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This article reviews recent studies about various generations of the carbon materials for their applications in
energy and environmental remediation. The synthesis routes of the carbon materials including the condition
parameters, interaction of precursors, dopants and carbon materials, as well as their physical/chemical prop-
erties are explicated first. Then, the application and mechanism of metal-free/metal-doped/non-metal-doped
carbon materials are discussed in detail. Lastly, this review is ended with a summary and invigorating per-

spectives on the challenges and future directions at the forefront of the catalysis platform to take a step further

for real application.

1. Introduction

Carbon atom is viable in forming robust bonds in different modes
with its four available valence electrons on its outer shell with many
other elements. In addition, carbon is capable of forming carbon allo-
tropes by sp., sp%, and sp° hybridization configuration such as diamond,
amorphous carbon, and graphite, which can be further modified to form
graphene, carbon nanotubes, fullerenes, etc., consequently gave rise to
structural, morphologies, and properties variations [1]. For instance, sp?
hybridization makes the loose interlamellar coupling graphite layered
structure, which can be exfoliated to form graphene [2]. Whereas, the
hybridization of sp-sp? carbon atom leads to the formation of graphyne
[3]. Research focus is also steering toward a more sustainable approach

by using low specific energy input and biomass materials as the raw
materials for potential applications in energy and environmental usage.

Falls in the group of the carbon family, chars derived from biomass or
non-biomass compounds, have drawn considerable attention to date
owing to their abundant and cost-effective properties. One of the sig-
nificant disadvantages of biochar or char-based materials is their surface
area. It should be noted that the surface area of biochar without pre/
post-treatment is usually inferior to that of activated carbon (AC),
making them unpersuasive for real practical application. For this reason,
relentless efforts have been devoted to enhancing the surface area of
biochar to a desirable extent by exploring different activation agents and
methods. For example, the surface area of hardwood-derived biochar
was substantially higher after being pre-treated with KOH at an ambient
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temperature [4]. Otherwise, hydrothermal treatment or oxygenation
serves as an alternative approach that has shown significant contribu-
tion in increasing the surface area of rice straw-biochar at 700 °C in the
presence of HyO for 1 h [5]. Hydrothermal carbonization (HTC) yields
carbonaceous materials of various sizes, shapes, and surface functional
groups depends on the experimental conditions and reaction mecha-
nism. Carbonaceous under high temperature HTC influence renders
higher carbon content and exhibits graphitic structures. While lower
temperature process gives rise to carbon material with surface func-
tional groups, pore structures (micro or meso), and excellent reactivity,
which is a potential in forming nanocomposites and hierarchical struc-
tures [6].

Graphene is an atom-thick sp? hybridized carbon with honeycomb-
like structure, accompanied with large surface area of 2630 m2/g,
high thermal conductivity of ~5000 W/mK, abundant edges, and open
channels that is viable for various energy and environmental remedia-
tion applications. Among the top-down and bottom-up graphene-based
synthesis methods, chemical vapor deposition (CVD) is the most used
method for graphene synthesis [7]. Graphene is hydrophobic and
chemically inert, making it suitable for pollutant removal. On the other
hand, graphene oxide (GO) is usually synthesized through graphite
oxidation such as the Hummer's method. GO is composing of abundance
oxygenated functional groups, depending on the types of precursor used
(type of graphite or solutions) and the oxidation conditions. The hy-
droxyl and epoxy are lying on the basal plane, while the carboxyl and
carbonyl are at the boundaries serve as active sites for certain chemical
reaction [8]. Hence, GO could form stable suspension in solution and is
readily used in various synthesis processes. But the number of these
groups is highly dependent on the precursors used (type of graphite) and
the oxidation conditions. Hence, GO could form stable suspension in
solution and is readily used in various synthesis processes. When GO was
underwent chemical or thermal reduction, partial functional groups
would be eradicated and an excessive amount of defects would be
formed, thus making it more chemically stable and excellent in electrical
conductivity [9].

Apart from the biomass resources, waste materials such as plastics
have great potential to be alternative feedstocks for carbonaceous pro-
duction because plastic contains high carbon content. The trans-
formation of plastic waste to carbonaceous can be executed through
pyrolysis-carbonization, in which carbon can be molded into various
dimensionalities and these carbon materials have been widely applied
for energy and environmental applications. The discovery of CNTs have
been widely applicable in the field of science and engineering owing to
their unique physical and chemical properties including relatively high
tensile strength, excellent chemical and environmental stability. CVD
method is popular in commercially synthesizing CNTs in a fluidized bed
reactor by channelling hydrocarbon vapor through a tubular reactor at
600-1200 °C in the presence of catalyst, ascribed to excellent growth
rate, product yield, and development of the epitaxial thin film. CVD
method is affordable for large-scale production; with an evident of
scaled-up camphor CVD for MWCNT production has been commercial-
ized in Japan [10]. The type of catalysts and their interaction, and the
temperature are essential factors that affect the carbon yields. The
common metals used in synthesizing CNT are Fe, Co, and Ni, which
merits the carbon solubility at high temperature and enhance carbon
diffusion. Moo and co-workers have successfully synthesized MWCNTSs
using plastic waste (LDPE, PP, and mixed plastics) as the feedstocks over
a Ni-based catalyst via two-stage process (sequential pyrolysis and cat-
alytic CVD) at two different temperatures of 500 °C and 800 °C. They
clearly elucidated that CNTs synthesized at 500 °C was outperforming
the one synthesized at 800 °C owing to CNTs at 500 °C possess higher
density of edge defective sites (active sites) for ORR [11]. When Fe/
Al,03 composite catalysts were used in the CVD reaction, a well-aligned
CNT arrays with lengths in a range of 500 pm to 1.5 mm were observed.
Using Fe/Co/Al,O3 catalysts, on the other hand, revealed that the syn-
thesis temperature has great influence on the CNT's diameter, quality
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and yield, which is yet to be clear [12].

Engineering metal-carbon hybrid materials for high catalytic activity
is another option because the introductory of metal species into the
carbon framework has proved to have promoted catalytic activity than
the pristine carbon catalyst [13,14]. This phenomenon is credited to the
stabilization of metals by the large surface area and pore size structure
carbon material, consequently solves the existing metal aggregation and
leaching issues [15,16]. Metals can be incorporated into the carbon
material as nanoparticles or single-atomic metal, and both displaying
their own advantages [17]. In addition, non-metallic heteroatoms such
as S and N-elements are also added to the carbon materials to tune the
electronic properties, as well as to provide localized grounds for metal
chelation to enhance the catalytic ability of the metal-carbon hybrid
materials [18]. Therefore, this review gives an overview of the synthesis
of various sustainable carbononaceous from cost effective methods and
resources, followed by the discussion of their applications in energy and
environmental-related fields.

2. The emergence of carbonaceous catalysts

In compliance to the Sustainable Development Goal 7 (Affordable
and clean energy, SDG 7), carbon-based catalysts have gained consid-
erable attention within these recent years, either serving as catalysts or
being supports in catalytic aromatization attributed to their high specific
surface area, high porosity, excellent electron conductivity, relative
chemical inertness, and flexibility of the products. Advantageously,
carbon materials can be derived from coal and renewable biomass, thus
promising for low cost and low carbon footprint. Carbon materials
possess various oxygen functionalities, making them acid-base in nature
and excellent carbon-supported catalysts [19]. These carbon materials
can be activated under high-temperature conditions and chemically
functionalized or decorated with metallic nanoparticles in strengthening
their catalytic activity [19]. In this section, we will review the synthesis
routes (Fig. 1) of the carbonaceous materials, including activated carbon
(AC), biochars (BC), non-biochars, and zeolite-templated carbons
(ZTCs), as well as their physical/chemical properties, morphological
structures of each carbon nanomaterials.

2.1. Synthesis routes of the carbonaceous nanomaterials

Carbon materials fabricated from waste biomass have demonstrated
promising applications as sorption materials, hydrogen storage,
biochemical, biofuels, and so on. Nevertheless, the problem lies here:
there is still no general and satisfactory process for producing valuable
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Fig. 1. The synthesis methods of carbonaceous materials.
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carbon materials from crude biomass to date. Up to this date, hydro-
thermal carbon (HTC) materials have been of great interest to produce
carbon materials with tunable physical and chemical properties for
different applications ascribed to their low-cost, eco-friendliness, light-
weight, and great potential for the energy and environmental research
field. By combining the HTC with templating approaches, the HTC
carbon structure can be highly improved in surface area and pore vol-
ume. Moreover, chemical and physical activations help to enhance the
specific surface area and create porosity. An activation treatment pro-
cess requires an additional treatment step with an activating agent at the
initial carbon synthesis process before the carbonization process takes
place, which helps in increasing the specific surface area and porosity of
the carbon materials. In addition, the rich microstructures of natural
biomass promote the formation of carbon materials with various di-
mensions, such as 1-Dimension, 2-Dimension, and 3-Dimension,
through inheriting from various bio-template structures. In this sec-
tion, we will look closer into the appealing strategies, which include
activation methods, HTC methods, template approach, chemical vapor
deposition, and carbonization methods that mold the carbon materials
with satisfactory crystallinity, surface area, porosity, functional groups,
active sites, and the unique properties associated with the dimension-
ality of carbon materials.

