries
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have limitations such as low power density, a slow charge
rate, and a short lifetime [3]. Supercapacitors have
emerged as promising candidates among these energy
storage technologies due to their unique characteristics,
including rapid charge/discharge, high power density,
long life cycle, and stability [4, 5]. However, they have
disadvantages such as high self-discharge and low-energy
density [6-10]. Within the supercapacitor family, electric
double-layer capacitors (EDLCs) have acquired wide-
spread uses in many electronic devices, electric vehicles,
and grid and off-grid connections [1, 2, 11]. Using an
electrostatic adsorption/desorption mechanism for the
charging/discharging process of EDLCs, these capacitors
store energy by forming temporary electrical double
layers of ions at the electrode-electrolyte interface.
Consequently, the distance between electrodes decreases
and leads to an increase in the capacitance [12].

The electrolyte must be considered when evaluating
the electrochemical performance of an electrode as the
charging/discharging process takes place at the interface
between the electrode and electrolyte. There are three
categories of electrolytes currently in use: solid, gel, and
aqueous [13, 14]. Given the EDLC’s charging/discharging
mechanism, the electrode plays a crucial role in de-
termining the performance of EDLCs [12, 15-21]. The
overall performance of an EDLC depends on the elec-
trochemical properties of the electrodes, which are
influenced by the physicochemical properties of the
materials used in the electrode fabrication as ions have to
be accumulated on the surface of active materials within
electrodes [22]. Therefore, the selection of carbon mate-
rials to be used must be done attentively. Electrode ma-
terials must possess appropriate physicochemical
properties to produce EDLCs with high performance.
Several essential properties are necessary to improve the
efficiency of EDLCs. The properties include a large specific
surface area (SSA) and pore size distribution that includes
micro-, meso-, and macropores. Furthermore, optimal
electrode performance requires high electrical conduc-
tivity, mechanical and chemical stability [19], desired
surface functional groups [23, 24], and electrochemical
stability [6]. The active material, high-conducting mate-
rial, and binder constitute the electrode’s materials. These
materials are coated on a current collector to facilitate
electrochemical performance measurement of an elec-
trode in a three- or two-electrode cell with minimal risk of
leakages [25-27]. Thus, the weight and capacitance of the
active materials must be greater than that of the other
electrode components [7, 21, 28]. Therefore, this report
focuses on the active materials derived from the afore-
mentioned constituents of electrode materials.

Carbonaceous materials such as activated carbon (AC),
carbon nanotubes (CNTs) [7, 12, 16, 25, 29], and activated
graphene [30] have shown promise in the search for
suitable active electrode materials. Among these alterna-
tives, AC has attracted significant interest due to its ex-
cellent physicochemical properties, which are essential for
EDLC electrodes [7, 12, 16, 25, 29]. Extensive research in
the past decade has identified AC derived from biomass as
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a promising candidate for the electrode active materials for
EDLC electrodes. Biomass-derived carbon materials have
shown excellent properties of conductivity, good electro-
chemical stability, good thermal stability, and a wide
voltage window [5, 6, 31]. Furthermore, AC derived from
biomass has a high level of porosity, making it environ-
mentally friendly, and it has a high specific surface with
a random pore size distribution that presents a variety of
surface functional groups that led to electrodes with good
electrochemical properties as well as performance [32-35]
and a high carbon yield [29, 36-42]. As precursors for AC,
biomass materials derived from various agricultural
sources such as leaves, roots, trunks, shells, seeds, peels,
husks, stalks, tassels, and grasses [4, 7, 17, 43-45] have been
investigated. Various syntheses and conditions have been
employed to produce the desired biomass-derived AC for
specific applications. However, given that their uniqueness
in thermal stability, chemical compositions, and surface
chemistry vary from one biomass to the other, to the best of
our knowledge there is no single recommended reliable
synthesis method or perfect biomass-derived AC-based
electrode materials yet found.

So far, several reviews have been conducted on biomass-
derived carbon materials. These include evaluations of the
synthesis and performance of various biomass-derived
carbon-based electrodes for EDLC application [46-49];
the influence of synthesis conditions on physical and
chemical behaviors of biomass-derived carbon-based elec-
trodes [50]; progress in the synthesis of biomass-derived
carbon and the relationship between the surface morphol-
ogy, chemical compositions, and electrochemical properties
[51-53]; examination of how synthesis methods and con-
ditions affect the morphology and valence state elements in
biomass-derived carbon [54]; future direction and chal-
lenges in biomass-based supercapacitors [55]; and many
reviews focused on the synthesis of biomass-derived carbon
and their application as electrode’s materials for EDLC
[25, 53,56, 57]. It is also important to note that the same type
of biomass can vary considerably based on geographic lo-
cation and agricultural practices. Thus, it requires a deep
investigation to address the impact of these variability on the
performance and consistency of the electrode materials
[25, 53, 56, 57]. Nonetheless, there is a dearth of available
reviews on the topic under consideration.

This review investigates the impact of the initial prop-
erties of raw biomass as carbon precursor, various synthesis
techniques, and the operating conditions on the physico-
chemical properties of AC derived from biomass. This
impact extends to the electrochemical properties and per-
formance of EDLC electrodes. The review makes a signifi-
cant contribution to the understanding of how these factors
influence the performance of EDLC electrodes by examining
in detail how the AC is produced, the conditions under
which it is produced, and the physicochemical properties.
Furthermore, it provides valuable insights into the potential
of AC derived from biomass as an ecofriendly and high-
performance material for energy storage. Finally, it high-
lights the challenges associated with biomass utilization and
identifies future research opportunities in this field.
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2. Factors Affecting the Properties of Biomass-
Derived Activated Carbon

The electrochemical performance of EDLCs is influenced by
the physicochemical properties of electrode materials and
electrolytes due to the charging and discharging mecha-
nisms, which occur between electrodes’ surface and ions
from the electrolyte. The electrode is constituted of active
materials that govern its properties, high-conducting ma-
terials to increase its conductivity, and binders to improve
the adhesion of both materials to the current collector. In
addition to the electrode materials and electrolyte, the ef-
ficiency of the system is also affected by the current collectors
and separators [21]. It has been discovered that there is no
single parameter that determines the capacitance of EDLC
[58]. Therefore, the effect of different parameters and/or
physicochemical properties, as well as the production pro-
cess conditions, on the properties of EDLC was investigated.
This section describes the effects of activation time [59],
surface functional groups [23, 26, 60], pore size distribution
[61], pore size, the ratio of carbon materials to the activation
reagent, operation temperature [62-64], the mass of active
material in the electrode, the thickness of the electrode [21],
heating rate [63], the mass ratio of the activating agent to
biomass raw materials [65], the activation method and type
of activating agent [66], the density of electrode materials
[67], and initial properties of the precursor [64]. These
conditions and parameters can be classified into four cat-
egories: the initial properties of biomass as carbon pre-
cursors, operating conditions, physicochemical properties,
and the mass of the active material and the thickness of the
electrode.

2.1. The Effect of Initial Properties of Biomass as Carbon
Precursors. As indicated in Tables 1 and 2, different bio-
masses synthesized under the same conditions result in
carbon materials with different physicochemical properties
and electrochemical performance. The initial chemical ele-
ment composition of biomass influences the surface func-
tional groups of resultant AC, which may contribute to the
improvement of electronic conductivity, wettability, po-
rosity, and interconnectivity of pores as well as increasing
the SSA of derived AC materials, thereby enhancing the
performance of the system [80, 81, 85, 89]. These elements
play an important role in self-heteroatom doping [80] and
the self-activation process [81, 90]. For example, laver’s
chemical composition contains nitrogen (N), oxygen (O),
and sulphur (S), which improve pseudocapacitive perfor-
mance and increase the accessibility of active sites for
electrolyte ions, thereby improving the storage capacity of
carbon-based materials [80]. While the self-activation of
carbon derived from rotten potatoes has demonstrated
a high SSA with a larger pore volume, larger average pore
diameter, high electrical conductivity, and good specific
capacitance (Cgp), this has led to a supercapacitor with
excellent electrochemical performance and cycling stability.
It was discovered that such properties resulted from the
presence of the initial chemical elements potassium (K),

calcium (Ca), sodium (Na), nitrogen (N), and oxygen (O) in
decaying potatoes [81]. In the research conducted on the
effect of precursors on the capacitive performance of elec-
trodes from karagash and pine sawdust under similar
conditions, the results showed that AC from karagash
sawdust had a higher graphitization degree and capacitive
performance with the lowest equivalence series resistance
than AC from pine sawdust. However, the composition of
the karagash sawdust-derived AC revealed the presence of K
and Ca, which were absent in the pine-derived AC [64].
Their presence may contribute to the high-capacity per-
formance of AC derived from karagash sawdust. As re-
ported, these types of elements introduce defects into the
carbon skeleton during activation, thereby increasing the
porosity and specific surface area, which improves the
electrochemical performance of porous carbon-based elec-
trodes [85, 91-94]. Therefore, it is very important to select
the right biomass materials to start with as AC precursors for
producing AC with adequate properties required for EDLC
electrodes.

2.2. Effect of Operating Conditions. Operating conditions
include different methods used during the synthesis of raw
materials and preparation of electrodes, and process pa-
rameters including temperature, activation agents, time of
carbonization/activation, heating rate, the ratio of activating
agent to raw biomass materials, and the ratio of the carbon
content to the activating agent.

