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PUBLIC SUMMARY

= Sustainable porous carbon materials (PCMs) from renewable precursors with low carbon emissions.
= Energy-efficient carbonization and green activation lower environmental impacts and costs.

= Life cycle assessment guides eco-friendly PCM design for CO, capture, conversion, and utilization.
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The escalating climate crisis necessitates a shift towards sustainable prac-
tices in synthesizing and utilizing porous carbon materials (PCMs), which
are vital for CO, capture and utilization. However, traditional PCMs synthe-
sis often involves fossil fuel-derived precursors, energy-intensive
processes, and hazardous agents, raising environmental concerns. This
review focuses on sustainable PCMs strategies with low carbon emissions,
emphasizing renewable precursors like biomass and waste biochar as
alternatives to fossil fuels. It also explores energy-efficient carbonization
techniques and green activation methods, highlighting pathways to envi-
ronmentally benign PCMs synthesis. A dedicated life cycle assessment
section offers a comprehensive view of the environmental impact from
inception to disposal. The review also examines the applications of PCMs
in carbon capture and storage, addressing challenges and future prospects.
This critical analysis serves as a roadmap for researchers and practition-
ers aiming to develop low-carbon-emission materials and advance PCMs
synthesis in line with environmental sustainability.

INTRODUCTION

The relentless rise of global warming, driven by the continuous emission of
greenhouse gases, primarily carbon dioxide (CO,), from various sectors—
especially power and industrial sectors—has elevated climate change to a
critical environmental concern." Since the Industrial R evolution began in
1750, atmospheric CO, concentrations have significantly increased, with the
current level reaching 410 parts per million (ppm).” This rise in CO, is mainly
attributed to fossil fuel combustion and deforestation, both of which
contribute substantial amounts of CO, into the atmosphere. The Interna-
tional Panel on Climate Change (IPCC) projects that if current trends persist,
atmospheric CO, concentrations could soar to 570 ppm by the year 2100.°
This sharp rise is expected to cause a global temperature increase of approx-
imately 1.9°C, with potentially devastating environmental consequences,
including increased drought frequency and severity, altered rainfall patterns,
intensified heatwaves, accelerated glacier melting, and rising global sea
levels.” These changes will have profound impacts on ecosystems, agricul-
ture, and human societies. To confront this growing crisis, it is crucial to
develop sustainable methods for capturing and storing CO,. These strategies
are essential for mitigating CO, emissions and combating global warming, as
emphasized in the fifth assessment report by the IPCC.? Scientific research
and innovation are pivotal in efforts to address this urgent global challenge.
Among the emerging solutions, carbon capture and sequestration (CCS)
technologies have gained prominence.” Within this field, adsorption stands
out as a cost-effective and highly efficient method for CO, capture and stor-
age. Several materials, including carbonaceous substances, zeolites, metal-
organic frameworks (MOFs), covalent organic frameworks (COFs), and
porous organic polymers (POPs), have shown promise as CO, adsorbents.*"!
Zeolites, however, are highly sensitive to moisture, temperature, and pressure,
while MOFs, despite their potential for enhanced selectivity via specific metal
incorporation, face challenges in terms of cost, complexity, and moisture
sensitivity, which can compromise their structural integrity during CO,
adsorption.'”

PCMs offer a competitive advantage in CO, capture compared to non-

carbon-based adsorbents. Sourced from a wide range of cost-effective
resources, PCMs are simple to prepare and offer excellent controllability,
making them practical for industrial use. These materials exhibit high specific
surface areas, tunable porosity, and chemical versatility, and their moisture
insensitivity ensures stability during CO, uptake.””'® Almaz et al."® synthe-
sized asphalt-derived porous carbon containing H,0 in the pore space,
achieving a surface area of 4200 m? g™' and a high CO, uptake capacity of
48 mmol g~'. However, conventional PCMs typically rely on fossil fuel-derived
precursors, such as asphalt, ethylene, methane, and polyacrylonitrile (PAN),
raising sustainability concerns. These sources are finite and contribute
significantly to greenhouse gas emissions, exacerbating the climate crisis.