2.1.1. Hydrothermal carbonization (HTC)

HTC is a promising chemical route that converts organic solid wastes
such as biomass, carbohydrates, organic molecules, and plastics into
valuable carbon materials such as hydrochar, as well as for the synthesis
of various new solids, functional oxide, and non-oxide nanomaterials
with desirable shapes and sizes [20-22]. The carbon materials treated
under hydrothermal conditions change solubility, melt crystalline parts,
promotes physical and chemical interaction between reagents and sol-
vent, facilitate ionic and acid/base reactions, and finally lead to the
precipitation and formation of the carbonaceous structures. With the use
of glucose, sucrose, starch, cellulose, algae, peanut shell, camphor
leaves, bagasse, corn stover, coconut shell, and milk as the biomass
precursors, porous carbon can be synthesized by the HTC process by
heating biomass at a mild temperature in pure water and autogenous
high pressure. Water in this reaction plays a vital role as a solvent to
hydrolyze the glycosidic group in cellulose and hemicellulose of the
biomass and catalyst to facilitate hydrolysis and cleavage of chemical
structures of biomass for the production of porous hydrochar [23,24].
High ionization constant of water at high temperatures is responsible for
the hydrolysis of organic compounds, which can further be catalyzed by
acids generated during the reaction (e.g., acetic, levulinic, formic, or
lactic). The presence of these organic acids accelerates hydrolysis and
decomposition of oligomers and monomers to smaller fractions. The
further hydrolysis leads to a complete disintegration of the physical
structure of biomass. The difference in the chemical composition de-
pends on the HTC reaction mechanism, which includes hydrolysis,
dehydration, decarboxylation, aromatization, and re-condensation [25].
The first step of HTC reaction is hydrolysis which exhibits the lowest
activation energy that breaks down the biomass chemical structure
through cleavage of ester and ether bonds of bio-macromolecules with
water molecules, giving rise to soluble (oligo-)saccharides and frag-
ments of lignin that enter the liquid phase. The fragments of lignin are
then hydrolyzed into phenols. Dehydration removes water from the
biomass matrix that eliminates hydroxyl groups, while decarboxylation
eliminates carboxyl groups in the process. The combination of dehy-
dration and decarboxylation cause aromatization where double-bonded
functional groups (e.g., C—=0 and C—C) replace the single-bonded hy-
droxyl and carboxyl groups in the biomass matrix [26].

The main controllable parameters of the HTC reaction mechanism
are governed by the biomass feedstock, catalyst/additive, reaction
temperature, and residence time. Jaroniec and co-workers summarized
that the shape and surface properties of hydrochars are greatly depen-
dent on the initial structure and composition of biomass precursors,

Catalysis Communications 187 (2024) 106845

attributed to a high degree of structural complexity and the differences
in the solubility of intermediate products [27]. For example, mono-
dispersed spherical hydrochars with diameters ranging from a hundred
nanometers to a few micrometers, as shown in Fig. 2a-c, were derived
from pure carbohydrate sources such as glucose and fructose, and starch.
When the carbon feedstocks were changed to HTC of more complex
biomass with different polymer chains such as cellulose, rye straw, and
non-soluble carbohydrates in rice grains, morphological changes were
inevitably observed for the formation of agglomerated/polydispersed
spherical morphology or carbonized original fibrous biomass structure
(Fig. 2d-f) [28,29]. In addition, the effects of additives and catalysts in
controlling the structures and properties of carbon nanomaterials should
not be marginalized. For example, whisker-like MnOs/carbon sphere
composites were synthesized by Wang et al. through a facile one-step
HTC method using a mixed solution of glucose and manganese sulfate
monohydrate [30]. The highly porous interconnected MnO,
nanowhiskers-coated sphere exhibited a high specific surface area that
favors the rapid transport of electrons and ions. Another work reported
by Lamiel et al. has demonstrated that incorporating Ni, Co, and S ele-
ments on the carbon sphere influences the carbonization process, thus
producing carbon materials with diverse structures and properties [31].

In addition, the reaction temperature is another factor that impacts
the yield and porosity of the hydrochar. Depending on the experimental
conditions and reaction mechanisms, HTC processes can proceed at
either high temperature (300-800 °C) or low temperature (180-250 °C)
[33]. A relatively low-temperature HTC process can generate mono-
dispersed colloidal carbonaceous spheres from the carbohydrate sources
such as sugar, glucose, fructose, sucrose, cellulose, and starch via
dehydration and condensation polymerization and aromatization in the
liquid phase [6]. Generally, at an elevated temperature, the hydrochar
yield is considerably lower due to an intensified dehydration where
immense volatile compounds are released from the biomass precursor at
an elevated temperature condition, resulting in the formation of pores
[34]. Optimizing the reaction temperature is essential to tune the
structural property and morphology of the carbon materials. According
to the discovery by Sun et al., they found that carbon spheres derived
from glucose were only formable at 160 °C for 3.5 h with diameters of
200 nm, and the carbon spheres grew larger (1500 nm) by further
increasing the temperature up to 180 °C for 10 h. Furthermore, a longer
time is needed to hydrolyze the HTC of polysaccharides and biomass
into smaller pieces. For instance, it takes 10 h for the transformation of
monosaccharide glucose into uniform carbon nanospheres at 180 °C
(Fig. 2g), but c-furfural needs an even longer reaction time (24 h) for the
formation of carbon spheres with different diameters (Fig. 2h) [32,35].
While, when the temperature of the HTC process exceeds 300 °C, reac-
tive gases and carbon fragments produced from thermolysis are apt to
synthesize various dimensional carbon nanomaterials such as the carbon
nanotubes, graphite, and activated carbon materials [6]. These unique
morphologies of dimensional carbon nanostructures are not merely
excellent bio-templates to fulfill excellent electrochemical properties but
also the building blocks for flexible electrodes.

Until now, plenty of parameters, including precursors type, reaction
temperature, duration, and additives, have been recorded for the
development of carbon nanomaterials, as mentioned in the earlier sec-
tion. However, one may naturally question whether this current HTC
process is sufficiently applicable for synthesizing carbon nanostructures
with controllable morphological structure and physical properties such
as attaining desirable porosity and specific surface area? To secure the
desirable properties of the carbon nanostructures, several extending
approaches, such as templating and activation methods, were tandemly
performed together with HTC to generate pore ordering in carbons.

2.1.2. Template approaches

Templated carbonization is an appealing method for synthesizing
three-dimensional porous carbon at the nanoscale, where pore sizes
range from 1 to 200 nm and even an ordered pore structure [36].
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Fig. 2. SEM images of hydrochar produced from (a) glucose, (b) sucrose, (c) starch, (d) cellulose, (e) rye straw, and (f) the non-soluble carbohydrates in rice grains.
Reproduced with permission [27]. Copyright 2020, Royal Society of Chemistry. Hydrothermal carbonization of different biomass. (g) SEM image of carbon spheres
prepared from glucose (180 C, 10 h) and (h) SEM image of carbon spheres prepared from c-furfural (180 C, 24 h). Reproduced with permission [32]. Copyright 2021,

Wiley-VCH.

Researchers have exhaustively explored the controllable nanostructure synthesis process [37]. The carbon materials' porosity, morphology, and
design of biomass-derived carbon, such as porous, hollow, etc., has been surface area are easily tuned by appropriate templates, making them
exhaustively explored by researchers through the hard and soft template (carbon catalysts) applicable in various applications. Templated
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Fig. 3. (a) A synthetic illustration of the ordered mesoporous carbon material derived from p-cyclodextrin precursor through successive hydrothermal treatment (at
140 °C) and carbonization treatment (at 700 °C). Reproduced with permission [39]. Copyright 2014, Royal Society of Chemistry. SEM images of (b) CS-L prepared
from liquefied larch, (c) CS-R prepared from liquefied larch resins, (d) CS-L-F prepared from liquefied larch and F127, (e) CS-R-F prepared from liquefied larch resins
and F127. Reproduced with permission [41]. Copyright 2018, Elsevier. (f) Formation mechanism of carbon foams. Reproduced with permission [42]. Copyright

2011, Springer.
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carbonization is divided into soft template and hard template strategies
[38].