2.2.1. Synthesis Method of Biomass-Derived Activated Carbon
and Activating Agent. Figure 1 shows that the synthesis of
biomass-derived AC materials consists of three main steps:
cleaning and impregnation of raw biomass materials used as
carbon precursors, carbonizing and activating the carbon,
and then washing the AC materials to remove impurities.
The selection of the synthesis method has a significant effect
on the morphological structure and properties of the carbon
materials produced [54, 95, 96]. In addition, the synthesis
conditions are highly dependent on the physical and
chemical properties of raw biomass [54]. The synthesis of AC
from biomass involves two processes: carbonization and
activation, which can be performed in single-phase or two-
phase processes. Carbonization and activation occur si-
multaneously in a single-phase process, while in a two-phase
process, carbonization takes place first, followed by the
activation process [12, 62]. The carbonization process is
a process that uses heat to transform biomass materials into
intense and cleansed carbon materials [97, 98]. That pro-
duced carbon can be called biochar or hydrochar depending
on the employed carbonization technique, while the acti-
vation process is a heat-assisted process of modifying
properties of carbon by introducing/removing chemical
functional groups and increasing the degree of porosity with
the final product, which is known as activated carbon
[99, 100].

Several techniques, such as pyrolysis, hydrothermal
carbonization, gasification [101], and pyrolytic templating
synthesis [57, 102, 103], have been utilized for the synthesis
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impregnation

Bottle with
impregnated
biomass

Plant-based biomass as
carbon precursors

Tube
furnace

Porous activated carbon
materials

Autoclave

Activated carbon

FIGURE 1: Schematic diagram of main procedures used in synthesizing biomass-derived porous carbon materials.

of carbon from biomass as precursors. Chemical activation and
physical activation are widely recognized as the most popular
activation methods in the production of AC. Activation is
crucial; however, excessive activation may cause pore structure
collapse, resulting in a decrease in SSA and degradation of the
electrochemical performance of the AC [54]. The synthesis
method used affects the properties of activated materials to be
used in electrode fabrication. Different synthesis methods and
activating agents will result in different properties
[87, 104-107]. This study examined the effects of carbonization
or preactivation methods, activation methods, doping, and
templating techniques used to improve and modify the
properties of carbon-based materials.

(1) Carbonization Techniques

(i) Hydrothermal Carbonization

Hydrothermal carbonization is a process that utilizes
an aqueous solution as a solvent to which raw
materials are added and heated in an autoclave or
a hydrothermal reactor [95, 108]. This process is
carried out at a relatively low temperature,
150-250°C, requiring minimal pretreatment of
precursors and producing hydrochar [54]. Hydro-
thermal carbonization is regarded as a highly ef-
fective and environmentally friendly process that
yields positive results [54, 109, 110]. The properties
of hydrochar produced by hydrothermal carbon-
ization are substantially influenced by variables such
as the amount and composition of the solvent used,
the operating temperature, and the carbonization
time [111]. Hydrochars derived from hydrothermal
carbonization possess a high carbon content, a low
ash content, uniform structure properties [108], and
a significant presence of surface oxygen groups
[108, 112]. The presence of numerous functional
groups in these hydrochars contributes to their

enhanced cation exchange capacity, despite their low
stability compared to biochars [95]. Due to the high
concentration of oxygen functional groups on their
surface, hydrochars typically exhibit a narrow di-
ameter and a relatively low SSA [101]. It has been
reported that carbonization at high temperatures can
produce hydrochars with limited porosity and re-
duced SSA but with an increased aromatization
degree [113]. Therefore, activation is often recom-
mended to improve the porosity and surface area of
the hydrochar [54].

(ii) Pyrolysis Technique

Pyrolysis technique is a specialized process that
necessitates the use of an inert gas atmosphere to
prevent the formation of ash by converting organic
matter into a stable, carbon-rich substance by sub-
jecting the biomass to high temperatures and an
oxygen-depleted environment. Compared to hy-
drothermal carbonization, it operates at higher
temperatures, resulting in the formation of a unique
product known as biochar [26, 101, 114, 115]. After
the pretreatment procedure, this technique offers
several benefits, including the reduction of water
contents and the removal of nutrients and various
chemical components such as oxygen, sulphur,
hydrogen, and other impurities that may be present
in the raw materials. However, it is essential to note
that although biochar production effectively elimi-
nated unwanted chemical constituents and impu-
rities, it also reduced the carbon content of materials
[116, 117]. That decrease in the carbon content was
a result of the thermal decomposition and volatili-
zation of specific organic compounds during the
high-temperature process. Despite the possibility of
a decrease in the carbon content, biochar retains
desirable properties that make it an attractive
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material for a variety of applications. The specific
properties of biochar can vary based on variables
such as the type of biomass used, the operating
temperature, the duration of the process, and the
inert gas atmosphere used. In general, pyrolysis
technique provides a sustainable and ecofriendly
method for transforming biomass waste into
a valuable, carbon-rich product with a variety of
applications and emits syngas, which is not needed
for this study [4, 92].

The carbonization or precarbonization technique,
also known as the preactivation procedure, will affect
the properties of AC materials. This only takes place
in the two-step carbonization method for the prep-
aration of AC, which consists of discrete carboniza-
tion and activation processes. The techniques used
may include pyrolysis and hydrothermal processes.
AC carbonized through pyrolysis reveals the highest
SSA and total pore volume, with significant micro-
and mesopores leading to the highest Cp, energy, and
power density when compared to AC carbonized via
the hydrothermal technique and a single-step product
[60, 73, 74]. Compared to AC produced via the single-
step carbonization, AC produced via the two-step
carbonization method [75, 76] has a higher SSA
with a large number of micropores and a larger total
pore volume, resulting in an electrode with greater
Cgp, lower charge transfer resistance, and superior
cycling stability. However, the yield of AC synthesized
via two-step carbonization is greater than that from
one-step [76]. In addition, it has been reported that an
increase in the precarbonization temperature leads to
a decrease in SSA and an increase in the volume of
micropores and mesopores within AC materials [77].
Precarbonization preserves and modifies the presence
of microstructures and heteroatoms in biomass and
AC materials [78].

(2) The Effect of Activation Techniques
(i) The Effect of Chemical Activation

In the chemical activation process, a carbon pre-
cursor is impregnated with selected chemicals as an
activating agent at a preference ratio in a solvent and
then heated under an inert environment to enhance
the reaction and produce a desired carbon-based
product after washing away the impurities and
unreacted chemicals. The chemical activation
method has been extensively used to produce AC,
utilizing activating reagents and low-energy py-
rolysis in an inert gas environment to produce the
desired carbon-based products [54, 62]. This tech-
nique has presented several benefits, including
higher AC yields, a large surface area, and a suitable
pore size distribution. The selection of an activating
agent, which may be a strong base or strong acid, is
crucial for enhancing the physicochemical prop-
erties of carbon materials, which, therefore,
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improves their performance [62, 72, 86, 87, 118].
Several activating agents such as potassium hy-
droxide (KOH) [4, 35, 68, 69, 119, 120], zinc
chloride (ZnCl,) [37, 121-124], sulphuric acid
(H,SO,4) [70, 125], nitric acid (HNO;), sodium
hydroxide (NaOH), phosphoric acid (H;PO,), and
manganese nitrate (MgNO3) have been utilized in
the chemical activation process [87]. Each activating
reagent influences the activation procedure and the
resultant properties of AC differently. It was re-
ported that a single-phase chemical activation
technique produced a high yield of AC and influ-
enced the release of volatile compounds [37]. The
ratio of the carbon material to activating reagents
also influences the pore structure of the AC. A low
ratio may result in a reduction in mesopores, while
a high ratio may contribute to a reduction in mi-
cropores [62]. Thus, the chemical activation method
is commonly used and regarded as highly efficient
for producing AC with desirable characteristics. By
selecting the appropriate activating reagents and
controlling process parameters, it is possible to
customize pore structures and surface characteris-
tics. Current research in this area aims to further
optimize the chemical activation process and in-
vestigate novel activating reagents to improve the
performance and application potential of AC ma-
terials [101].

AC derived from walnut shells was synthesized
through chemical activation under different con-
ditions and produced an electrode at a mass ratio of
8:1:1 AC, carbon black (CB), and PTFE binder,
respectively, and nickel foam was used as the cur-
rent collector. The results showed that the best
electrode came from the AC with the highest dis-
order [59], and they are reported in Tables 1 and 2.
AC was produced from banana peels activated with
KOH at different temperatures ranging from 750°C
to 950°C, wherein the electrode was prepared by
mixing 80 wt.% active materials with 10 wt.%
carbon black and 10 wt.% polyvinylidene fluoride
(PVDE). The as-produced AC at 900°C appeared to
be the most effective in 1 M NaNOj. The Cgp and
energy density increased to 328 F/g and 36.9 Wh/kg,
respectively, after being subjected to a voltage
holding at 1.8 V for 60 hours at 0.5 A/g [68]. A study
was conducted on electrochemical properties of
Kanlow switchgrass-derived AC electrodes pre-
pared by direct activation (through a single-step
process) and indirect activation (or through a two-
step process) with KOH and H3PO,. The indirect-
process AC was decorated with MnO, by the pre-
cipitation technique to improve the capacitance
performance and cycle life of the electrode, as given
in Table 2. However, the direct process AC with
KOH performed better [35], as presented in Table 2.
As reported in Refs. [26, 35], this could have been
caused by the pseudocapacitive behavior in as-
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produced ACs due to the presence of a high volume
of heteroatoms, which could lead to poor electro-
chemical performance of the system.