Thus, developing PCMs from sustainable resources is essential for
advancing CO, capture technology. The first step toward sustainable PCMs
synthesis is selecting low-carbon-emission carbon precursors. Biomass-
derived precursors provide a renewable, sustainable alternative to fossil fuel-
based sources, offering low cost, extensive availability, and ease of
access.'”"? Plant-based biomass, such as agricultural residues and forestry
waste, serves as a rich carbon source,'®" while animal-derived biomass,
including manure and waste keratin, provides a valuable opportunity for
utilizing waste streams.”””' Biomass waste, in particular, stands out as a
valuable carbon resource, offering environmental benefits.””** For example,
Wang et al.”® treated plastic polyethylene terephthalate with different agents
under varying carbonization temperatures. The sample treated with KOH at
900°C exhibited a high specific surface area of 3090 m” g™ and a CO, uptake
capacity of 6.23 mmol g™'. Unfortunately, much of this solid biomass waste is
currently disposed of through environmentally harmful methods like landfill-
ing or incineration. These methods not only pollute the environment but also
waste a precious resource that could be transformed into high-value func-
tional carbon materials.”*”’

Carbonization is a crucial step in converting carbon precursors into PCMs,
but traditional methods can be energy-intensive and contribute to green-
house gas emissions. To reduce the environmental impact of PCMs synthe-
sis, energy-efficient techniques such as hydrothermal carbonization (HTC)
are emerging as promising alternatives. HTC involves treating biomass
precursors with water at moderate temperatures (180—-265°C) and pres-
sures (up to 6.0 MPa), resulting in PCMs with tailored properties.”**
Other methods, including pyrolysis carbonization,™”' laser-induced graphiti-
energy-efficient carbonization. Green activation agents and templates, ™
offer an environmentally friendly approach to modifying PCMs with enhanced
properties. Life cycle assessment (LCA) is essential for evaluating the overall
environmental impact of PCMs, considering their entire life cycle from raw
material extraction to disposal.’’ LCA can identify environmental hotspots
and guide the development of truly sustainable PCMs. The selection of
biomass feedstock is critical, as different sources have varying carbon
content, energy requirements, and processing implications. Therefore, care-
ful consideration of biomass sources and manufacturing methods is crucial
to minimizing the carbon footprint of PCMs production.®

This review explores the development and utilization of sustainable PCMs
as a key step in mitigating climate change while supporting industrial growth.
By summarizing the environmental impact of PCMs and emphasizing
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Table 1. A comparison of carbon footprint emissions between conventional and biomass- incorporated sintering processes.*

Process CO, (kg) CO (kg) NO, (kg) SO, (kg) Total

Conventional Sintering 200 19.5 0.59 2.02 222.11
Modified Sintering (70:20:10) 188.08 18.33 0.50 1.60 208.52
Modified Sintering *(70:30) 195.56 19.06 0.54 1.64 216.80
Modified Sintering ¢(90:10) 190.92 18.60 0.54 1.85 211.92

a: 70:20:10 refers to Coke (CB): Charcoal (CH): Sawdust (SD). b: 70:30 refers to Coke: Charcoal. ¢: 90: 10 refers to Coke: Sawdust.

Table 2. A cost inventory comparison of the conventional (coal-based) and modified (biomass-based) sintering processes.*

Constituents Price/tonne

Price/tonne (100% Coke)

Price/tonne (100% Sawdust) Price/tonne (100% Charcoal)

Iron Ore 2238 (fines) 3646 (lumps) 1309
Lime 6000 68
Limestone 928 40
Bentonite 2000 6
Fuel 30,000° 1800
Dolomite 1275 22
Return Fines 2238 627
Total = 3872

1202 1202
318 318
44 44

6 6
240b 720c
26 26
627 627
2463 2943

a: Price of coke: 30000/1. b: Price of sawdust: 4000/1. c: Price of charcoal: 12000/1.

sustainable carbon precursors, energy-efficient carbonization techniques,
and LCA frameworks, this review aims to accelerate the development of
PCMs with immense potential in CO, capture, conversion, and utilization, ulti-
mately contributing to a greener, more sustainable future.