The soft template is usually formed by organic molecules such as
non-ionic surfactants and ionic micelles, developing a framework when
contacting a given material. The relatively “greener” soft template
process alters various morphologies of carbon materials and simplifies
carbon formation's synthesis route. Soft templating guarantees the
construction of carbon materials of controllable micro-, meso-, or macro-
structures. Nevertheless, it is less favorable for the synthesis of biomass-
derived carbon materials due to the low thermal stability of organic
molecules. In most cases, hydrothermal carbonization or other processes
are always complemented to stabilize the formed structures by tem-
plates and carbon precursors. For instance, Zhao and co-workers have
successfully synthesized highly ordered mesoporous carbons (OMCs) via
hydrothermal process. They used fg-cyclodextrin (-CD) as the biomass
carbon precursor and triblock poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO) copolymer as the soft
template (Fig. 3a) [39,40]. -CD was chosen as the carbon source,
attributed to its cyclic oligosaccharides consisting of a porous-shape
structure with a hydrophobic cavity and hydrophilic rims made of hy-
droxyl groups. The resultant mesoporous carbons displayed a highly
ordered mesostructured with a 2D hexagonal p6mm symmetry, a high
specific surface area of 781 m?/g, and a large pore size of ~4.5 nm.
Another typical example of soft-templating carbon nanostructured is the
mesoporous featuring carbon with spherical morphology. These carbon
spheres were developed by Zhao et al. by utilizing an ultrasonic spray
pyrolysis technique using F127 as a sacrificial template [41]. In the
earlier reports, mesoporous carbon spheres were synthesized through
nanocasting technology coupled with the hydrothermal method but
were unfavorable due to longer time and higher cost expenses, accom-
panied by tedious and complicated procedures. Thus, ultrasonic spray
pyrolysis technology is taking the role of spherical carbon development.
Based on the discovery by Zhao et al., alteration of morphology and
porous structure of the carbon spheres were obvious by controlling the
used precursors and F127 [41]. Carbon spheres are derived from lig-
uefied larch (CS-L) and liquefied larch-based resins (CS-R) either with or
without F127 templates. The carbon spheres with templates are there-
fore denoted as CS-L-F and CS-R-F. SEM images show that the surface
morphology of carbon spheres changed when different carbon pre-
cursors were used. The morphological structure of carbon spheres
derived from larch, either in its pristine form or template, is similar; they
possess uniform honeycomb-like spheres with a size of 600-900 nm
(Fig. 3b and d). Whereas, when larch-based resins were used to develop
the carbon spheres, it is expected that the prepared foams consist of
adjacent cells, ligaments, and nodes arranged in an irregular pentagon
or hexagon in a cell size of 100-200 pm (Fig. 3f). The increasing
carbonization temperature shrinks the cell and makes it more uniform.
Consequently, it gave smoother carbon spheres, as displayed in Fig. 3¢
[42]. Nevertheless, templating CS-R with F127 further changed the
morphological structure of CS-R-F to a walnut-like shape. The change of
surface structure could be ascribed to the decomposition of F127 with
resins (Fig. 3e) that have created abundant pores. Overall, despite soft-
templating simplifying the production of porous carbon without the
need for template removal, self-assembly between biomass derivatives
and micelles is indeed weak. The carbon materials derived from the soft-
template method are incompatible for the high-temperature pyrolysis
process due to surfactant molecules' inherent instability. In addition, the
soft templates are usually expensive polymers and non-renewable, thus
restraining their wide applications. In most cases, soft templated carbon
nanomaterials are desirable in electrochemical energy technologies,
particularly for the development of electrodes [43].

Apart from the soft-template synthesis of biomass-derived carbon,
the hard-template method is regarded as a promising nanocasting
approach for the development of nanostructured carbon, which usually
involves several key processing steps, including (1) synthesis of desired
hard templates, (2) impregnating the as-prepared templates with solute
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biomass precursors, (3) high-temperature treatment or template com-
posites in an inert atmosphere, and (4) removal of hard templates using
acid or alkaline solvents. In this approach, hard templates are employed
to design various geometries and structures of carbons with length scales
of nanometers and micrometers and the construction of hierarchical
pore architectures. The typical sacrificial templates applied for the
construction of carbon nanohybrids are thermally stable, such as
microporous zeolite, mesoporous silica, nano SiO3, CaCO3, MnO, and
MgO, which are easily prepared and commercially available, and are not
deformable during carbonization. [36,44,45] Compared to soft-
templating, tuning the structures and architectures of carbon materials
through hard-templating is comparatively more straightforward and
common. In 2019, Luo et al. designed a unique hierarchical porous
carbon microcubes, denoted as PCM, via an in-built template method
from renewable agaric (Fig. 4a) [46]. The cubic MnO@C composite was
obtained by hydrothermal treatment of agaric, followed by calcination
in the presence of a manganese (Mn) source. The in-built MnO template
is sacrificed by acid etching, giving rise to PCM formation with a high
specific surface area of 1052 m?/g, rational pore size distribution, and
self-N-doped properties. On most occasions, SiO spheres are used as
hard templates for constructing hollow spheres and porous carbon. For
example, a 3D N-doped porous carbon (NPC) was prepared via a simple
SiO nanosphere-assisted pyrolysis method. [32] Liu and co-workers
prepared N-doped carbon nanodots through hydrothermal carboniza-
tion using shrimp shells as the carbon and nitrogen sources. SEM and
TEM images display that the 3D NPC exhibits uniform pores (200 nm)
(Fig. 4b and c), indicating increased active sites for diverse applications.
In addition, ordered mesoporous silica templates such as SBA-15, SBA-
16, KCC-1, and KIT-6 have been served as hard templates for highly
ordered porous carbon nanostructures. The ordered mesoporous struc-
ture plays a vital role in high specific surface area and pore volume. In
the case of Qu et al., biomass waste (gelatin) was used as the precursor,
and SBA-15 serves as the hard template for preparing nitrogen-doped
ordered mesoporous carbon (NOMC). An appropriate nitrogen doping,
high pore volume, and desirable specific surface area of NOMC are
prominent for the catalytic reaction [47]. Another example, KIT-6, was
used by Bai et al. as the hard template for synthesizing ordered meso-
porous carbon using biowaste lignosulphonate, as shown in Fig. 4d [48].
Typically, sodium lignosulphonate was impregnated into the KIT-6
template, and the resultant product was carbonized. The silica tem-
plate was removed using NaOH solution to obtain ordered mesoporous
carbon (OMC). Then, the ordered carbon was chemically activated using
ZnCly for hierarchical ordered porous carbon (HOPC). It was hypothe-
sized that the lignosulphonate molecules were adsorbed onto the hy-
drophilic silica walls through hydroxyl groups and cross-linked through
hydrogen bonds, forming 3D networks that increase the pore volume, as
well as bridge the aromatic rings to promote graphitization. It is antic-
ipated that hard template-assisted methods effectively construct porous
carbon structures for emerging applications in catalysis and the fields of
batteries and supercapacitors.

On the whole, the exploration of novel templates and environmen-
tally friendly chemical etchants for the family of hard- and soft-template
carbon nanostructured is underway and is gaining momentum among all
research scientists at present for the breakthroughs and advances in this
emerging frontier of science and technology. It is genuinely believed
that the diverse types of hard- and soft-template biomass-derived
carbon-based nanostructures will continue to proliferate to develop a
myriad of catalytic systems for thermochemical conversion reactions
and other catalytic reactions for a sustainable future.

2.1.3. Activation approaches

Carbonaceous nanomaterials derived from renewable biomass have
been at the forefront of nanotechnology research owing to their abun-
dant availability, cheaper raw materials, reusability, non-toxic nature,
and biodegradability. Carbon material synthesized from biomass is
efficient support for active sites due to its high porosity and surface area
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Fig. 4. (a) Schematic illustration of the preparation and morphology of the PCM sample. Reproduced with permission [46]. Copyright 2019, Elsevier. (b) SEM image
of the NPC obtained at 800 °C, (c) TEM image of the NPC obtained at 800 °C and the corresponding TEM images of NPC pore wall. Reproduced with permission [32].
Copyright 2021, Wiley-VCH. (d) illustration of the synthetic processes of hierarchical ordered porous carbon (HOPC) using the hard template method combined with
post chemical activation. Reproduced with permission [48]. Copyright 2020, Springer.