Alternately, other factors were responsible for the
poor performance as it has been reported that the
enhancement of surface functional groups and
control of pore size distribution did not show an
improvement in the electrode’s performance [36].
AC was produced from olive trees, custard apples,
and fig trees through two-phase chemical activation
followed by doping with four different oxygen- and
nitrogen-rich materials, which are nitric acid
(HNO;), ammonium persulphate ((NH,4),S,0g),
melamine (C3;HgNg), and ammonium carbamate
(H,NCOONH,), to evaluate the effect of surface
functional groups on the electrochemical perfor-
mance of the as-synthesized AC-based electrodes.
The doped AC-based electrodes revealed that the
higher the oxygen content in the AC, the lower the
specific surface area, and the smaller the pore
volume, while the higher the nitrogen content, the
better the electrochemical performance, with ca-
pacitive retention ranging from 97 to 100% [86].
Table 2 lists results for electrochemical properties
for the abovementioned and additional studies on
AC derived from biomass raw materials.

Chemical activation has been reported to produce
AC with higher specific surface area, pore volume,
and porosity than physical activation [54, 104] and
increase surface functional groups [125]. Akpa and
Dagde [104] evaluated the effect of acid (H,SO, and
HCI) and base (ZnCl, and CaCl,) activating agents
on the properties of periwinkle shell-derived AC. As
the rate of base activating agents increased, pore
volume, porosity, and SSA decreased; conversely, as
the rate of acid activating agents increased, the
reverse occurred. In addition, ZnCl,-based AC has
the highest porosity structure, with more micro-
pores and fewer mesopores, as well as an increase in
the pore volume, specific surface area, and iodine
number. In contrast, activation with H3;PO, pro-
duces AC with a high concentration of mesopores
and macropores [107]. A study was conducted on
the activation of carbon xerogel derived from
resorcinol-formaldehyde polymeric gel using two
different activation techniques, KOH and CO,
[126]. The KOH activation produces AC with ad-
ditional micropores that are smaller than 1.2 nm,
mesopores with less than 4 nm in size, and defects
that are 24 nm in size, which has a significant effect
on surface functional groups because it increases
oxygen functional groups [126]. Hazelnut shells
derived porous carbon prepared by [1] direct py-
rolysis of precursors, [2] indirect hydrothermal
carbonization followed by pyrolysis of hydrochars,
and [3] an indirect mixture of hydrochars with MgO
template as an activating agent. The results showed
that the porous carbon created with the indirect

process [3] (that involves activation) had a lower
carbon content of 79.8%, a higher oxygen content of
13.5%, a higher Cgp of 323.2Fg!, a higher SSA of
552 mz-g’l, and a micro-mesoporous interconnection
with a higher pore volume of 0.30 cm™.g™" that led to
a high energy of 11.1 Whkg ™' and power density of
156.8WKg ™. The product of the indirect method [2]
also contained 81.9% carbon, 13.1% oxygen, and
a specific surface of 485m?g ™! with 0.22 cm’®g™!, which
is smaller than the product of the method [3, 127].

By synthesizing AC from sago midrid, the effect of
chemical activating methods on Cgp was evaluated
for both ZnCl, and NaOH, which were used at the
same temperature and under nitrogen. ZnCl, ac-
tivation resulted in a Cgp of 138.36Fg™! followed by
NaOH activation resulting in a Cgp of 111.37Fg™!
[122]. Hierarchical porous carbons derived from
corn husk with KOH activating agent at different
solution concentrations of 5%, 7%, and 9% car-
bonized at 800°C. The results indicate that as the
KOH concentration increases, the porosity of the
produced carbon increases, but the specific surface
area, pore volume, and graphitization degree de-
crease [128]. Leng and Sun [129] synthesized AC
derived from coconuts through chemical and
physical activation using ZnCl, activation at 650°C,
KOH at 800°C, and water vapor at 800°C. Their
resulting ACs reveal a reduction in the mesopore
volume with an increase in the micropore volume,
total pore volume, SSA from 1250.61m?g™! to
3242.05m’g™!, and Cgp from 190Fg™! to 337Fg™!
with a capacitive retention of 60% and 98% after
10000 cycles at 1Ag™" as the activation steps were
performed. It is evident from these results that the
activation process has a significant impact on the
physicochemical properties and electrochemical
performance of electrode materials. The effect of
activating agents on the physicochemical properties
of AC synthesized from sago wastes chemically
activated with ZnCl,, H;PO, (as acid agents),
KMnO,, and KOH (as basic agents) was evaluated.
AC from ZnCl, was found to exhibit the maximum
SSA, dominated by well-interconnected pores
dominated by the micropore structure with a high
concentration of phenol and carboxylate surface
functional groups. It was followed by KOH in SSA,
which possessed a greater proportion of mesopores
with phenol and carbon carboxylate surface func-
tional groups and the highest carbon contents, while
ACs produced with KMnO, and H;PO, activating
agents exhibited inferior properties [130]. The
analysis of the SEM images and BET results in
Figure 2 indicates significant differences in the pore
structure of the activated carbons (ACs) prepared
using various activating agents as highlighted by the
red circles in the images. The AC prepared with
ZnCl, (Figure 2(b)) exhibits a higher abundance of
micropores, along with well-developed mesopores
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FiGURE 2: SEM images with BET results illustrating the effect of activating agents on the surface morphology of AC derived from sago waste
and synthesized by chemical activation. Reprinted from [126] with permission from MDPI.

and interconnected micro-mesopore structures.
This results in a larger specific surface area (SSA)
compared to ACs activated with other agents
(Figure 2(b)). In contrast, the KOH-activated AC
(Figure 2(d)) predominantly shows mesopores with
minimal micropores. Consequently, it possesses the
smallest total pore volume and SSA among the ACs
synthesized with ZnCl,, KMnO,, and H;PO,
(Figures 2(a), 2(b), and 2(c), respectively). It has
been reported that the use of an excessive quantity
of KOH leads to a decrease in SSA due to the
breakdown of pores [112].

(ii) The Effect of Doping Methods

The doping method is used to introduce specific
surface functional groups into carbon materials in
an effort to increase their wettability, electrical
conductivity, and electroactive surface area, which
led to an increase in Cgp, charge/discharge rates, and
electrochemical stability of the doped carbon ma-
terials [131-134]. It has been reported that doping
can either be self-doping or introduced doping
regarding heteroatoms. Self-doping refers to the
occurrence of doping due to the presence of certain
chemical constituents such N, P, and S in the carbon
precursors, while for introduced doping, dopant
precursors were added purposefully to carbon
precursors to introduce some of the above-
mentioned elements into the carbon structure
[135, 136]. As shown in Figure 3, the embedded

atoms, or dopant elements, became part of the
carbon skeleton structure. Thus, O [137], N
[138, 139], P and B [134], and S [135, 139] are
frequent doping heteroatoms. Depending on the
specific doping element used, these heteroatoms
contributed to the formation of different surface
functional groups. The choice of the dopant element
highly depends on the nature of the material to be
doped, and the desired properties based on the
intended application. For the purpose of EDLC
electrodes, those properties could be charge/dis-
charge rates, Cgp, and cycling stability [140, 141].

N-doping increased the electronic conductivity of
the doped carbon materials by delocalizing more
electrons in the carbon network. Because its atomic
radius is identical to that of carbon, it reduces the
lattice mismatch in carbon materials. Generally, N-
doping increased SSA, improved Cgp and cycling
stability, and introduced pseudocapacitance be-
havior that led to high energy density [142-144]. P-
doping generated the sp® carbon structure with
morphological distortion and an open edge that
introduced more active sites, which, in turn, caused
an increase in Cgp [145, 146]. It also increased the
voltage window of the storage device, therefore
improving electrochemical performance [78, 135].
In addition, increasing the P content enhances the
oxidation stability of P-doped porous carbon [147].
B-doping improved conductivity and kinetics of
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FIGURE 3: Structural images of (a) activated carbon; (b) S, N, and O heteroatoms doped activated carbon; (c) real image from the SEM image
of S-, N-, and O heteroatoms doped ginger-derived activated carbon. From a work done by Gopalakrishnan et al. [78] with permission from

Elsevier.

charges, which enhanced the cycling stability of
doped carbon materials [134, 148, 149], while S-
doping created defects in carbon materials that
served as active sites for the redox faradaic mech-
anism by disrupting the carbon structure, thereby
enhancing its electrochemical performance
[135, 139]. The introduction of faradaic reactions led
to pseudocapacitance behavior, which improved the
storage capacity, provided excellent cycling stability,
and increased the energy density. Therefore, S-
doping was more likely to be applied to carbon
materials intended to be used in batteries instead of
EDLC [78, 150].

The doping method can be implemented via het-
eroatom codoping or single-element doping.
Codoping of heteroatoms entailed the simultaneous
introduction of multiple dopant precursors. This
technique has demonstrated significant improve-
ments in the Cgp of carbon materials, resulting in
electrodes with high performance and excellent
cycling stability [74, 75]. A variety of dopant pre-
cursors have been employed by different re-
searchers; for example, melamine [137] and urea
[138] have been utilized as N-dopant sources,
CH,N,S as N- and S-dopant sources [74], phos-
phoric acid as the P-dopant source [151], and
ammonium borate trihydrate as N- and B-dopant
sources [140].

The impact of doping methods on the properties of
AC has revealed that heteroatoms influence the
modification of surface properties, thereby en-
hancing the performance of electrodes [147]. The
incorporation of heteroatoms into the carbon
structure led to the formation of more hydrophilic
polar sites, which increased wettability and

facilitated the movement of ions from the electrolyte
to the active sites of electrodes [152].