STRATEGIES TO PREPARE SUSTAINABLE PCMs WITH LOW CARBON
EMISSION

Sustainable carbon precursors with low carbon emissions focus on devel-
oping and utilizing environmentally friendly, renewable carbon source materi-
als that produce minimal carbon dioxide during production. This approach
addresses climate change by reducing the carbon footprint associated with
traditional carbon precursor manufacturing processes. There is a necessity to
create more sustainable versions of conventional carbon materials with low
emissions, promoting a circular carbon economy and an environmentally
conscious future. Gaurav et al.” discussed the comparison of carbon foot-
print and cost reduction between traditional coke-carbonization and biomass-
carbonization. A 10% cost reduction and approximately 6% reduction in CO,
emission were achieved. Detailed information is provided in Table T and
Table 2. In this section, we will discuss various carbon precursors that signifi-
cantly contribute to CO, emission reduction, offering sustainable alternatives
to conventional fossil fuel-derived sources.

Biomass-based carbon precursors

Biomass, organic material from plants and animals, is a renewable
resource used to produce PCMs with low carbon emissions.”” As defined by
the International Energy Agency, biomass is biological material created
through photosynthesis, directly or indirectly. It includes organic materials
from forestry, agriculture, households, livestock farming, and associated
wastes and residues. Economically advantageous due to its predominantly
waste-based nature, biomass offers several benefits over fossil fuels: it is
renewable, and its carbon material production typically results in fewer
greenhouse gas emissions. Biomass precursors can be categorized into
three main groups: plant biomass (small molecules like glucose and fructose,
and larger ones like cellulose, hemicellulose, and lignin),"" animal-derived
biomass, which includes organic residues and byproducts,” and biomass
waste, derived from both plants and animals.”” These materials are crucial in
sustainable industrial processes, serving as starting points for producing
various biomass-based carbon materials. Figure 1 in this review outlines the

primary categories of biomass sources for sustainable carbon precursors, to
be further examined in the following sections.

Plant biomass-based PCMs

Cellulose. Cellulose, the most abundant plant macromolecule, comprises
up to half of their carbon content.* It is crucial for plant cell wall integrity, with
its structure formed by hydrogen bonds and van der Waals interactions,
giving it exceptional strength. Cellulose, composed of glucose units with
molecular weights ranging from 50,000 to 2,500,000, is widely used as a
precursor for carbon materials. Common cellulose sources include commer-
cial cellulose and that extracted from lignocellulose via sulfite and alkali
extraction.”™* Pyrolysis, a key method for converting cellulose into carbon
materials, involves heating biomass without oxygen, breaking down organic
molecules into carbon-rich compounds. Fan et al. studied how heating rates
affect cellulose functional groups during pyrolysis, noting changes in -OH, =C-
H, and C=0 bonds with temperature variations.” Gao et al. utilized a simple
pyrolysis method with 0,-NHj5 reactivity to create conductive, porous carbon
paper from cellulose fibers."’

Wang et al. developed an innovative low-temperature method (90°C) for
converting cellulose nanofibers (CNF) into highly graphitized carbon struc-
tures using sulfuric acid in an oxygen-free environment, significantly reduc-
ing carbon emissions compared to traditional pyrolysis, as depicted in Figure
2A.% Lai et al. introduced a bottom-up approach for fabricating anisotropic
carbon aerogels with a 3D lamellar structure, utilizing directional freezing,
freeze-drying, and carbonization, as shown in Figure 2B.* These cellulose
nanofiber-based aerogels are highly porous, lightweight, and conductive.
Vazhayal et al. produced carbon aerogels from waste tissue paper and
polyvinyl alcohol (PVA), achieving a unique 3D hierarchical porous structure
with a high specific surface area™ (Figure 2C). Typha Orientalis (TO) biomass -
derived carbon aerogels, characterized by super-hydrophobicity and signifi-
cant surface area, were synthesized by another group (Figure 2D).°" Addition-
ally, a study on sunflower receptacles and stalks as precursors produced
porous carbon aerogels with a surface area of up to 3072 m%/g, demonstrat-
ing high efficiency in adsorbing CO,, iodine, and contaminants from water
(Figure 2E).%