characteristics, and these traits are highly tunable depending on its pre-
treatment methods. An additional treatment step using an activating
agent is essential before the carbon synthesis process because the in-
ternal porous structure of the carbon material would develop at this
particular step for the inherent of high mass transfer capacities and high
active loading surface for catalysis purposes [49]. For this reason,
strenuous efforts have been devoted to exploring novel activation
methods, either in the forms of physical or chemical activation, to pre-
pare porous carbon nanomaterials with unique morphologies. The
former process is meant to physically activate carbon materials under a
controlled flow of steam or CO5 or a mixture of both at temperatures
higher than 700 °C. It is inferred that activating gases would selectively
uproot the reactive carbon components of the carbonized material via
the C-H20 and C-CO, gasification reactions after that unfolded the
enclosed pores and interpenetrated with other pores [50]. It is widely
reported that the types of activating gases, biomass type, and reaction
conditions are crucial factors that influence the carbon materials'

physicochemical properties, such as specific surface area, porosity, and
pore size distribution. For example, char-derived from palm petiole was
activated under CO5 flow at various temperatures of 750 °C, 850 °C, and
950 °C for 30 min [51]. The palm petiole-derived char exhibited the
highest specific surface area when the activation temperature was
increased to 850 °C. With the increasing activation temperature, the
total pore volume of the char plunged owing to the decomposition of
material at high temperature under an oxidizing atmosphere, which
implies the importance of optimizing the activation temperatures for the
sake of carbon's physical properties [51]. In another work by Nguyen
and co-workers, the authors emphasize the effect of physical activation
using CO2 and steam agents on the physicochemical properties of AC
produced from a fern species named Dicranopteris linearis (D. linearis)
[52]. The D. linearis-derived chars were made under pyrolysis at 400 °C
for 1 h and were activated in various CO,-steam proportions. Reflected
from the IR and Raman spectra, the structure of the activated chars was
heavily dependent on the relative ratio of CO5 and steam, in which the
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chars activated under CO5; and steam saturated conditions possess
greater specific surface area than the pristine char. Moreover, as a result
of the reaction between CO,/steam and char, the highly porous acti-
vated chars are encompassed with micro-and mesopores structures
owing to the diffusion of steam (smaller size water molecules than CO,
molecules) within the carbon matrix that has efficiently catalyzed the
char matrix, after that predominantly creating mesopores. These find-
ings are indeed helpful in designing the AC with unique properties by
simply tuning the proportion of steam and CO5 [52]. Nevertheless, a
contradiction arose when Nabais et al. demonstrated that the CO»-
activated biochars from coffee endocarp exhibited higher surface areas
and pore volumes than the corresponding steam-activated biochars. This
contradiction could be the implication of using different microstructures
of biomass, which is related to the issue of feedstock types [53].

While, for the case of chemical activation, carbon-derived from
biomass is first impregnated in a solution containing activating agents
such as KOH, ZnCl,, KoCO3, HoSO4, H3POy, etc. for the promotion of
pores formation through the removal of partial carbon atoms from the
carbon matrix, suppress the formation of tar, and facilitate the evolution
of volatile compounds, followed by heating at elevated temperatures
under an inert gas flow [50,54]. Comparing against the physical acti-
vation, the chemical activation mechanism is still unclear. However, it is
assuring that chemical activation possesses higher activation efficiency
than the physical for the shaping of bio-carbon with higher surface area
and porosity, even at relatively lower temperatures. Similar to the
physical activation approach, the activation temperature, types, and
doses of activating agents and feedstocks are the variables controlling
the porosity, pore size distribution, and the specific surface area of the
biomass-derived carbon. In the work of Dehkhoda et al., they high-
lighted the importance of optimizing the activation temperature toward
the influence on the surface area and porosity of the biochar [55]. They
showed that a substantial increment in surface area of biochar was
observed from 1.66 m%/g to 614-990 m?/g when biochar was impreg-
nated in KOH solution at an optimized activation temperature. How-
ever, the unfolding of pores in the biochar matrix devastated at
increased activation temperature due to the collapse and burn-off of
micropore walls and the development of localized graphite-like struc-
ture in the biochar matrix, thus reducing the desired surface area of the
biochar [55]. In addition, the choice of activating agents is another
factor that could adjust the properties of the carbon materials. Differ-
ence activating agents were used by Park and co-workers such as HCI,
HS04, H3PO4, KOH, MgO, ZnCl,, and K2SO4 to chemically activate the
sesame straw biochar for the application in phosphorus adsorption. They
discovered that ZnCl and MgO were more effective for phosphorus
adsorption than the other activating agents [56]. Depending on the type
of carbon materials, the properties of the carbon materials are altered
upon activation. Harmas et al. showed that the carbon derived from
glucose using KOH and ZnCl, exhibited a similar specific surface area at
2150 m?/g. When rubber seed pericarp was used as carbon feedstock to
replace the glucose-derived carbon material, the specific surface area of
ZnCl, activated carbon exhibited a higher specific surface area (1689
mz/g) than that of KOH activated carbon (392 mz/g) [38,57]. In sum-
mary, it is crucial for us to carefully consider the factors, including types
of feedstocks and pre-treatment parameters for desirable specific surface
area and porosity of the formed biochar.

2.1.4. Chemical vapor deposition (CVD)

CVD is a powerful technique of depositing one or more volatile vapor
reactants such as ethylene and acetylene into solid phase deposit upon
the occurrence of chemical reaction [58]. This method is probable in
producing zeolite-templated carbons (ZTCs), which is an ordered
microporous carbon with zeolite as the sacrificial scaffold. As opposed to
the ordered mesoporous carbons obtained from using mesoporous silica
templates, it has been described that ZTCs comprise the curved and
single-layer graphene frameworks accord for uniform micropore size of
ca. 12 nm, high surface area of 4000 m?/g, good compatibility with
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chemical modification, and coupled with elasticity [59]. Unlike the
classical activated carbon features with highly disordered cross-linked
structure, randomly packed graphene subunits connected through
amorphous carbon components, ZTCs feature textural and morpholog-
ical characteristic of the zeolite scaffolds. Among the variant zeolite
frameworks, FAU, EMT, and BEA zeolite structures are the suitable
templates, ascribed to their large voids (>0.6 nm) and 3D inter-
connected micropore systems [60]. Aumond and co-authors elucidate
that small particle size of microporous materials offers higher effec-
tiveness factors in a specific catalytic process owing to the implication of
shorter diffusion path length. The authors disclosed that larger crystal
size (3 pm) of Y zeolite templates resulted in portion of unfilled pores in
the crystals' center. Moreover, employing a medium-sized beta zeolite
(0.5 pm) template resulted in higher structural ordering than the larger
(1 pm) crystals [60].

Basically, the penetration of carbon into the nanochannels of zeolites
by CVD method happens in three steps, taking into account of the re-
action temperature and reaction duration:

(i) Diffusion of carbon from the exterior (surface) of zeolite particle
to the interior channel
(i) Constant increasing rate of carbon density
(iii) Termination of carbon deposition

The key point for a CVD method is the reaction temperature because
each CVD source gas possesses its thermal decomposition temperature
where beyond the threshold limit, the gas turns into soot even without
the presence of catalyst. Taking an example of acetylene and propylene
with decomposition temperatures of ca. 923 K and 1023 K, respectively,
the exterior of the zeolite particles will be deposited with carbon
(forming a Type-II ZTCs consisting non-templated carbon deposition) if
the decomposition temperature of gases have been exceeded. Hence, the
CVD temperature should be lower than the decomposition temperature
for obtaining a 3D ordered ZTC framework replicated by the zeolite
template [59]. Moreover, Nishihara and co-workers have also disclosed
that a two-step CVD operates at different temperatures offer Type-I1 ZTCs
with high surface areas up to 3370 m2/g [59,61]. Another key feature of
controlling temperature is that high temperature demerits reaction
selectivity that leads to structural defects and random morphological
orientation, despite high temperature promotes mass transfer and im-
proves heteroatoms doping possibility. Mokaya et al. synthesized N-
doped CNTs using NHy-zeolite B as the template, ferric nitrate as the
catalyst, and acetonitrile as the carbon source. The CVD reaction was
performed at various temperatures from 700 to 900 °C for 20 h (Figs. 5a-
h). The length of the aligned CNTs elongates with the increasing tem-
perature and aligns better with sufficient growing duration (longer re-
action duration), as shown in Figs. 5i-k, but is distorted (randomly
oriented and broken nanotubes) at 900 °C. The work of Nishihara et al.
displayed that carbon deposited rapidly into the zeolite voids at the first
0.5 h (stage 1), followed by a decelerating deposition rate from 0.5 to
5.8 h (stage II) due to narrower pores of zeolite (Fig. 51). From the TEM
images, it is apparent that crack-like space appeared in the zeolite par-
ticle at the second hour and gradually disappearing as time passed. After
reacting for 8 h, carbon is uniformly distributed and deposited in the
zeolite pores, as shown in Figs. 5m-p. In brief, CVD merits the growth of
nanocarbon in terms of its alignment, density, and diameter of the
nanocarbon per se, in addition to favouring large scale production.

2.1.5. Carbonization

Anoxic pyrolysis carbonization is a high temperature process to
transform plastic waste into carbon-based materials in a tube furnace.
The carbonization temperature plays an integral role for the tuning of
product's physicochemical properties where high carbonization tem-
perature above 700 °C guarantees for porosity and conductivity with less
contain of oxygenated groups [62]. Subsequently, post-activation either
through physical or chemical approaches should be employed to tailor
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Fig. 5. (a)-(h) Influence of temperature and reaction duration on synthesis of zeolite-templated nanocarbons: SEM images of CNTs, using NHy-zeolite p as template
and acetonitrile as carbon source, prepared at various CVD temperatures: a,b) 700 °C; c,d) 750 °C, e,f) 800 °C; g,h) 900 °C. i-k) SEM images of carbon nanotubes
prepared via CVD at 800 °C using NHy-zeolite § as substrate and acetonitrile as carbon source for various CVD durations: i) 1 h; j) 10 h; k) 20 h; 1) the relation
between WTG and tcyp. m-p) Corresponding TEM images of liberated carbons in the particles of zeolite at tcyp of 0.25, 2, 4, and 8 h. Scale bars are 1 pm. Reproduced

with permission [2]. Copyright 2020, Wiley.

the properties of plastic derived carbonaceous (discussed in section
2.1.3). Evidently, a KOH-activated tyre pyrolysis char displayed excel-
lent adsorption ability toward bisphenol A than a commercial activated
carbon, thanks to the formation of large specific surface area of 700 m?/
g and high porosity upon activation [63].