To evaluate the impact of operating conditions on
the electrochemical performance of carbon mate-
rials, B-doped carbon-based electrodes from the
coconut shell revealed a decrease in the SSA and the
amount of micropore structure of heteroatoms N-,
S-, and O-codoped porous carbon as the B-dopant
amount increased [153]. Wheat straw-derived car-
bon was synthesized with salt templating (49%
ZnCl, mixed with 51% KCl) by adding 4 g, 6 g, and
8 g of the same amount of straw and melamine as N-
dopant precursors at 0, 0.5, 1, and 1.5 g pyrolyzed at
800°C. The results showed that the carbon material
with the highest Cgp 223.9Fg™" was obtained from
6g of added salt, and the effect of the N-doping
process was studied using this material. The N
content, specific surface area, capacitance, pore
volume, and pore size increased as the quantity of
melamine increased up to 1g and decreased as the
quantity of melamine increased to 1.5 g, while the C
content decreased in the same trend. The carbon
from 1g of melamine has the highest SSA of
1201m?g™! Cgp of 223.9Fg™!, and the pore size was
approximately equal to 3.4nm. This carbon was
evaluated to determine the impact of silicon (SiO,)
removal. Two methods were applied before and
after removal. After 10000 cycles, the postremoval
method increased the specific surface area, capac-
itance, and pore size of the as-produced carbon by
91.4%, while these parameters were reduced for
preremoval [137].

Single-step chemical coactivation for the synthesis of B-,
N-, and O-codoped laver-derived porous carbon using
zinc chloride (ZnCl,) and potassium chloride KCI
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activating agents and boric acid (H;BO;) as a B-
dopant source was conducted. The codoped process
is a process of adding two dopants at once on
a carbon precursor to introduce impurity atoms in
the final product. As-produced laver-derived hier-
archical porous carbon materials were designated as
B- and N-doped laver-derived hierarchical porous
carbon synthesized through ZnCl, and KCI chem-
ical coactivation (BNPAC-Zn/K), N-doped laver-
derived hierarchical porous carbon synthesized
through ZnCl, and KCl chemical coactivation
(NPAC-Zn/K), N-doped laver-derived hierarchical
porous carbon materials synthesized with ZnCl,
(NPAC-Zn), and N-doped laver-derived hierar-
chical porous carbon materials activated with KCI
(NPAC/K). The as-produced codoped porous car-
bon exhibited a variety of heteroatoms such as O, N,
S, B, and Cl, which introduced pseudocapacitive
behavior and increased defects in the carbon skel-
eton. These demonstrate a 3D microstructure with
interconnected hierarchical pores, the largest total
pore volume, the highest SSA (see Figures 4(a) (al
and a2), 4(b) (bl and b2), 4(c) (c1 and ¢2), 4(d) (d1
and d2)), high electrical conductivity (see
Figure 4(e)), and the highest Cgp compared with
porous carbon materials produced via chemical
activation, as shown in Figures 4(f) and 4(g). In
addition, codoped porous carbon has produced
supercapacitor cells with enhanced electrochemical
performance, whereas 1mol of sodium sulphate
(IMNaSO,) and 1-butyl-3-methylimidazolium
tetrafluoroborate/acetonitrile (1MBMIMBEF,/AN)
have generated an energy density of 29.2Whkg " at
a power density of 250Wkg™' with a capacitive
retention of 92.4% after 10000 cycles at 4Ag™' and
an energy density of 51.3Whkg " at a power density
of 250Wkg™' with a capacitive retention of 94.6%
after 10000 cycles at 4Ag™! [80]. Based on the re-
ported effects and results of heteroatomic doping of
biomass-derived carbon materials, N and P dopants
have shown the highest and most important impact
on the electrochemical performance of the doped
carbon-based EDLC electrodes such as enhancing
electrical conductivity, increasing surface area that
presents more of micropores and mesopores
structure, improving wettability, enhancing specific
capacitance and stability, and improving thermal
stability of electrode materials. Therefore, they can
be considered for improving the properties of doped
carbon materials and using the optimum amount in
order to positively influence electrochemical
performance.

(iii) The Effect of Physical Activation Technique

Physical activation can be achieved through a sin-
gle-phase or two-phase process. For enhanced
production of AC, it is recommended to pretreat the
raw materials using hydrothermal carbonization or
pyrolysis [54]. Consequently, the two-phase process
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is preferable for this method. In the single-phase
process, materials are heated for an extended time at
temperatures exceeding those required to produce
AC. Physically, AC is influenced by a number of
variables, including operating temperature, acti-
vating gas, time, and gas flow rate [54, 101, 154].
Activation removes impurities and generates po-
rosity and a large SSA [37]. The activating agent and
carbon element in the carbon precursor undergo
areaction at high temperature, leading to the release
of carbon and the formation of pores in the carbon
structure [54]. The use of carbon dioxide (CO,)
reduces the ratio of micropores to mesopores [62].
This method is relatively simple, safer, and low cost
[62, 101]. However, it is time-consuming [101]. The
use of CO, reduces and converts the quantity, but
the process takes too much time unfortunately;
compared to chemical activation [62, 105, 155], this
method produces AC with a lower SSA and in-
sufficient pore size distribution.

In one study, AC derived from banana peels was
produced through a hydrothermal process by
adding a powder of banana peels to a solution of
deionized water and ethanol and then heating the
mixture at 200°C for 24 h. The morphology of the
produced AC presented few micropores and mac-
ropores and significant mesopores [73]. AC derived
from hemp residues was hydrothermally activated
through a two-phase process by mixing hemp
residues with a 25% H;PO, solution and heating at
200°C for 24h, and the obtained hydrochar was
heated at 450°C for 2 h under N, environment. The
AC was reheated under N, for 15 min at 900°C and
then doped with N. Based on the results obtained,
the specific surface area, capacitance, and pore
volumes decreased as different conditions were
applied. This implies that the AC produced at 450°C
presented the highest SSA 1630m*g™!, Cgp 141Fg™!,
and pore volume, among others, whereas the pro-
duction of the heat-treating process without doping
has demonstrated greater electrochemical stability
with 86% capacitive retention after 5000 cycles [26].
The impact of activating temperature on the geo-
metrical and porous characteristics of AC derived
from high fructose corn syrup and soybean residues
was investigated where these materials were hy-
drothermally carbonized and physically activated at
850°C for 4 h. Soy residues were carbonized through
a hydrothermal process followed by physical acti-
vation at 850°C [101]. Additional results for
biomass-derived AC synthesized through different
methods, as shown in Table 1, represent their
physicochemical properties, while Table 2 presents
their electrochemical properties.

Physical activation has an effect on the properties of
AC derived from sago midrid carbonized at 600°C
in a nitrogen environment and activated at 700°C in
carbon dioxide. The activation with CO, led to AC
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F1GURE 4: Effect of activating agents on physicochemical and electrochemical properties of hierarchical porous carbon materials: (a) (al and
a2) SEM image of NPAC-K; (b) (b1 and b2) SEM image of NPAC-Zn; (¢) (c1 and c2) SEM image of NPAC-Zn/K; (d) (d1 and d2) SEM image
of BNPAC-Zn/K; (e) CV curves at 20 mV/s voltage scan rate; (f) GCD curves at 1 A/g current density; (g) the Nyquist figure for all prepared
electrode materials from [80], with permission from MDPI.

with a small improvement in micropores and
mesopores of less than 10nm in size, but did not
affect the surface functional groups and very small
capacitance of 60.8Fg™' [66]. Physical activation
with CO, at varying temperatures has led to an
increase in porosity, SSA [36, 156], and wettability
as the temperature increased; therefore, the Cgp of
the resulting electrode increased. However, the
increase in the activating temperature decreased the
degree of graphitization of the AC [36]. When the
steam rate was increased from 0.5 to 2 cm3-gf1 [105],
physical activation in steam showed a small increase
in the specific surface area. Activation of AC in
steam, CO,, and air has revealed a reduction in its
electrical conductivity. This decrease was due to the
formation of additional oxygen functional groups
on the surface of the AC. In addition, physically AC
has demonstrated a higher electrical conductivity
than chemically activated materials [157]. However,
physical activation with CO, produces AC with
a higher SSA and larger pore volume than steam
activation [155]. Researchers [158] showed that

physical activation under CO,/steam proportion-
ality led to AC with increasing SSA and pore volume
as the amount of steam in the activating environ-
ment increased.

(iv) Effect of Templating Method

During the carbonization of raw materials, the
template method is commonly used to introduce
porosity, and it has been recognized as a promising
method for producing AC with a high SSA and
controlled pore size distribution [97, 99, 100]. In
this process, a carbon precursor and a templating
agent are combined, and the resulting mixture is
carbonized at a high temperature using the pyrolysis
carbonization technique. To remove the template,
the as-produced carbon is then washed with a so-
lution tailored to the templating agent [100, 101].
There are two varieties of templates utilized: hard
and soft. Hard templates consist of layered silicate,
2D metal hydroxide or oxides, boric acid, 2D
transition metal dichalcogenides, molten salts, and
ammonium chloride (NH,Cl) foaming. Soft
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templates, on the other hand, are organic molecules
with hydrophobic alkyl groups and functional
groups capable of forming interaction forces when
mixed with appropriate solvents, resulting in the
formation of micelles [99, 100]. The micelles in-
teract with the carbon precursor molecules to en-
capsulate them. Micelles generate apertures during
high-temperature  carbonization  upon  de-
composition. The subsequent washing or cleansing
procedure eliminates the template, leaving the po-
rous carbon material in its place. For soft templates
to generate the desired pore structure in the
resulting porous carbon materials, they must be able
to form nanostructure morphologies and micro- or
mesopore components and decompose only after
the carbon precursor molecules solidify [102]. Al-
though the soft template method is considered more
environmentally friendly than the hard template
method, it produces unstable carbon materials.
However, the hard template method is highly ef-
fective in the production of well-controlled pore size
structures, but it requires the complex preparation
of hard template agents that do not decompose
upon carbon precursor solidification. Therefore,
special cleansing procedures of toxic agents that are
difficult to remove completly from the as-produced
carbon which is a time-consuming processes are
required. In addition, the hard template method
produces harmful gases and is not environmentally
favorable [100]. In general, the template method is
an effective technique for customizing the porosity
and pore structure of AC materials. The choice
between soft and hard templates is determined by
the specific requirements of the application, taking
into account factors such as porosity control, sta-
bility, environmental impact, and synthesis process
complexity.