Hemicellulose. Hemicellulose, a key component of lignocellulosic biomass
(25—35%), has emerged as a sustainable precursor for low-carbon-emission
carbon materials.”® Unlike cellulose, hemicellulose is amorphous, consisting
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Figure 1. Summary of the typical primary categories of sustainable biomass sources, including plant biomass, animal biomass, and biomass waste as renewable feed-

stocks with a low carbon footprint.

of diverse polysaccharides like pentoses, hexoses, and hexuronic acids.”
Its lower degree of polymerization gives it unique characteristics, making it
suitable for producing distinct carbon products Hemicellulose is typically
extracted from biomass via alkali treatments.”® Wang et al. transformed
hemicellulose from hemp stems into carbon materials using a low-tempera-
ture hydrothermal carbonization (HTC) process with KOH activation, result-
ing in carbon materials with a spherical morphology and a high specific
surface area of 3062 m%g.”" This method reduces energy consumption and
carbon emissions. Similarly, Lin et al. extracted hemicellulose from pomelo
peel, carbonizing it with zinc chloride activation to create a PCMs with a
specific surface area of 1361 m%/g.”* As shown in Figure 2F, these studies
highlight hemicellulose's potential in creating carbon materials while mini-
mizing carbon emissions through innovative, low-temperature processes.

Lignin. Lignin, a complex and abundant organic polymer, is gaining atten-
tion as a sustainable precursor for PCMs due to its high carbon content
(42-60%) and availability as a byproduct of the paper and biorefinery indus-
tries, with an annual global production of about 70 million tons.” % Its high
carbon content contributes to cost-efficiency in PCMs production.”’ The
chemical structure of lignin, with its intricate three-dimensional network of
phenolic compounds, allows for tailoring carbon materials with desired prop-
erties such as porosity, surface area, and conductivity.”*** Lignin-based
carbon precursors are appealing for minimizing carbon footprints due to their
potential for lower-temperature carbonization.

Sansi et al. demonstrated the successful preparation of amine-functional-
ized lignin-derived mesoporous carbons, highlighting their unique three-
dimensional interconnectivity and enhanced CO, adsorption capabilities.*
Additionally, Zhao et al. synthesized lignin-based porous supraparticles with
high surface area and micropores (200 nm to 2.3 ym), converting them into
nonfusible carbon nano- and microspheres through a two-step process of
oxidative thermostabilization followed by carbonization.”* As shown in
Figure 2G, this method provides an efficient and sustainable approach to
carbon sequestration, aligning with current efforts in developing eco-friendly
materials.

Glucose and Fructose. Glucose has gained significant attention as a
sustainable carbon precursor due to its abundance as the most common
natural monosaccharide and its biodegradability. Glucose serves as a build-
ing block for polysaccharides like starch and cellulose, making it an attractive
renewable source for carbon materials. Its use as a carbon precursor is envi-
ronmentally friendly, minimizing carbon emissions. Zhang et al. developed a
scalable method for producing high-quality graphene using glucose, with
FeCl; serving as both template and catalyst, as shown in Figure 2H.® This
process involves dissolving glucose and FeCly in water, followed by calcina-

tion at 700°C, resulting in graphene sheets with minimal layers and high elec-
trical conductivity (768 S m™). The method significantly reduces carbon
emissions compared to conventional techniques like chemical vapor deposi-
tion (CVD).*®

Fructose, an isomer of glucose, has also emerged as a valuable low-
carbon emission carbon source, especially for metal nanoparticle support.
With a lower carbonization temperature (130°C compared to glucose's
150°C).°" Fructose has been used to synthesize carbon shells around silver
nanoparticles via HTC, stabilizing the nanoparticles and minimizing damping
effects on plasmon resonance.” Fructose-derived carbon supports can be
functionalized to enhance performance, as demonstrated by Mahyari et al,,
who improved the stability and reduced leaching of Au nanoparticles through
thiol functionalization.”” Additionally, Kurniawan et al. produced environmen-
tally sustainable graphene quantum dots (GQDs) using fructose in a
microplasma-assisted process under ambient conditions, yielding GQDs with
an average size of 4.5 + 1.7 nm.”” These developments highlight fructose's
role in advancing sustainable material synthesis with reduced carbon emis-
sions.