On the other hand, catalytic carbonization is a mature technique for
transforming plastic waste into carbonaceous materials such as CNTs,
carbon nanosheets (CNS), graphene, and hierarchically porous carbon
(HPC) with the assistance of catalysts. Catalyst in this case undergoes
structure reconstruction during catalytic carbonization where the

catalyst promotes the initial decomposition of plastic into liquid and
gaseous products and the decomposed material serves as the feedstock
to form the carbon material on the catalyst surface [64]. Series of cat-
alysts such as organically modified clay (OMC)/nickel catalysts, zeolite/
NiO, chlorinated compound/NisOs, activated carbon/NiyOs3, and carbon
black/NiyO3 were used to convert PP to produce aromatic compounds,
which is subsequently dehydrogenated and reassembled into CNTs [65].
Using Ni, Fe, and Fe—Ni as the catalysts for catalytic carbonization of
PP, PP was first pyrolyzed to hydrocarbons where the carbon and
hydrogen precursors were further for catalytic decomposition process.
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The bimetallic Fe—Ni catalyst was outperformed the monometallic Ni
and Fe catalysts, attributed to the rapid diffusion of carbon in-
termediates on the surface of catalyst, leading to the formation of
MWCNTs (Fig. 6) [62]. The summary of advantages and disadvantages
of each synthesis route is tabulated in Table 1.

3. Applications of carbonaceous nanomaterials for energy and
environmental remediation

The emerging carbonaceous materials as promising electrocatalysts
for various energy and environmental applications in the field of energy
storage, conversion, CO reduction, hydrogen production, heavy metals
removal etc. have caught considerable interest, credited to their excel-
lent conductivity, high surface area, and low cost. The pristine carbo-
naceous (without any modifications) is actually non-reactive due to
electroneutrality of carbon atoms [66]. Hence, various approaches such
as introducing doping heteroatoms into the carbon skeleton and
assembling carbon atoms into different dimensions and structures (zero-
dimensional (0D), one-dimensional (1D), two-dimensional (2D), and
three-dimensional (3D)) have been strategies to design carbonaceous
catalysts with remarkable activity. Fig. 7 shows the classification of
various dimensionalities' carbon allotropes. According to the relevant
reaction mechanisms, different carbon allotropes exhibit various
bonding capacities with the reaction intermediates, leading to the for-
mation of diverse products [66].

3.1. Energy

3.1.1. First-generation carbon materials

Renewable biomass such as bamboo, walnut shell, corn husk, etc.
(Fig. 8) is an attractive activated carbon precursor that have been
studied extensively for the development of sustainable products. These
biomasses has a natural fine structure composed of mainly lignin (27%),
cellulose (43%), and hemicellulose (20%) that have high carbon content
and low ash content of 0.2-10%. These biomasses retain the natural AC's
structure that contribute to the circulation of electrolytes and improve
the performance on the electrochemical level [67]. Activated carbons
from these biomasses have been extensively used as electrode material
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Table 1
Advantages and disadvantages of carbon synthesis methods.
Method Advantages Disadvantages
Hydrothermal e Relatively low operating e Require sample separation
carbonization e Easy control of condition steps and drying of the
parameters sample for further use
Chemical o High yield production e Requires through washing
activation e Lower in cost step
e Simple recovery of the
activating agents
Pyrolysis e Controllable e High energy consumption
carbonization carbonization e Require of high temperature
temperature operation

Controllable heating rate
Controllable pore
structures and pore size

Soft templating

Easy collapse of porous
framework
Require template removal

Hard templating e Develop nanostructured e Removal of template using
carbon acid/alkaline
e Efficient in constructing e Require high temperature
hierarchical pore treatment
architecture
Chemical vapor e High deposition rate e Lack of high volatile and
deposition e High productivity non-toxic precursors

for supercapacitors, ascribed to its high surface area, tunable pore size
and distribution that merits the energy storage via electric double layer
(EDL). However, the supercapacitor electrode derived from corn-husk
suffers from poor capacitance and retention <2000 cycles of charge-
discharge owing to this material turns resistive after 2000 cycles [68].
This phenomenon could be ascribed to low conductivity caused by an
undesirable porosity and surface area that can be overcome by opting an
appropriate carbon precursor and activation mode in the synthesis
route. Using corn-husk as the carbon precursor, the capacitive perfor-
mance of the AC supercapacitors activated by KOH is different from the
K5CO3 where the latter (KoCOs3 activation) exhibited remarkable
capacitive retention of ~99.5% of its original capacitance after 20,000
charge-discharge cycles, as compared to 90% capacitance retention
(KOH activation) after 5000 cycles [68]. Non-metallic heteroatom
doping such as N, B, O, P and S fine tunes the charge storage capability
and surface chemistry of carbon matrix, and contributing to pseudo-
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Fig. 6. Diagram of the catalytic carbonization of polypropylene with an Fe/Ni catalyst. Reproduced with permission [62]. Copyright 2020, Elsevier.
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Fig. 8. Main structure and constituent distribution of typical biomass residues. Reproduced with permission [67]. Copyright 2022, Elsevier.

capacitance. Nitrogen is often the chosen doping element owing to its
ease penetration into the carbon matrix with a specific capacitance of
278 F/g deliberated at a current density of 2 A/g when a N-doped
interconnected porous carbon was prepared from flour food residue
[69]. Chen and co-workers proposed a strategy for simultaneous
carbonization, activation, and heteroatom doping of N and P onto the
pomelo peel (carbon source). Impressively, co-doping N and P atoms
induces more active sites and pore structure that gave rise to excellent
capacitive and cyclic performances, as shown in Fig. 9 [70], implies the
importance of pore engineering for the facilitation of electrolyte ions.
The pore characteristic of activated carbon is dependent on the

10

activation temperature where low activation temperature resulted in the
formation of mesopores, and micropores at higher activation tempera-
ture. Doping sulfur onto the durian peels-derived AC resulted in a more
ordered and condensed AC framework upon the evaporation of sulfur at
high activation temperature, gave rise to the formation of micropores
that could enhance the charge storage capacity of the S-doped AC [71].

Apart from energy storage, the S-doped carbon nanosheets derived
from peanut root nodules exhibited remarkable electrocatalytic activity
for HER in 0.5 M H3SO4 with a low onset potential of —0.027 V. DFT
calculations verified that the S-atom interacts well with H' rather than
the carbon atom due to the lone pair electrons, thus stabilizes the H*
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Fig. 9. (a) Illustration for the synthesis process of NPCNs. (b) cycling performance at a current density of 10 A/g, and (c) ragone plot of the NPCNs-750//NPCNs-750
SSC. Reproduced with permission [70]. Copyright 2022, Elsevier, and (d) Tafel plots of ACs for HER. Reproduced with permission [72]. Copyright 2020, Elsevier.

species in HER than the N-doping [73]. Thiopene, p-toluenesulfonic
acid, and benzyl disulphide are the sulfur-containing organic com-
pounds that have been used as the precursors of ACs where these com-
pounds such as the thiophene sulfur stabilizes the active sites in the
carbon lattice, leading to a low overpotential of 97 mV at 10 mA/cm? in
the HER activity. When polystyrene sulfonate acid was used as the
precursor for S-doped AC synthesis via pyrolysis at 900 °C, it was ex-
pected that some sulfonic acid groups were embedded in the carbon
matrix as thiophene sulfur and sulfones, thus resulted in an efficient
Volmer dynamics HER process with a Tafel slop of 163.32 mV/dec
(Fig. 9d), suggesting S is a potential dopant to promote HER perfor-
mance [72].