The templating method leads to the production of
porous carbon materials with interconnected thin
walls and highly disordered microstructure, as
presented in Figure 5, resulting in a short diffusion
distance for electrolyte ions and increasing the
accessibility of active sites within porous carbon
electrode materials [159]. This procedure produces
porous carbon with a controlled size distribution
pores [160]. A study synthesized cotton-derived AC
via ZnCl, activation alone, the magnesium nitrate
(Mg(NOs),) template method alone, and a combi-
nation of Mg(NOs3), template with ZnCl, activation
in a single step. The combination produced AC with
the lowest graphitic structure, the highest intensity
ratio, the largest SSA with abundant and clear
porosity, and the lowest equivalence series re-
sistance when compared to other methods. The
template method was employed to produce AC, and
the activated sample exhibited the lowest intensity
ratio, indicating the highest graphitization degree,
which slows the transmission of ions [72]. Sodium
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carbonate (Na,COj;) has been used as a salt tem-
plate in the synthesis of gluconic acid-derived po-
rous carbon using freeze-drying and pyrolysis at
a high temperature. The use of Na,COj; led to an
increase in the oxygen content of porous carbon
materials and presented pseudocapacitive behavior,
which enhanced the electrochemical performance
of Na-ion capacitors [159]. In one study, the use of
sodium phytate at different mass ratios (0, 1, 2, and
3) revealed an increase in the specific surface area,
pore volume, and diameter with the amount of
meso- and macropores and Cgp as the ratio in-
creased, but the best performance was observed in
porous carbon materials with a mass ratio of 2 [82].
The use of cobalt nitrate (Co(NO;),) as a template
in the synthesis of porous carbon materials has led
to the formation of interconnected cavities with thin
walls, which decreases the charge transfer resistance
of the as-produced porous carbon. It has also in-
creased the formation of graphitic structures with
a small degree of disorder within the carbon, which
enhances its electrical conductivity and, therefore,
improves its electrochemical performance [161].

2.2.2.  Effects of  Carbonization/Activation  Time.
Carbonization and activation time have an impact on the
properties of the as-produced carbon [101, 162]. Studies on
the synthesis of AC from walnut shells (WSs) at 900°C for
different activation times (75, 90, and 105 minutes) revealed
that the activation time affected the pore size in the derived
AC. As the activation time increased, the quantity of micro-
and mesopores increased. The walnut shell-derived AC for
105 minutes (WS-105) showed the lowest intensity ratio of D
to G bands, and the extended activation time produced AC
with a higher degree of graphitization, as shown in Fig-
ure 6(d). In addition, the walnut shell-derived AC produced
for 90 minutes (WS-90) exhibited the highest SSA and pore
volume that led to the best overall electrochemical perfor-
mance [59], as shown in Figure 6. In addition, a long time
period of carbonization has led to a high resistance material
as shown in Figure 6(c). Increasing the activation time from
1h to 3hled to an increase in the total SSA and micropores
portion [101]. Increasing the activation time decreases the
pore size and volume of mesopores [101, 155]. A study
conducted on AC derived from sargassum for different
activation times has not shown a clear correlation with AC
morphology, but some effects were observed in the SSA, pore
volume, and materials stability [163]. The SSA and pore
volume increased with increasing activation time [162].
Referring to Figure 6, the activation time highly affects the
physicochemical and electrochemical properties of biomass-
derived porous carbon materials.

2.2.3. The Impact of Mass Ratio of Activating Agent to
Biomass Raw Materials. This ratio is also known as the
impregnation ratio. The impregnation ratio has a substantial
effect on the morphology (the total pore volume, average
pore diameter, and specific surface area) [153, 163, 164],
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F1GURE 5: Schematic diagram of the salt templating as a hard-templating agent approach used for the production of porous carbon materials:
(a) freeze-drying of templating agent and carbon precursor mixture; (b) the melting of the mixture; (c) the carbonization of the mixture;
(d) the washing of carbonized carbon. Figures were sourced from [159] with permission from Wiley.
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FiGure 6: Effect of activation time of the walnut shell synthesized for 0 (WS); 75 (WS-75); 90 (WS-90); 105 (WS-105) minutes: (a) N,

isothermal adsorption/desorption; (b) cumulative pore volumes; (c)

Nyquist plots; (d) Raman spectra curves; (e) cyclic voltammograms

curves; (f) capacitive retention ratio as a function of potential sweep rate. Figures were collected from [59] with permission from Elsevier.

surface functional groups, and electrochemical performance
[85, 164, 165] of the AC. As the mass ratio of biomass
materials to activating agents decreases, the SSA increases
[153, 164]. In producing AC from tree bark with (KOH) as
the activating agent, various mass ratiosof 1:1,2:1,and 3:1
did not affect the AC in terms of mass ratio difference [65].
In a study on resorcinol-formaldehyde polymeric gel derived
from activated KOH, the 6:1 ratio of KOH to carbon
performed better with a long discharging time, indicating
a high capacitance of 222Fg™" at 0.1Ag™" with 97% retention

capacity after 1000 cycles and ESR of 0.77 ) [66]. AC derived
from the desiccated coconut residue was prepared by im-
pregnating biochar with sodium hydroxide (NaOH) at 1:1,
2:1, and 3:1 ratios (NaOH to biochar) at 500°C and 800°C,
revealing an increase in the SSA, micropore, and mesopore
volume as the ratios increased. In addition, impregnation of
a 3:1 ratio at 500°C produced AC with the highest SSA,
highest micropore, and mesopore, as well as total pore
volumes [166]. The synthesis of bell pepper seeds impreg-
nated at different ratios of potassium bicarbonate (KHCO;)
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to the mass of precursor and carbonized at 850°C revealed
that the best ACs were obtained at 1:1. This material
exhibited a high electrochemical performance stability with
99% coulombic efficiency after 25000 cycles [167]. The
synthesis of AC from green tea carbonized at 800°C and with
KOH at different weight ratios of 1, 3, and 5 of KOH to green
tea at 800°C revealed an increase in the SSA, pore volume
and diameter, Cgp, and cycling stability as the ratio increases.
In addition, the as-produced AC-based electrode displayed
energy and power densities of 142Whkg ™' and 3192Wkg ',
respectively [85]. In AC, a very low ratio prevents the
formation of pores, while a very high ratio leads to the
collapse of pores within the AC [168].

The mass ratio of the activating agent to AC affects the
properties of as-produced ACs. Researchers [169] synthe-
sized AC from willow wood via chemical activation with
KOH at KOH/C mass ratio (0, 1, 3, 6, and 9). As the ratio
increases, the degree of disorder, SSA, total pore volume, and
micro- and mesopore volumes of the AC increase, leading to
an increase in electrodes with increasing Cgp, capacitive
retention, and electrical conductivity. Increasing the ratio of
the activating agent to carbon mass ratio from 0 to 4 led to an
increase in the SSA and pore volume, which decreased when
the ratio exceeds 4. This indicates that excess activating
agents occupied active sites within carbon [162]. Synthesis of
cashew nutshells with KOH activation revealed an increase
in pore size as the ratio of activating agent to carbon pre-
cursor increased from 1 to 2, but decreased for other ratios
[170], while the synthesis of AC from coffee grounds with
KOH at 1 to 10 mass ratios revealed an increase in the SSA,
total pore volume, mesopore volume, and Cgp as the ratio
was increased up to 8, and a decrease was observed when the
ratio reached 10. This indicates that the optimum ratio of the
activating agent to the carbon material was 8 [171]. Table 3
disclosed that the mass ratio influenced the surface mor-
phology of AC and thus their electrochemical performance,
as shown in Figure 7. From the abovementioned results, the
impregnation ratio is one of the factors that influence the
physicochemical and electrochemical properties of biomass-
derived AC. The saturation point varies from one material to
another. Therefore, it has to be carefully adjusted and op-
timized for the production of high-quality AC electrode
materials from biomass to generate a high-performance
EDLC.

2.2.4. Effects of Operating Temperature. Operating tem-
perature affects the morphology and texture of AC [63, 173],
as shown in Table 3, and has a substantial effect on the
electrochemical performance of electrode materials
[66, 163, 174], as reported in Figure 7. Preactivation tem-
peratures influence the morphology and performance of
electrode materials [175]. EDLC exhibits excellent electro-
chemical performance properties at 850°C [4]. The tem-
perature increase from 750°C to 900°C has led to an
increased SSA and micropore volume [68]. By increasing the
temperature beyond 750°C, micropores and mesopores were
produced [68]. The volume of micropores decreased as the
temperature was above 500°C, while the volume of
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mesopores increased [37]. In one study, an increase in the
temperature from 700°C to 800°C enhanced the capacitive
performance of the AC by increasing the SSA and micropore
volume [58]. The increase in the temperature led to increases
in SSA and pore size [71]. The increase in the temperature
from 500°C to 900°C led to an increase in the volume and
SSA of micropores, while there was a decrease at 800°C and
no significant change in dimensions of the mesopores.
Furthermore, an increase in the carbon content was ob-
served as well as a decrease in oxygen or surface oxygen
functional groups and hydrogen contents as the operating
temperature increased. As the operating temperature in-
creased, a significant crystalline structure was observed in
the produced ACs, which influenced the electrical con-
ductivity. The electrical conductivity was low, and it started
to increase as the temperature increased from 500°C to 700°C
and then reduced and remained constant from 700°C to
800°C and 800°C to 900°C. The Coulombic efficiency value
indicates the stability of the material with the highest value
indicating excellent reversibility across a range of current
[66]. However, low temperatures produce carbonaceous
materials with poor electrical conductivity [4]. By increasing
the activation temperature from 900°C to 950°C, the pro-
duced AC degree of disorder and SSA decreased. Similarly,
by increasing the temperature from 750°C to 900°C, the
degree of graphitization decreased [68], and increasing the
temperature from 800°C to 1000°C decreases the SSA, the
oxygen content, and the capacitance performance [58]. The
increase in the temperature from 600°C to 800°C decreases
the nitrogen and oxygen [71]. This shows that temperature
influences the properties of biomass-derived carbon-based
electrodes.