Animal biomass-based PCMs

Animal biomass, rich in complex components, offers valuable sources for
PCMs preparation. Chitin, the second most abundant biopolymer after cellu-
lose, is primarily found in the cuticles of arthropods and crustacean shells, as
well as fungi cell walls. It boasts a significant 36.43% content in shrimp
shells.””~"" Chitin's strong intermolecular hydrogen bonding renders it insolu-
ble in water and alkali solutions Its applications extend to biomedical fields,
including wound dressings” and suture.” Given the large amounts of
seafood waste produced annually, chitin holds great potential for sustainable
development. For instance, Xu et al. developed fibrous carbon microspheres
(FCMs) from chitin, which showed promising CO, adsorption capabilities
(Figure 21).” Dassanayake et al. produced activated carbon from chitin aero-
gels with high specific surface area and microporosity, indicating potential for
environmental applications.”® Despite its abundance, chitin remains underuti-
lized for PCMs synthesis, highlighting the need for further research, particu-
larly for CO, mitigation.

Chitosan, derived from chitin, is nitrogen-rich, biodegradable, and has high
adsorption capacity, making it an excellent precursor for CO, adsorbents. The
global market for chitosan is expected to grow significantly, reflecting its
potential as a sustainable alternative.”® Chitosan is primarily sourced from
shrimp shells due to their lower calcium carbonate content and higher chitin
content compared to other crustaceans.”” Yang et al. developed N-doped
porous carbons (NPCs) from chitosan using an environmentally friendly
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method that avoids toxic solvents.” Li et al. synthesized N-doped micropore-

130

Copyright 2023, Elsevier.

dominated carbon nanosheets from chitosan using potassium salts as acti-
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vators, demonstrating the potential for green adsorbent design (Figure
2J).”’Additionally, optimized chemical activation of chitosan with KOH and
urea produced nitrogen-doped PCMs with high surface area and ultra-micro-
porosity.”’ Hierarchical porous nitrogen-containing activated carbons (N-
ACs) were synthesized from chitosan using a LiCl=ZnCl, molten salt
template, resulting in high surface area and excellent CO, capture
capabilities.*’ Another method using acetic acid and varying activator ratios
created chitosan-based porous carbons with ultra-high specific surface
areas and microporosity, contributing to circular economy efforts and climate
change mitigation.*”

BIOMASS WASTE: A TREASURE TROVE OF SUSTAINABILITY

The rapid expansion of food, urban, and industrial systems has led to the
generation of billions of tons of solid waste annually. By 2050, global waste is
projected to rise from 2.01 billion tons in 2016 to 3.4 billion tons.*” High-
income countries, despite comprising only 16% of the global population,
contribute 34% of the world's waste. The U.S. Environmental Protection
Agency highlights that solid waste landfills are the third-largest source of
methane (CH,) emissions in the U.S. equating to the emissions of 21.6
million passenger vehicles annually.” Open waste burning further exacer-
bates greenhouse gas emissions, posing significant environmental and public
health threats.” Addressing these challenges is more costly than establish-
ing safe waste management systems, necessitating the exploration of alter-
native, environmentally friendly methods for waste management.

Thermochemical conversion of solid waste into biochar offers a promising
solution, aligning with the principles of a circular economy by reducing waste,
promoting resource efficiency, and mitigating climate change. Producing
biochar from renewable waste sources, such as crop residues, forest
residues, and food waste ™ ensures carbon sequestration and diverts
organic matter from landfills. The process involves converting waste through
controlled thermochemical processes (300°C to 900°C) into carbon-rich
biochar, " which addresses both waste disposal and greenhouse gas
emissions, particularly CO,. Various thermochemical methods, including
pyrolysis, HTC, microwave-assisted carbonization, and gasification, can be
employed.”* Pyrolysis is favored for biochar production as it retains a
substantial portion of feedstock as durable biochar while generating valuable
byproducts like bio-oils and gases.”* However, high-temperature pyrolysis
can release CO, and other gases, which can be mitigated by adopting low-
temperature or slow pyrolysis techniques and using energy-efficient equip-
ment powered by renewable sources. Innovative methods like microwave-
assisted carbonization offer precise heating and reduced emissions.”
Researchers are also exploring biochar production from plastic waste and co-
pyrolysis of organic materials and plastics.””®" Biochar can be produced at
various scales, from industrial operations to small household applications,
even on farmland.”®