3.1.2. Second and third-generation carbon materials

Carbon nanofiber (CNF) is a 1D carbon material that have been
widely explored for optoelectronics, energy storage, and environmental
remediation. CNF possess smooth, porous, hollow, and stacked up
structure, accompanied with high specific surface area, excellent ther-
mal and electric conductivity, making them potential CNF-based func-
tional nanomaterials. CNF is producible by electrospinning, CVD, and
templated synthesis. Among them, electrospinning is the simplest
fabrication method of all because CNF can be easily obtainable via high
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temperature carbonization after electrospinning the polymer (cellulose,
chitin, lignin, and chitosan) nanofibers onto a substrate. For instance,
Chen et al. fabricated a novel HER electrocatalyst composed of iron-
doped cobalt phosphide porous carbon nanofibers, in short denoted as
Fe-CoP/PCNF (Fig. 10a), via electrospinning, carbonization, and phos-
phorization (Fig. 10b). The resulted porous Fe-CoP/PCNF is larger in
surface area than the Fe-CoP/CNF, accompanied with mesopores and
macropores (Fig. 10c) that favour the electrolytes and gases diffusion
during the HER process, attributed to PVP decomposition induced more
pores during the carbonization process [74]. As depicted in Fig. 10d,
pore forming agents (porogens) are usually included during the elec-
trospinning process, and vaporizes during the heating treatment, leading
to the formation of open holes. By comparing the electrode of polymer
electrolyte membrane fuel cell (PEM) composed of Pt/CNF and Pt/C
(platinum supported on carbon black), the Pt/CNF electrode is out-
performing the Pt/C and establishes better stability owing to CNF
possess an open structure that allows the exposure of catalyst particles to
the reagents. Whilst, carbon black per se although featuring high specific
surface area and high conductivity, however, its performance is usually
compensated with easy oxidation of carbon into surface oxide and CO,
with limited mass transfer [75].
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Fig. 10. (a) SEM image of Fe-CoP/PCNF, (b) schematic illustration of the fabrication of Fe-CoP/PCNF, and (c) nitrogen adsorption-desorption isotherm of Fe-CoP/
PCNF and Fe-CoP/CNF. Reproduced with permission [74]. Copyright 2022, Elsevier, (d) pore-forming mechanism by a heat treating porogen. Reproduced with
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3.1.3. Fourth-generation carbon materials

The 2D graphene has proven itself as an efficient photocatalyts or
cocatalyst for efficient photocatalytic Hy production due to the available
interfacial active sites for H" adsorption, rapid electron transfer, and
excellent electrical conductivity. In addition, various materials were
introduced onto the graphene surface and used as the multifunctional
catalysts for an improved Hj production rate. Nevertheless, the disper-
sion of the powder catalyst during synthesis and reaction is always the
existing challenges that resulted in poor accessibility of electrons,

electrolytes ions, and reactants diffusion due to the restacking of gra-
phene sheets. Engineering 3D graphene network provides a new solution
to the restacking issue of graphene sheets. The introduction of organic or
linker molecule or metal oxides serves as the intercalation agent to
prevent the restacking graphene sheets and create new functionalities
through the cross interaction. Thanks to the porous, ample active sites
and catalytic centers (large surface area) of the 3D graphene, this 3D
network promotes light absorption and efficient charge transport
pathway and diffusion.
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Metal oxides (MOs) such as TiO2 and ZnO- are the promising HER
photocatalysts, but their current performance are limited by the large
bandgap behaviour that has weaken the light absorption efficiency.
Indirectly, higher energy are needed to excite the valence band elec-
trons. To overcome the aforementioned problems, grafting graphene is
regarded as an effective approach for visible light promotion. A gra-
phene hydrogel composed of graphene sheets, TiO2 nanorods, and 8 wt
% Au nanoparticles has demonstrated an enhanced photocatalytic HER
activity of 242 pmolh’1 g’l, which is 1.5-fold higher than the pristine
TiO5 nanorods (156 pmolh’1 g’l) and 4.7-fold higher than the 2D RGO-
TiO, (51 pmolh™ g~!) under UV-Vis light illumination, as shown in
Fig. 11a. The outperforming Au/RGO-TiO; hydrogel is credited to the
efficient electron transport pathway from Au to conduction band of TiO,
due to the localized surface plasmon resonance effect, subsequently
transferred to graphene to reduce H' to Hy (Fig. 11b) [76,77]. Similarly,
a RGO/ZnO composites demonstrated an improved photocatalytic ac-
tivity and stability. Although MOs/graphene composite exhibited
excellent properties for photocatalysis, however, the photocatalytic
performance is still restrained by the poor electron storage capacity of
the MOs/graphene composite. An europium (Eu)-TiOy/graphene com-
posite was investigated for photocatalytic Hy production and results
showed that the photocatalytic activity of the Eu doped composite was
improved, as compared to the pristine TiO, [78]. The incorporation of
ZnS enhances the absorbance of the ZnO-ZnS/graphene photocatalyst.
Whilst the graphene sheet reduces interface resistance and promotes the
absorption curve tail within the UV and visible light region, leading to
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an excellent Hy evolution rate of 1070 pmolh™! g~! when ZnO-ZnS/
graphene is up to an optimum weight ratio of 0.05 (Fig. 11¢). Fig. 11d
shows that the ZnS-ZnO heterostructure accelerates the electron-hole
pairs separation, followed by the transferred of photogenerated elec-
trons to the graphene for H" reduction [79].

Concerning the typical carbon nanomaterials derived from biomass
or non-biomass compounds such as the AC and BC, they suffer several
intrinsic drawbacks such as low surface area, poor pore connectivity,
and poor morphological control because these carbon materials usually
exist in bulk form. To synthesize carbon nanomaterials that fulfill the
essential criteria mentioned above (surface area, porous structure, and
unique morphology), carbon nanostructures of low-dimensions such as
1D fibrous and tubular structures, 2D nanosheets-like structures, and 3D
micro—/nanostructures could be the best remediation, and these mate-
rials have been widely applied in energy storage, energy conversion, and
electrocatalysis. Apart from the biomass-derived chars and non-biomass-
chars composed of sewage sludge and waste tires, as mentioned above,
the high carbon content of plastic waste makes them (plastic waste) a
promising source or precursor for the synthesis of carbon nanomaterials.
The potential value-added recovery of plastic waste offers interesting
possibilities from an economic and environmental perspective rather
than solely recycling them at higher cost expense. In most cases, plastic
waste, in particular PP, PE, PS, and their mixture, have displayed their
superior potential that would be carbonized and molded into different
dimensionalities such as 1D nanotubes, 2D graphene sheets, and 3D
nanostructures [80].
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Fig. 11. Photocatalytic H, production studies of various samples. (a) Hy production of the control samples (pure TiO, nanorods and 2D RGO-TiO; composite) and
NGH with different wt% loading of Au nanoparticles under different light wavelength irradiations. (b) Proposed photocatalytic mechanism of the NGH-Au under
ultraviolet and visible light irradiation. Reproduced with permission [77]. Copyright 2020, Wiley. (c) The amount of produced hydrogen by (i) ZGO (ii) ZG1 (iii) ZG5
and (iv) ZG10 photocatalysts prepared at different graphene/ZnO-ZnS weight ratio during 3 h irradiation, and (d) illustration of water splitting and glycerol
oxidation/reforming reactions over the ZnO-ZnS/graphene photocatalyst under light irradiation. Reproduced with permission [79]. Copyright 2018, Elsevier.
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For example, the production of CNTs by pyrolysis-catalysis of plastics
has become an attractive idea to researchers as an effort of one stone
killing two birds in solving the plastic waste-related issues and upcycling
the waste to get value-added products. The CNT growth mechanism is
complex, and it varies with different feedstocks and the process condi-
tions such as the reaction temperature and reactors. The precursors'
molecular structure directly affects the morphology of CNTs, where
linear structured CNTs are derived from linear hydrocarbons. While
cyclic hydrocarbons result in curved CNT formation with bridges inside
the tubes [81]. The formation of SWCNT occurs at a higher temperature
than that of MWCNTSs, which is 600-900 °C and 900-1200 °C, respec-
tively [10,12]. The influence of temperature on MWCNTs derived from
PP via a pyrolysis catalytic-reforming process was investigated by Liu
et al., and they found that the optimum temperature for MWCNT for-
mation was at 700 °C [82]. In another work, high-value CNTs and
hydrogen co-production were produced from the two-stage pyrolysis-
catalytic reforming/gasification of waste tires over Ni/Al,03, Co/Al;03,
Fe/Al;03, and Cu/Al»0j3 as the catalysts at 600-800 °C. Results showed
that Ni/Al,O3 catalyst produced high-quality MWCNTs and the highest
Hj yield than the other catalysts, which implies the choice of catalysts
partake in the quality of carbon produced [83]. Using Ni as the catalyst,
Lisak and co-workers showed that temperature is the main factor
influencing the quality of CNTs of this work. Mixed plastics (LDPE, PP,
PS, and PET) are decomposed via pyrolysis, and the non-condensable
pyrolysis gases are further converted into functional MWCNTs through
chemical vapor deposition using Ni-based catalyst at a temperature of
500 and 800 °C [11]. CNTs produced at lower temperatures behave as
superior electrocatalysts in oxygen reduction reaction (ORR) owing to a
higher density of edge defects in carbon nanomaterials that provide
ample active sites for electrocatalytic reactions. The availability of edge
defect sites for the case of ORR allows heterogeneous electron transfer
from the electrode into the electrolyte [84]. Likewise, when it is the case
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for thermochemical conversion, it is postulated that the formation of
these defective active sites allows the adsorption of reactants for cata-
lytic reactions to take place.