In one study, AC derived from the bark of Acacia
auriculiformis and produced at three different tempera-
tures 600°C, 700°C, and 800°C revealed that as temperature
was increasing, the SSA and the pore volume increased,
with a high concentration of micropores, leading to the
highest SSA. The AC produced exhibited the highest
current at 700°C, resulting in the highest capacitance of
191Fg’1. Therefore, this temperature was selected as the
optimum activation temperature for this material. In ad-
dition, researchers observed that the high temperature
destroys suitable porous structures, therefore limiting ion
transportation and charge storage capacity of the AC
produced at 800°C [65]. AC derived from the desiccated
coconut residue was prepared in two steps and at three
different temperatures. The results revealed that at the same
impregnation ratio, the carbon content and microporous
increased, but the oxygen content reduces as the temper-
ature increased [166]. A study was conducted on hazelnut
shells carbonized hydrothermally at different temperatures
(175°C, 200°C, and 220°C) and different carbonization times
(4, 6, 8, 10, and 12 h). The hydrochar produced at 200°C for
8 h had the highest SSA of 552m*g™! and pore volume of
0.30cm®g!. They have also observed that as the temper-
ature of carbonization increases, the oxygen content of
carbon reduces [127]. In one study, the effect of activation
temperature on the morphology, SSA, and degree of
graphitization of puffed-rice AC was synthesized in two
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TaBLE 3: The effect of the mass ratio of the activating agent to the (CMS) carbon molecular sieve (at 0.5, 1, 2, 3, and 4 ratios) combined with
activating temperature (700, 800, and 900°C) on the surface morphology and texture of activated carbon molecular sieve (AMS).

Sample N, sorption Total Averafge
Spep® (m*g™") S o’ (m>g™") Smeso” (M>g™") Ratiod pore volume® (cm’.g™") pore size' (nm)
AMS-0.5-700 110 104 6 17.3 0.07 0.54
AMS1-700 334 308 26 14.1 0.18 0.53
AMS2-700 375 348 27 15.7 0.21 0.53
AMS3-700 403 362 41 8.8 0.22 0.55
AMS4-700 507 442 65 6.8 0.25 0.55
AMS0.5-800 464 425 39 10.9 0.23 0.58
AMS1-800 660 602 58 10.3 0.32 0.68
AMS2-800 695 629 66 9.5 0.37 0.68
AMS3-800 797 693 84 8.3 0.33 0.65
AMS4-800 958 852 106 8 0.4 0.63
AMS0.5-900 757 654 103 6.4 0.43 0.63
AMS1-900 872 745 127 5.9 0.50 0.66
AMS2-900 904 756 148 6 0.56 0.73
AMS3-900 918 744 174 4.3 0.57 0.67
AMS4-900 1410 841 569 1.5 0.8 0.7

“BET surface area. bMicroporous surface area calculated by the t-plot method. “Mesoporous surface area. dMicropore/mesopore surface area ratio. “Total pore
volume. fAverage pore size. Copied from [172] with permission from Elsevier.
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Figure 7: Electrochemical performance of AMS-x-y based electrodes (x represents the mass ratio, and y represents the activation
temperature) tested: GCD curves at 0.5 A-g~" of (a) AMS-x-700, (b) AMS-x-800, (c) AMS-x-900; specific capacitances at different current
densities of (d) AMS-x-700, () AMS-x-800, and (f) AMS-x-900. Copied from [173] with Elsevier permission.
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steps, and they were carbonized at 500°C and activated at
750, 800, 850, and 900°C. Compared to other temperatures,
the AC produced at 800°C had the highest intensity ratio
(Ip/1g) of peaks D to G, which indicates the lowest degree of
graphitization and the highest defect degree with disor-
dered carbon atoms. Its morphology has shown an increase
in the sheet-like structure with exposed bulges. Addi-
tionally, the AC with the best SSA of 1635.0m?g™! displayed
Cgp of 117.2Fg™" and ESR of 0.31Q [176]. The corncobs
were chemically activated through a two-phase process in
which carbonization was conducted at 400°C with a flow
rate of 3°Cmin~! for 4h. The produced carbon was im-
pregnated with KOH and activated at 800°C to 900°C with
different flow rates from 3°Cmin™' to 10°Cmin™! for 1 to
3 h. The electrode was prepared by mixing 80 wt.% AC with
15 wt.% CB and 5 wt.% PTFE. Their morphological analysis
has revealed that 49% of the pore size distribution of the
carbon activated at 850°C consisted of micropores. Among
the three distinct activation temperatures (650°C, 750°C
and 850°C), the AC that was produced at 850°C has shown
the highest performance [4].

The effect of activation temperature on the capacitive
performance of AC derived from karagash and pine sawdust
was evaluated. The synthesis of both precursors involved
hydrothermal carbonization followed by chemical activation
at different temperatures. A temperature increase led to an
increase in graphitization degree and a decrease in Cgp for
both precursors [64]. In one study, an increase in the
temperature revealed a reduction in the density and the
diameter of nanofibers formed on the surface of AC.
However, the porosity, SSA, carbon content, and the ca-
pacitive and physicochemical properties of AC were en-
hanced [177]. The SSA and pore volume increased with
activation temperature to the optimum value of
800°C but decreased when the activation temperature was
increased above the optimum value [162]. In another study,
activation of Prosopis juliflora wood from 700°C to 900°C
revealed an increase in the O content, C content degree of
disorder, SSA, pore volume, and Cgp with a reduction in
charge transfer resistance and ESR. Hence, the as-produced
porous carbon-based electrode materials performed well
[178]. The increase in the activation temperature has led to
a decrease in the charge transfer resistance, leading to an
upsurge in the electrical conductivity of porous carbon
materials [179]. The increase in the carbonization temper-
ature revealed an increase in the SSA, micropore volume,
and total pore volume but a decrease in Cgp when the
temperature exceeded that of the porous carbon prepared
from Perilla frutescens [180]. This indicates that the opti-
mum carbonization temperature for this material is 700°C.
In addition, it has been reported that the heating rate sig-
nificantly affects the textural and morphological properties
of AC [63].

Briefly, higher operating temperatures increase the po-
rosity, SSA, and graphitic degree and influence the me-
chanical stability by increasing the C content, which leads to
a rise in the storage capacity and electrical conductivity,
which upgrades charge/discharge rates, reduces crystallinity,
and preserves or removes some surface functional groups
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that influence the electrochemical performance of EDLC
electrodes. Unambiguously, regarding the synthesis of
biomass-derived porous carbon materials, there was no
universally applicable optimal carbonization/activation
temperature for the synthesis of all biomass-derived porous
carbon reported. This was a result of the inherent differences
in physical and chemical properties between various bio-
mass materials.

2.3. Physicochemical Properties of Porous Carbon Materials.
The physicochemical properties of active materials are
known to determine the electrochemical efficiency of the
EDLC electrode [54, 69, 101]. This section describes the
effect of some physicochemical properties on the electro-
chemical properties and performance of electrodes in EDLC.
These properties include the surface functional groups,
specific surface area, pore structure and distribution, crys-
tallinity, and thermal conductivity of biomass-derived AC.

2.3.1. Effects of Surface Functional Groups. Surface func-
tional groups are also identified as factors influencing the
electrochemical performance of electrode materials
[23, 24, 26, 181]. However, surface functional groups can
increase the reactivity of electrode materials with electrolyte,
which can lead to carbon degradation [182]. It has been
reported that the presence of carboxylic groups improves the
wettability of the surface and decreases the resistance of ACs,
thereby enhancing the electrochemical performance of
electrode materials [67, 164]. The presence of heteroatoms
enhances the surface wettability and electronic conductivity
of AC, resulting in an electrode with enhanced electro-
chemical performance [4, 86]. Heteroatoms enhance ma-
terials’ capacitance, energy, and power densities [86].
Functionalities on the surface provide a stabilizing effect
[182]. The presence of the nitrogen group improves the
electrochemical stability, wettability, and conductivity of AC
[69, 181, 183, 184]. The presence of a nitrogen group reduces
the ash content of AC [26]. It also enhances the energy
density of the fabricated electrical double-layer capacitors
without sacrificing their cycling stability [143].

The oxygen content and its different functionalities have
different impacts on the electrode conductivity, wettability,
and faradaic behavior [142, 164]. A high concentration of
oxygen functional groups enhances the ion transfer and
decreases the mass transfer resistance [35]. Combining
a higher oxygen content with sufficient mesopores increases
the electrolyte accessibility, fast ion transport, and higher
capacitance [86]. Unfortunately, the presence of very high
oxygen functional groups leads to pseudocapacitive behavior
in AC, which reduces the electrochemical performance of
the system [26, 35, 86, 180]. The very low oxygen content has
led to poor performance, despite the presence of high micro-
mesopore interconnection [185].