Beyond waste management, biochar plays a crucial role in circular econ-
omy efforts and sustainable development. It captures CO,” and removes
organic and inorganic contaminants from environments.'®'* Biochar, when
used as a soil amendment, improves soil quality by increasing nutrient reten-
tion, enhancing water-holding capacity, boosting agricultural productivity and
contributing to carbon sequestration in terrestrial ecosystems.'*'% Biochar's
multifaceted applications align with sustainable practices and environmental
conservation, making it pivotal in achieving carbon neutrality and sustainable
development.'”’

ENERGY-EFFICEINT CARBONIZATION: MINIMIZING ENVIROMENTAL
FOOTPRINTS

Energy-efficient carbonization processes play a crucial role in reducing
carbon emissions and mitigating climate change. Carbonization is the
process of converting carbon-containing materials, such as biomass or coal,
into carbon-rich products like charcoal or activated carbon while minimizing
the release of greenhouse gases. Here are some key strategies and technolo-
gies for achieving energy-efficient carbonization and low carbon emissions:

Hydrothermal carbonization (HTC)
HTC is a sustainable process that has gained attention for producing valu-
able carbonaceous materials by mimicking the natural coalification process

under moderate temperature and pressure.'*~' It offers an efficient method

for converting high-moisture biomass, rich in cellulose, lignin, and hemicellu-
lose, into carbon-rich materials.”” HTC breaks down complex hydrocarbons
into smaller molecules, which then undergo dehydration, decarboxylation,
polymerization, and aromatization, forming conjugated aromatic carbon
materials,''”""” as illustrated in Figure 2K. The process reduces the H/C and
O/C ratios,'”® operating at moderate temperatures, thus minimizing CO,
emissions and eliminating the need for organic solvents or catalysts.''*

HTC's mild conditions (180-265°C, up to 6.0 MPa)''*~""® allow for efficient
carbon sequestration and low carbon emissions. The process retains carbon
within the hydrochar product, aligning with efforts to mitigate climate change
by reducing CO, emissions. Unlike traditional carbonization, which requires
energy-intensive drying, HTC processes wet biomass directly, enhancing its
environmental performance.''”""? Chen et al. assessed hydrothermal carbon
derived from glucose, lignin, and cellulose, observing that the resulting carbon
materials retained spherical morphologies, with larger sizes from lignin and
cellulose.” Ru et al. produced modified hydrochar from pomelo peel,
demonstrating its effectiveness in mitigating CO, emissions.'”' HTC's versa-
tility in feedstock selection, accommodating a wide range of organic materi-
als, further enhances its sustainability by converting waste into valuable
products while reducing environmental impact.

Pyrolysis carbonization

Pyrolysis is a thermal process that breaks down organic materials into
carbon-rich byproducts at moderate temperatures (300—800°C) under low-
pressure, oxygen-deprived conditions.'”” This method is versatile, sustain-
able, and capable of low carbon emissions, making it attractive for various
applications. During pyrolysis, inert gases like nitrogen or reactive gases like
carbon dioxide can maintain anaerobic conditions, preventing complete
combustion and significantly reducing greenhouse gas emissions.'**'*