3.2. Environmental remediation

The disposal of non-treated wastewater from the textile and chem-
icals industries into waterways has stirred severe environmental issue.
Among the various reported conventional methods (physical, chemical,
and biological), catalytic adsorption is regarded as one of the most
effective approaches to remove synthetic dyes and heavy metals by
using inexpensive nano-adsorbents such as activated carbon, graphene,
carbon nanotubes, etc. because these carbonaceous materials have been
recognised as the best technologies for water decolorization by the US
Environmental Protection Agency [85]. The adsorption efficiency is
relying on the physisorption and chemisorption processes between the
catalyst (adsorbent) and pollutants. Thus engineering the strong
oxidizing radicals/free bonds on the adsorbent are important to attract
the incoming pollutants through the formation of interactions (hydrogen
bonding, hydrophobic interactions, polar-n interactions, electrostatic
interaction, and aromatic interactions, as depicted in Fig. 12.

3.2.1. First-generation carbon materials

AC is one of the most widely used adsorbents for organic/dyes and
heavy metals removal owing to its ease availability and excellent
properties (resistive to acid/base, corrosion, extreme temperatures, and
biocompatibility). The AC deriving from either biomass (coconut husk,
sugarcane bagasse, etc.), mineral raw materials (bituminous coal, peat,
etc.), waste rubber, and waste plastic by high-temperature pyrolysis and
activation are mouldable into various shapes/dimensions with favorable
surface functions and textural carbon characteristics for pollutants
adsorption [86]. The available surface functionalities such as -OH and
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-COOH groups on AC serve as the active sites to bind the pollutants
chemically or physically for removal. Further enhancing the adsorption
capacity of AC can be performed through physical and chemical treat-
ment such as carbonization and activation for pore engineering and
chemical activating agents for chemical activation. An AC derived from
lignin with FeCls prepared by chemical activation using microwave
heating was used to treat acetaminophen pollutant. Results show that
the impregnation ratio and activation time are the main factors that
guarding the porosity feature of the AC that could dramatically improve
its adsorption capacity [87]. Rubber seed (RS) and rubber seed shells
(RSS)-derived ACs in the powdered form (PACs) were prepared through
carbonization, followed by KOH, NaOH, and HySO4 activation for
methylene blue dye removal. Results show that the NaOH-activated
RSS-PAC and H3SOg4-activated RS-PAC demonstrated the best adsorp-
tion capability, attributed to the pore size structure created by NaOH
and the availability of hydroxyl, alkoxy, and carboxyl functional groups
[88]. However, the powdered form AC is unfavorable because it is
difficult to be collected from the medium, consequently cause secondary
pollution. To solve the aforementioned issues, a novel binderless core-
shell AC in the formed of granular was synthesized (PAC as the core
and silica sol and wood powder as the shell) and exhibited the highest
adsorption capacity of 113.2 mg/g, credited to the 3D open pore
network structure of granular AC shell that strengthen the adsorption
capability of adsorbates to the PAC core [89]. Apart from the activation
method, pH is an another criterion to be considered for adsorption ca-
pacity. The adsorption capacity of malachite green (MG) dye by P-
aminobenzoic acid-functionalized AC was improved from pH 2-7,
ascribed to the reduction of positive charge density on the catalyst's
surface sites that enhances electrostatic and n-n interactions, thereby
improved the adsorption efficiency. Controlling the pH is importance
because an acidic medium may resulted in the competition between
hydronium ions and MG cations for the active sites. Whilst, a basic
medium may change the MG structure and resulted in poor adsorption
capacity [90].

3.2.2. Second and third-generation carbon materials

The emerging exfoliated graphite (EG) has received considerable
attention to date owing to its excellent mechanical, electrical, thermal,
and dielectric properties. However, the synthesis process of EG is tedious
(multiple steps required), time and chemicals consuming, and the final
amount obtained is low. EG is conventionally synthesized using HoSO4/
HNO3/HClOy4 as the spacing agent and KMnO4/ammonium persulphate/
hydrogen peroxide as the oxidizing agent, followed by conventional or
microwave heating, which hike the overall production (time and cost).
Hence, exploring a more simpler, large scale, and cost effective methods
to produce high quality and quantity EG is called for action. An
expanded graphite modified by CTAB-KBR/H3PO4 was synthesized
using CTAB/KBr and natural flake graphite as the intercalation agents,
and H3POy for activation at low temperature. The modified EG is highly
hydrophobic, as evidenced through water contact angle (WCA) mea-
surement where the EG recorded a WCA of 129°, whereas WCA of 135.6°
was recorded for the modified EG (Figs. 13a-b), and shown good engine
oil absorption under high salinity conditions. Exhibited excellent oil
adsorption ability and reusability (Fig. 13c) [91]. Similarly, a CTAB-
modified graphite was employed to investigate the adsorption behav-
iour of BPA [92]. The key point of this research revealed that the CTAB
concentration and the incubation time are the important parameters to
be optimized for BPA adsolubilization. Fig. 13d shows that the adsorp-
tion capacity of BPA increases with increasing CTAB concentration up to
a maximum concentration of 9.5 mmol/L. Similar trend was observed in
the incubation time plot (Fig. 13e) where the optimal incubation time
was 24 h [92]. When y-Fe;O3 was added to the EG, a magnetic highly
porous (evidenced through SEM images in Figs. 13f-g) iron-containing
EG was obtained in a two-step synthesis method . This magnetic mac-
roporous absorbent managed to absorb vast amount of oil, hexane, oc-
tane, isopropanol, acetone, benzene, and toluene in an ultra-fast mode in
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seconds in the macropore volume (Fig. 13h). Thanks to the ferromag-
netic properties in EG composition, the sorbent can be collected from
water with a magnet, which open a new research direction on pollutant
removal technology [93].

3.2.3. Fourth-generation carbon materials

The conventional microporous AC is usually suffering from poor
adsorption issue for bulky compounds due to the size exclusion effect
[94]. Alternatively, graphene oxide (GO) and its derivatives, whom
possess high surface area of 2630 m2/g, have been considered as ideal
adsorbent for organic and dyes removal from industrial effluents,
credited to its unique physical and chemical properties. The presence of
surface oxygenated functional groups such as hydroxyl, carboxyl,
carbonyl, etc., wrinkles, and the n-electron domains in the planar
structure of rGO contributes to the adsorptive characteristics [95].
Surface complexation between positively charge metal ions and nega-
tively charge oxygenated functional groups of graphene plays a pivotal
role in Pb(II) adsorption, while the removal efficiency is dependent on
the dye-absorbent interaction, nature of dyes, surface area and porosity
of adsorbent, pH, etc. The pH of the solution should be carefully adjusted
because pH affects the absorbents' surface charge and metal ionic spe-
cies, in which H" and H30" would compete with metal ions for the
available binding sites on graphene at low pH condition. On the other
hand, deprotonation of oxygenated groups at high pH (high concen-
tration of OH™) resulted in poor absorption capacity. Temperature is an
important factor to be optimized because an elevated temperature in-
creases the sorption sites on the graphene surface and enhances the
diffusion rate of the metal ion. Comparing GO and rGO, GO binds well
with the positively charged metal ions via electrostatic attraction,
ascribed to its abundant oxygenated groups (vary according to its
graphite precursor). The adsorption capacity of amorphous graphite-
derived GO (766.8 mg/g) is outperforming the flaky (746.2 mg/g) and
lump (738.5 mg/g) graphite. The bare GO exhibited significant draw-
backs for adsorptive performance due to restacking of GO sheets by Van
der Waals interaction and limited affinity of bare GO toward anionic
dyes and heavy metals [96]. Thus, GO surfaces were usually modified by
exfoliation or doping with various inorganic, organic, and polymeric
materials to overcome the aggregation issue for effective adsorptive
performance. The coating of silicon dioxide (SiO2) on the GO surface
improved the affinity toward Pb(II) and As(III) metal ions. A sandwich-
like GO@SiO2@C@Ni composite was prepared by Molaei and co-
workers for the removal of Cr(VI). Thanks to the hydrophilicity, stabil-
ity, large surface area with vast functional groups available on the
GO@SiO,@C@Ni composite, the synergistic effects between each ma-
terial favors the Cr(VI) adsorption [97]. Instead, using an organic
polymer as the additive is more effective in metal ions adsorption than
an inorganic composite owing to the presence of chelating groups.
Typically, the polymers with nitrogen containing group such as poly-
aniline, polyethylenimine and polypyrrole have proven their effective-
ness in excellent metal ions adsorption [98,99]. For instance, a magnetic
polypyrrole-graphene oxide composites exhibited high Hg(II) removal
rate of 400 mg/g at pH 7, attributed to the strong electrostatic attraction
between negatively charged chelating agents and positively charged Hg
(II) [100]. Likewise, when poly(allylamine hydrochloride) was coated
on GO (PAH-GO), the available amino groups of PAH binded to the Cu
(ID), thereby contributed to a high Cu(Il) adsorption capacity of 349.03
mg/g at pH 6 [101].