Therefore, the optimum oxygen content and functional
groups are required to increase the electrical conductivity
and electrochemical stability of materials without com-
promising their performance [26]. The presence of surface
quinone increases the capacitance of oxidized AC through
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pseudocapacitance by increasing the ohmic resistance
[77, 86]. The presence of C-O and C=0 at the edge of the
basal planar or on the outer surface produces an acidic
physical appearance that facilitates rapid ion transport and
increases the hydrophilicity of the electrode [66], while the
presence of resonating electrons in the aromatic ring, also
known as the basicity of oxygen functionalities, is re-
sponsible for faradic behavior [142]. The increase in con-
ductivity improves the characteristics of micropores [185].
The increased wettability of the internal structure of elec-
trode materials due to the presence of polar oxygen groups
increases the interaction between the electrode and elec-
trolyte, resulting in a higher C; of electrode materials [127].

The impact of oxide functional surface groups such as
magnesium oxide (MgO), phosphorus pentoxide (P,0s),
sulphur trioxide (SOj3), potassium oxide (K,0O), calcium
oxide (CaO), manganese oxide (Mn;0,), and iron(III) oxide
(Fe;03) on the electrochemical performance of AC was
evaluated. The presence of oxide functionals led to the
formation of stratified and perforated AC, which improved
the Cgp and cycling stability of AC materials by introducing
pseudocapacitive behavior in the as-produced ACs [89]. It
was observed that AC with an average O, and high N and S
quantity with a good carbon content exhibited the highest
SSA and total pore volume, as well as the lowest charge
transfer resistance and ESR, resulting in the highest Cgp and
good energy density [74]. The N-doping of porous carbon
materials enhances the electron and jon transfer kinetics at
the electrode/electrolyte interface. The presence of N/O
functional groups in a porous carbon skeleton increases
electrolyte infiltration into the active materials of an elec-
trode [186]. As shown in Figure 8(c), related to Figures 8(d),
8(e), and 8(f), the surface chemistry highly influenced
electrochemical performance.

2.3.2. Effects of Surface Morphology. The surface morphol-
ogy of a porous carbon material refers to a combination of its
SSA, pore structure, distribution, and pore size. The pore
distribution affected the electrochemical properties of
electrodes [7, 61]. A fine pore distribution has improved the
kinetics of electrodes [60, 187]. Due to the charging/dis-
charging mechanism of EDLC known as the electrostatic
double layer, which took place at the electrode/electrolyte
interface, electrodes’ SSA played a very vital role that
influenced their electrochemical performance. The larger
SSA of electrodes facilitated the faster adsorption/desorption
of electrolyte ions into electrodes, meaning that greater
charges were stored, which resulted in an increase in the Cgp,
high energy density, and power density. In addition, by
providing enough active sites in a larger SSA, the internal
resistance is reduced and the cyclic stability is enhanced
[46, 188-191]. As the pore volume determines the in-
teraction between the electrode’s surface and electrolyte,
a larger pore volume facilitates the kinetic and diffusion of
electrolyte ions, which leads to an increase in the storage
capacity, excellent rate capability, and high power density of
electrodes [192-194]. Pore volume was defined as the total
volume of micropores, mesopores, and macropores present
in the carbon. It has been reported that the appropriate pore
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size distribution enhanced the accessibility of electrolyte
ions, thereby contributing to the electrode’s storage capacity,
which led to high energy and power outputs [195]. The
micropore area influenced the active SSA, which contributes
towards higher Cgp. The larger the micropore area, the wider
the SSA is available to store more charges, which increases
the storage capacity by enhancing the interaction and
confinement of electrolyte ions and leads to an enhanced
rate capability and cyclic stability. Therefore, the micropore
area influences the electrochemical performance of elec-
trodes [60, 139, 196-198]. Mesopores facilitate the move-
ment of ions and lead to a supercapacitive behavior and high
power output, thereby improving the electrochemical per-
formance of the electrode [139, 187, 197], while macropores
facilitate the penetration of electrolyte ions [61, 187, 197] by
acting as a reservoir for electrolyte ions [112]; they also
reduce the distance between the active sites and ions [199].
In addition, the size of solvent molecules and solvated ions
must be larger than the pore diameter for the ions to migrate
easily through the micropores [7, 68, 187, 196].

A study was conducted on AC derived from wheat
husks, and their results revealed a correlation between
pore size distribution and the electrochemical perfor-
mance of the system. The SSA of the AC with a higher
micropore volume than the mesopore volume is smaller,
while AC with a smaller micropore volume than the
mesopore volume exhibited the highest SSA and pre-
sented the best electrochemical performance. However,
a porous carbon with an adequate quantity of mesopores
and sufficient micropores distribution structure demon-
strated high electrochemical performance and excellent
cycling stability with 98.5% capacitive retention after
30000 cycles at 5Ag™"! [198]. AC with a greater quantity of
micropores compared to mesopores, but with sufficient
mesopores, produces an electrode with high electro-
chemical performance and excellent cycling stability with
high capacitance retention [164, 175, 200]. The presence of
abundant pores on an electrode’s surface area facilitates
the transport and adsorption of electrolyte ions and the
accumulation of charges [72].

Because ions can easily diffuse from pores/channels to
others, a structure of interconnected and distributed micro-
mesopores reduces the ion transport resistance and prevents
ion deposition. A poor pore connection leads to insufficient
ion diffusion, high ion transport resistance, impasse, and
misrepresentation of pores. Hence, more ions are deposited
in pores and channels, resulting in decreased cycling stability
and capacitance retention [129, 201]. The results of the study
conducted on sargassum-derived porous carbon (SPC-x,
where x represents the activating agent to carbon precursor
mass ratios, which are 1, 2, and 3) for SPC-1, SPC-2, and
SPC-3 revealed SSA with 1500.5m?g™!, 2019.9m?g!, and
2103.2m%g ! with 1.1cm?g™!, 1.2cm3g ™!, and 1.5cm’g ™! total
volumes, achieving a Cgp value of 301Fg,
194.5Fg™!, and 209Fg™!, respectively. Figure 9 shows that
SPC-1 had a larger quantity of micropores and an average of
mesopores, which contributed to its high Cgp [179]. These
results indicate that it was not only higher SSA and total pore
volume that led to a higher Cg and electrochemical
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FiGure 8: Consequence of the surface structure and surface chemistry of willow catkins-derived activated carbon (activated at 600, 700, and

800°C temperatures) on the electrochemical performance of the based

electrodes: (a) nitrogen adsorption desorption isotherm; (b) pore size

distribution curves; (c) a table of chemical composition; (d) cyclic voltammetry curves; (e) dependence of specific capacitance and current
density; (f) the Nyquist plot. All figures were copied from [104] with permission from Elsevier.

performance but also the pore structure and distribution as
additional factors that led to electrodes with high electro-
chemical performance.

A high ratio of micropore volume to the total pore
volume leads to a high SSA, high electrical conductivity, Cgp
with high capacitance retention, high energy density, high
power density, and lower ESR [202]. The Cgp decreased as
the volume ratio of micropores to mesopores decreased
[203]. In addition, it is crucial to understand that the average
pore size must be proportional to the size of electrolyte ions
for easy penetration into the active sites of porous carbon
materials, as was revealed for porous carbon materials with
the largest average pore size, which exhibited excellent
electrochemical performance and cyclic stability [172].
Therefore, a well-interconnected micro-mesopore structure
with an adequate quantity of micropores and mesopores is
required to increase the accessibility of active sites in
electrode materials, leading to rapid ion motion and min-
imizing the diffusion distance, which results in the long
cycling stability and improves the storage capacity of the
device. As shown in Table 4, carbon materials with a larger
SSA are not the only key to achieve excellent performance in
EDLC as they must be associated with well distributed and
interconnected pores with a variety of surface functional

groups or heteroatomic surface chemistries, as shown in
Figure 8. The micropore/mesopore volume ratio greater
than one increases the total volume, and SSA influences the
electrochemical properties of porous carbon materials, but
they are not the only factors that determine the performance
of electrodes or devices based on porous carbons.

2.4. Effects of Mass of Active Materials and Thickness of
Electrode. High-loaded mass leads to a high capacitance of
the electrode; therefore, more energy is stored [21, 214]. The
outputs of an EDLC power and energy density are de-
termined by the mass of active materials [21]. However, it
has been observed that the capacitance of the electrode
decreases as the mass of the AC material increases [215].
Therefore, optimizing the mass is one of the essential re-
quirements to produce a high-performance electrode. The
thickness of the electrode determines the power and energy
density of the EDLC system. It has been reported that an
electrode with a thickness of several tens of micrometers
generates a high power density, while an electrode with
a thickness of several hundreds of micrometers produces
a high energy density device [216]. A thin electrode can lead
to an incorrect estimation of its electrochemical perfor-
mance [217]. Many commercial electrodes in
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(a) (c)

FIGURE 9: Scanning electron microscopy images taken at different resolutions: (a) (al and a2) for SPC-1, (b) (bl and b2) for SPC-2, and (c)
(c1 and c2) for SPC-3. Reprinted from [180] with Elsevier permission.

TaBLE 4: Effect of pore distribution and specific surface area on electrochemical performance of porous carbon materials.