Key factors influencing pyrolysis outcomes include the choice of inert gas,
gas flow rate, temperature, heating speed, and process duration.'” Slow
pyrolysis, for example, produces more organized carbon structures, while fast
pyrolysis increases structural defects. Liu et al. found that rapid heating of
Arundo donax-derived PCMs increased defects, as shown by higher Ip/lg
ratios in Raman spectra (Figure 2L)."*" Yuan et al. reported that slow pyroly-
sis improved crystallization, graphitization, and aromatization, and XPS spec-
tra revealed functional group variations depending on the heating rate (Figure
2M).'* Pariyar et al. demonstrated that higher pyrolysis temperatures consis-
tently increased the SSA of PCMs derived from various biomass sources,
such as pine sawdust and rice husk (Figure 2N).'” Yang et al. developed a
kinetic model for coal pyrolysis, optimizing conditions to reduce carbon emis-
sions while maximizing high-quality tar production (Figures 20-P)."** More-
over, pyrolysis of lignocellulosic biomass in an inert atmosphere offers the
potential for negative carbon emissions, contributing to carbon
sequestration.””' The process yields biochar, syngas, and liquid tar, which can
be refined into valuable chemicals and fuels, aligning with low carbon emis-
sion strategies and offering a multifaceted approach to combating climate
change.'”

Laser-induced graphitization

Typically, biomass-derived PCMs are prepared through high-temperature
pyrolysis, a slow and energy-intensive process. However, laser-induced
graphitization (LIG) has emerged as an efficient alternative, using a laser
beam to locally carbonize substrates or precursors, thus minimizing carbon
emissions.”™ Unlike HTC and conventional pyrolysis, LIG selectively
carbonizes specific regions within the precursor, creating electrically conduc-
tive graphitic carbon structures.”* The basic mechanism of laser-induced
graphitization was revealed by Aniruddh et al. and illustrated in Figure 3A."*
The CO was detected at the initial stage when the polymer converted into an
amorphous structure, while H, was evolved steadily as the amorphous struc-
ture transformed into an ordered graphitic structure with the 5-, 6- and 7-
member carbon rings connecting to form the graphitic carbon network. This
innovative approach is particularly relevant in the context of climate change
and sustainability, representing a significant advancement in green materials
science.

LIG allows precise control over the morphology and electrical properties of
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right 2021, Elsevier.

carbon-based materials by fine-tuning manufacturing parameters, with laser
radiation energy being a crucial factor.™ Duy et al. demonstrated that
increasing laser energy promotes the formation of graphitic carbon through a
dynamic fluid mechanism, transitioning from carbon sheets to fibers and
eventually droplets.”®" This process can utilize various carbon precursors,
including polymers, biomass, and waste materials, transforming them into a
porous carbon matrix. For example, femtosecond laser direct writing (FsSLDW)
technology enables the creation of high-quality LIG patterns on wood and
leaves under ambient conditions.* The resulting LIG, depicted in Figure 3B
and 3C, exhibits a porous, highly graphitic structure. Moreover, the LIG
method at room temperature is both simple and rapid, showcasing advan-
tages in terms of energy-saving and high energy utilization efficiency. Addi-
tionally, a novel approach using natural honey as a precursor demonstrated
the feasibility of rapidly preparing Ru, N co-doped porous carbon at room
temperature (Figure 3D)."** One of LIG's key advantages is its ability to
convert carbon-rich precursors into ordered graphitic structures without the
high-temperature treatments that typically produce significant carbon emis-
sions. Traditional carbonization processes require prolonged exposure to
high temperatures (1200—3000°C),*"'* leading to substantial CO, emis-
sions. In contrast, LIG operates at significantly lower temperatures with
precision, reducing both energy consumption and emissions.

Microwave-assisted carbonization

Microwave-assisted carbonization (MAC) is an innovative, eco-friendly
method for producing carbonaceous materials with low carbon emissions.
Using microwave energy within the electromagnetic spectrum (1 mmto T m
wavelength, 300 MHz to 300 GHz frequency),'** MAC heats carbon-rich feed-
stocks like biomass, agricultural residues, and waste materials in a controlled
environment. This method operates at lower temperatures and allows rapid,
selective heating, significantly reducing carbon emissions compared to
conventional methods (Figure 3E).""'