Because porosity and surface area are the main keywords for a
catalyst, catalyst regeneration/reusability is also crucial for a catalysis
reaction. It is always challenging to separate the catalyst from water
through filtration for reuse. [102] Hence, the research focus has now
steering toward carbon-based nanostructures with the separation
capability of magnetic nanomaterials. Ferromagnetic ceramic material,
namely cobalt ferrite (CoFe;0O4), renders high magnetic crystal anisot-
ropy and coercivity, medium saturation magnetization, and physically/
chemically stable, making them promising magnetic materials. Using
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Fig. 13. Wettability measurement of (a) EG and (b) modified EG, (c) marine oil types effect on the removal performance by modified EG and EG. Reproduced with
permission [91]. Copyright 2018, Elsevier. Effects of (d) CTAB concentration and (e) incubation time on BPA adsorption. Reproduced with permission [92].
Copyright 2018, Elsevier. SEM images and EDX spectra of (f) initial expandable graphite and (g) expandable graphite impregnated in the FeCl; solution, and (h)

sorption capacity of EGp.-1000 toward different liquids. Reproduced with permission [93]. Copyright 2023, Elsevier.

CoFey04 as the prime magnetic contributor, Kamali and co-workers
mixed PET with iron, cobalt oxides, and sodium chloride salt to pro-
duce the magnetic dye adsorbent agents (Fig. 14a) that possesses an
excellent magnetic performance of 17.9 emu/g and dye adsorption ca-
pacity for methylene blue of 277.78 mg/g and methylene orange
(238.09 mg/g). [103] The magnetic property of the catalyst enables
quick and efficient separation from the water mixture by applying an
external magnetic field, giving rise to a high adsorption capacity of
>95% of its original capacity after six cycles of regeneration. Specif-
ically, the process involves ball-milling of Fe;03 and CoO in the presence
of n-hexane in forming Fe;03/Co0O/CosF7 nanostructured, followed by
the molten salt treatment of ball-milled samples with PET plastics waste
to form CosFe;/CoFe;04 embedded on graphitic carbon matrix. The
formation of mesoporous carbon nanostructures (MCN) is attributed to
the carbonization of PET during the heat-treatment process. It has
demonstrated that the interaction between graphite and plastic-derived
carbons with molten salts formed carbon nanostructures with a higher
degree of graphitization and specific electrical conductivity values.
[104] The successful development of the porous ternary nanostructure
was demonstrated by SEM (Fig. 14b) and EDX elemental mapping
(Fig. 14 ci-iv), displaying the homogeneous distribution of C, Co, Fe, and
O elements.

The significant findings and advantages of appointing magnetic-
based carbon nanomaterials as the adsorbent have been emphasized
and being highlighted recently. Apart from magnetic carbon derived
from plastic waste, as described above, novel and robust magnetic N-
doped nanocarbon springs synthesized through one-pot solid pyrolysis
were reported by Kang et al. [105] In this work, the carbon material is
not composed of plastic waste. Mn@NCNTs catalysts were developed by
direct thermal pyrolysis of melamine with MnCly, using Mn nano-
particles as the catalysts at 800 °C to convert amorphous carbon into
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graphitic carbons, as shown in Fig. 15a. The graphite cages serve as
building blocks for the growth and formation of CNTs from the tip of Mn
nanoparticles, while the Mn/C clusters are gradually consumed and
bonded in the stable form of CNTs and Mn;Cs. After that, acid treatment
was performed to remove the superficial metals and oxides, leaving the
open-ended and hollow helical tubes of CNTs. The SEM image (Fig. 15b)
shows a smooth spring-like morphology of Mn@CNTs-800 with 3-5 ym
in length and 20-40 nm in ring diameter, and the hollow tubing struc-
ture with an inner tunnel diameter of ~20 nm was explicated by TEM
image in Fig. 15c. These magnetic nanohybrids were applied for per-
oxymonosulfate activation for the first time to generate highly oxidizing
radicals for the decomposition of microplastics under hydrothermal
conditions. These robust carbon hybrids with spiral architecture and
highly graphitic degree guaranteed superb stability in the hydrothermal
environment. This work opens a new pathway for the synthesis of car-
bon catalysts by merging state-of-the-art carbocatalysis and nanotech-
nology to remediation of microplastics contamination in water.

In summary, rationally transforming plastic waste into helpful car-
bon nanomaterials with special dimensionalities and morphologies can
be applied in thermocatalysis such as plastic upcycling because lower
dimension carbon materials present surface defects that act as active
sites for catalytic reactions. This section aims to enlighten the readers
with the challenges and the most significant potential of different
dimensional plastic-derived carbon materials as green carbon catalysts
for thermochemical application. To the best knowledge that we have,
the carbon catalysts used in thermochemical conversion to date are
mainly confined to bulk AC and char-based materials, which have
limited their practical applications due to dissatisfactory conversion
efficiency, poor surface area, and pore connections. Hence, we propose
the importance of the rational design of carbon catalyst, especially using
plastic waste as the carbon feedstock for the reasons of (i) plunging the

Fig. 14. (a) Schematic illustration of the method used for the fabrication of the magnetic carbon nanostructure, (b) representative SEM micrographs of the re-
generated MCN after five cycles of adsorption/regeneration, and (c) SEM micrograph and the corresponding elemental mapping analysis of (i) C, (ii) Fe, (iii) Co, and

(iv) O. Reproduced with permission [103]. Copyright 2021, Elsevier.
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Fig. 15. (a) Schematic illustration of the procedure for the preparation of Mn@NCNTs preparation, (b) SEM image, and (c) TEM image of Mn@NCNTSs-800.

Reproduced with permission [105]. Copyright 2019, Elsevier.

accumulation of plastics waste (white pollution) and (ii) these unique
carbon nanostructures would present a new research paradigm in plastic
upcycling. In addition, magnetic-based nanomaterials as the catalysts
have been significantly flourishing in catalysis, from the standpoint of
catalysts regeneration and reusability because the catalysts can be easily
separated from any mixtures, either water-based or solid-based, with the
use of an external magnet, which is cost and time-saving in a sustainable
manner. The explosive interests in the arena of magnetic-carbon cata-
lysts indeed create a new stir in the catalysis context.

4. Conclusion and perspective
As a conclusion, the synthesis and fabrication strategies of carbo-

naceous nanomaterials derived from biomass, non-biomass, and plastic
waste were first summarized, followed by their applications for energy

Carbon-based composit

Energy

Fig. 16. Interrelationship of predominant factors in carbonaceous nano-
materials design for catalysis, energy, and environmental remediation toward
sustainable manner.
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and environmental remediation (Fig. 16). These carbonaceous nano-
materials are derivable through different methods, including HTC,
template approaches, activation approaches, CVD, and carbonization,
and the effects of synthesis routes toward the engineering of micro/
mesoporous carbon structure, as well as their physical and chemical
properties of the carbonaceous are disclosed in this review. The engi-
neering of 3D carbon nanostructure in low dimensional, as well as the
approaches to improve catalytic activity and adsorption ability through
doping engineering (with metal and non-metal nanoparticles) are
explored and explicated. The carbons' interconnected structure, high
surface area and porosity structure making them efficient in mass
transfer, mass diffusion and storage (accessible of electrolyte ions), thus
have been widely used in energy storage and environmental science.
Although the carbon research has been well-progressing, however,
there are still challenges in their preparation for large scale application.
Here are some potential studies that could be performed for energy and
environmental applications. First, doping engineering has been per-
formed to improve the catalytic performance of the carbon, however,
the doping-induced enhancement at the atomic and molecular level has
not been in-depth. Thus, simulation studies should be corroborated to
understanding the catalytic reaction mechanism. Second, catalytic per-
formance of the single atom catalyst-carbon hybrid system should be
investigated, instead of solely focusing on the metal nanoparticles. Thus
far, metal nanoparticles are widely employed in most reaction system,
but in fact, both the nanoparticles and single atom catalyst exhibited
own advantages where reasonable choice should be made according to
the particular reaction and demand at the time [17]. Thirdly, most of the
current experiments are laboratory scale basis. Thus, in order to promote
large scale application, these carbon materials should be integrated into
designated equipment for future research [18]. Lastly, carbon materials
derived from plastic waste are emerging, but the performance of the
plastic-derived carbon is somehow still underperforming, as compared
to the biomass based derived carbon. This could be ascribed to the na-
ture, composition of yield, and quality of the feedstocks (biomass and
plastic waste). functional groups found in the raw precursor [106]. The
biomass materials usually composed of high oxygen content elements
which give rise to the production of highly oxygenated products, which
is much useful in energy and environmental application such as the
available functional groups to cling the pollutant from water source and
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etc.. Contrarily, the synthetic polymeric materials possess lower oxygen
concentration that has lesser or no functional groups available. Hence,
co-processing biomass with synthetic polymers could be a viable method
to balance the feedstock amount of carbon, oxygen, and hydrogen so as
to improve the properties of the carbon materials.

We hope that this review article will be a good research guidebook
for developing biomass/non-biomass carbonaceous-based nano-
materials in the future. We are confident that interdisciplinary research
collaborations between the chemists, physicists, engineers, materials
scientists will positively bring new findings and knowledge translation
in materials science and technology, address the bottleneck of
environmental-related subjects, and overcome the crisis of fossil fuel
depletion through the production of innovative products for green and
sustainable future.
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