Carbon Vmicro Vmeso Vtot SSA CSP RC
precursor (em’-gl) (ecm®-gt) V micro/ V meso (em®-g!) (m2g) (Fg™h) Q) Reference
Green tea 1.023 0.360 2.841 NR 1966 397 (5mA/cm?)  0.12 [85]
Wood tar 0.67 0.35 1.914 1.02 1898.86 338.5 (1A/g) 0.1 [164]
Lignin 0.70 1.33 0.526 2.02 2866 216 (0.5A/cm®) NR [204]
Tea waste 0.5420 0.050 10.84 0.592 1125 203 (I.5mA/m®) NR  [205]
Shaddock endothelium 0.583 0.135 4.318 0.746 1265 550 (0.2 A/g) 0.4 [161]
Coconut shells 0.44 1.06 0.415 1.50 2105 181.8 (0.1A/g) NR [206]
Biomass-derived polyacrylonitrile 0.211 0.023 9.173 0.234 469 212 (0.5mA/g) 0.51 [205]
Rice husk 1.132 0.639 1.771 1.771 3263 315 (0.5 A/g) NR [207]
Rice husk without silica 0.476 1.32 0.360 1.796 2804 278 (0.5 Ag) NR [207]
Sakura petals 0.55 0.23 2.391 0.78 1433.76 ~ 265.8 (0.2A/g) NR [208]
Gulfweed 1.32 1.05 1.257 2.37 3155 395 (0.05 A/g) NR [209]
Cashew nut shells 0.28 0.09 3111 0.46 898.3 214 (1 A/g) NR [170]
Coffee ground 1.337 2.461 0.543 3.797 3065 1278 (1A/g) NR  [171]
Chestnut shells 0.65 0.41 1.585 1.09 1347.93 201 (0.5A/g) NR [210]
Cotton 1.38 0.64 2.156 2.04 2743 279 (1A/g) 0.63 [211]
Agaric 0.94 0.21 4.476 1.15 22255 374 (0.5 A/g) 0.6 [202]
Yeast-treated banana peel 0.26 0.16 1.625 NR 1084 476 (0.1 A/g) NR [212]
Poplar wood 0.45 0.48 0.937 0.93 1573.34 323 (0.5 A/g) 0.08 [213]
Sterculia lychnophora 0.79 0.36 2.194 1.15 1808 295 (1A/g) 0.26 [201]
Bagasse 0.58 0.23 2.521 0.86 1892.4 142.1 (0.5A/g) NR [203]

supercapacitors have a thickness between 100 ym and 200ym ~ 185um thickness have achieved 196Fg™! and 402mFem™2,
with ~10mgecm™2 of active materials, while many of the in-  respectively [219], demonstrating a decrease in Cgp as the
vestigations have utilized 5 — 15um as electrode’s thickness with ~  electrode thickness increases, which limits the accessibility to the
0.5 — lmgem 2 active materials [218]. Electrodes of 42ym and ~ active sites within the electrode to electrolytes ions. The
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volumetric capacitance of 100ym,400um, and 800um elec-
trodes decreased from 168Fcm™ at 100ym to 82Fcm™
at 800pm. The highest energy density was achieved by a 400ym
electrode thickness material, which achieved 150Fcm™ at
20mVs™! as a result of a voltage scan [220]. A basswood-based
electrode with a thickness of 800ym and 40mgcm™ active
materials has demonstrated a Cgp of 223.9Fg™! at 0.05Ag™"
and a volumetric capacitance of 81.7Fcm™ at 2mgcm™.
Basswood-based electrodes produced an EDLC with a charge
transfer resistance of 0.37(Q) and an energy density of
22.4Whkg ™" at a power density of 1996.4Wkg™' [186]. The
increase in the electrode thickness decreases Cgp and operating
voltage while increasing the ESR, number of pores within the
porous carbon-based electrodes, and cyclic stability [221].

3. Challenges and Opportunities in Biomass-
Derived Porous Carbon-Based
EDLC Electrodes

In the field of biomass as porous carbon precursors, many
researchers emphasize the availability and low cost of biomass
materials, often derived as waste from crop-harvesting pro-
cesses. Additionally, some researchers target biomass based
on their physical and elemental compositions, which can vary
depending on the geographic location. Therefore, prescribing
a general selection method for all biomass types is complex
due to variations in harvesting methods across different crops.
The synthesis of biomass-derived porous carbon involves
numerous steps, parameters, and conditions that have a sig-
nificant impact on the final product. Furthermore, different
raw biomass resources have distinct physicochemical prop-
erties and different elemental compositions that affect steps,
conditions, and parameters that must be considered during
their conversion into porous carbon. Consequently, it is
impossible to identify general conditions that are productive
for all types of biomass used as carbon precursors.

The effect of average pore size diameter, structures and
distribution, and SSA on the storage capacity of EDLCs has
not been thoroughly investigated. Therefore, a compre-
hensive examination of the effect of pore size diameter, the
ratio of micropores to mesopores, and SSA on the elec-
trochemical properties of porous carbon-based electrodes
for EDLCs is required. Various studies have reported
contradictory information regarding the effect of activa-
tion time on the physicochemical and electrochemical
properties of biomass-derived porous carbon, indicating
that the effect of activation time remains unclear. Thus,
a comprehensive and clear investigation into the effect of
activation time on the physicochemical and electro-
chemical properties of AC-based electrode materials de-
rived from biomass should be conducted. In addition, low
electrical conductivity presented by biomass-derived po-
rous carbon and controlling the pore size distribution of
AC has become a significant challenge due to the dissimilar
structure and chemical composition of biomass materials.
Hence, there is a need for improved synthesis techniques
that can contribute to a proper pore size structure and
distribution within biomass-derived porous carbon
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materials, which could lead to an energy storage device
with superior electrochemical performance.
Opportunities in this field include investigating the fol-
lowing: (1) The variation of the elemental composition of the
same biomass grown from different locations geographically.
(2) There is a need to investigate how modifying the heating
rate and time during carbonization/activation influences the
physicochemical and electrochemical properties of porous
carbon materials. Understanding these effects will aid in op-
timizing the synthesis process and producing materials with
desirable properties. (3) To determine the optimum micropore-
to-mesopore ratio that will lead to a high and beneficial SSA, it
is essential to investigate the ideal volume ratio of micropores
to mesopores. This parameter plays an important role in de-
termining the Cg, of the materials, which has a direct effect on
their energy storage capacity. (4) It is crucial to examine and
understand Cgp, energy density, and power density generated
by biomass-derived porous carbon-based EDLC electrodes,
which remain unclear. The current knowledge in this area is
limited as the highest Cgp reported does not necessarily cor-
respond to the highest energy density or power density. Thus,
deep investigation in this field will be needed and must con-
sider the findings of this review to produce biomass-derived
porous carbon-based EDLC electrodes with the best electro-
chemical performance. Consequently, this review offers
a guideline and will facilitate future researchers in the field to
emphasize the needful and very crucial subjects in the field.

4., Conclusion

This review investigates the impact of synthesis techniques,
operating conditions, and physicochemical properties on the
electrochemical properties and performance of biomass-
derived AC for EDLC electrodes. The review focuses on
three primary factors: the initial properties of raw biomass as
a carbon precursor, the operating conditions, and the physi-
cochemical properties of the resultant biomass-derived porous
carbon materials. Various synthesis techniques, activating
agents, the mass ratio of activating agent to biomass, car-
bonization/activation time, operating temperature, mass of the
active material in the electrode, and the thickness of the
electrode are investigated as operating conditions. In addition,
the physicochemical properties, such as surface morphology
and surface functional groups, of the derived porous carbon
were extensively evaluated and presented. Multiple factors
influence the properties of porous carbon derived from bio-
mass and the performance of the resultant electrodes. This
review demonstrates that several parameters, conditions, and
synthesis methods employed affect the properties of electrode
materials. Due to the unique complexity of different biomass
structures and their chemical composition, it is not easy to
determine the right general activating agent and synthesis
method. But, based on the reported results, we can recommend
future researchers consider the N- and P-doping technique
with chemical activation for the development of the porous
structure of biomass-derived carbon materials.

The optimum mass ratio of the activating agent to the
carbon precursor is highly dependent on the composition of
the carbon precursors. The pore structure and distribution

85U8017 SUOWLWOD 8AIRaID) 8|qed!|dde au) Ag pauenob ae ssppiie O ‘@SN J0se|ni 1oy AIq1T 38Ul UO A8]IAM UO (SUORIPUOD-PUR-SLLBY W0 A8 1M Afelq 1 BU1|UO//SA1IY) SUOTIPUOD PUe SWB | 8L 88S *[5202/50/T0] U0 Aiqiauluo Ao (1M ‘dues ABojosAud 1085U] J0aUBD UOIBUBIL| Y ANTY - dSVNI AQ 9GZEVET/H202/SSTT OT/I0p/W00" A8 | Areiq i puluo//:sdny woly pepeojumod ‘T 7202 ‘7262



Journal of Renewable Energy

have a substantial effect on the SSA and capacitance. Hence, the
operating conditions have a significant effect on the physi-
cochemical and electrochemical properties, as well as the
performance of the biomass-derived porous carbon materials.
Carbon-based electrodes exhibit pseudocapacitance behavior
due to the enhancement of wettability by surface functional
groups, which has a positive effect on the performance of the
EDLC:s. Finally, to improve the electrochemical performance of
EDLC electrodes, a combination of factors must be considered
rather than a single factor alone. Optimizing the properties and
performance of biomass-derived porous carbon materials is
dependent on the interplay between various parameters,
conditions, and synthesis methodologies. Future works in this
area are given as follows:

(a) Researchers should aim to investigate the effects of
the operating conditions employed in the synthesis
of biomass into porous carbon materials on their
physicochemical properties.

(b) Future researchers should investigate practically the
effect of various physicochemical properties of
biomass-derived porous carbon on as-produced
electrodes’ performance for more clarification.

(c) Lastly, more attention should be focused on knowing
the optimum parameters/conditions of physico-
chemical properties required to enhance EDLC
electrodes’ electrochemical performance.

Inclusive, future work should continue to investigate all
possibilities to solve the abovementioned challenges, and it is
recommended to consider the contribution of electrolyte
materials in use. This review offers a guideline and will
facilitate future researchers in the field to emphasize the
needful and very crucial subjects in the field.
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