MAC offers several advantages: it is highly energy-efficient, with direct
microwave absorption leading to internal heating and minimal heat dissipa-
tion, thus accelerating reaction kinetics and lowering energy consumption.
Additionally, MAC allows precise control over process parameters such as

temperature, pressure, and reaction time, enabling the production of tailored
carbon materials for specific applications like adsorption, environmental
remediation, and fuel production.""'* Operating in an inert or low-oxygen
environment, MAC minimizes CO, emissions by preventing feedstock
combustion. Furthermore, MAC's versatility extends to various feedstocks,
including lignocellulosic biomass, plastics, and organic wastes,'** making it a
promising technology for sustainable carbon material production. When
applied to diverse biomass sources, MAC yields biochar, bio-oil, and syngas,
offering a sustainable solution across multiple domains, including carbon
sequestration and high-performance material development. Studies have
demonstrated MAC's efficiency in processing feedstocks like rice husk,* corn
cob,' bamboo sawdust,** seaweeds,'** food waste,*’ producing high-qual-
ity pyrolytic products with reduced energy input.

Chemical method of carbonization

The synthesis of PCMs from biomass via high-temperature pyrolysis
presents challenges, including high energy consumption, the need for inert
gases or vacuum to prevent calcination, and significant CO, and VOC emis-
sions.'* To address these issues, more sustainable methods, such as effi-
cient chemical method, are crucial for reducing the environmental impact of
PCMs production. Wan et al. successfully synthesized high-surface-area
PCMs from cellulose-rich biomass (e.g., filter paper, bamboo waste, and
empty fruit bunches) using concentrated sulfuric acid (H,SO,) as a dehydra-
tion agent, eliminating the need for external heating and reducing
emissions.” BET analysis showed that this method produced carbon with
superior surface properties compared to traditional carbonization. Addition-
ally, a novel, environmentally friendly approach was used to modify kaolin
clay with carbon for electrochemical detection of quercetin, resulting in an
electrode with enhanced catalytic activity and no carbon emissions.'*

In solar steam generation (SSG) applications, traditional carbonization of
plant materials is energy-intensive and environmentally harmful. To over-
come this, Xiaoli Shan and colleagues developed a concentrated acid-
induced dehydration method to transform fallen leaves into carbon powders,
termed "fallen-leaf photothermal film prepared by dehydration” (FLPD)."*' The
effectiveness of this method in producing porous carbon structures, high-
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Table 3. The comparison of CO, adsorption efficiency between green activation and traditional activation strategies.

Porosit ;
Activation strategy Y Cf?.z ?dsorptlon lq Environmental risks Reference
Seer[m?g]  Pore volume [cm® g efficiency [mmol g]
Green activator 1000~3000 0.9~2.0 1.6~4.13 Environmentally friendly %%
Steam activation 500~1000  0.2~0.8 0.73~3.77 Environmentally friendly ~ '°%1977198.198
Self-activation Green activation 500~2500 0.2~2.3 2.3~4.11 Environmentally friendly ~ "°%1%97%%°
Green template 180~580 0.13~0.24 1.2~2.39 Environmentally friendly ~ *°'-*%
KOH 500-3000 0.2~1.2 4.05~9.09 Environmentally harmful %
ZnCl, Traditional activator  9009-2000  0.1~1.2 0.85~4.81 Environmentally harmful 204207208

lighting dehydration or chemical as a sustainable alternative for creating
carbon materials with nearly zero emissions.

GREEN ACTIVATION AGENTS AND TEMPLATES: A SUSTAINABLE
APPROACH TO PCMs MODIFICATION

PCMs have been extensively applied in various fields, including energy
storage systems, gas adsorption, catalyst supports, and more. From a purely
academic point of view, the preparation of PCMs typically involves the use of
highly corrosive agents (such as KOH, ZnCl,, NaOH, etc.), which can induce
intense redox reactions with carbon precursors, consequently leading to
significant carbon emissions. However, from an industrial perspective, most
commercially used porous carbon materials are produced through the physi-
cal pyrolysis of biomass wastes using steam as an activator. This preference
arises due to the instability and high cost of laboratory-grade precursors, as
well as the hazards associated with corrosive chemical activators. Consider-
ing safety and the potential for large-scale production, researchers have
increasingly turned their attention to emerging green activation strategies.
Green activation involves replacing harsh chemical activators with more envi-
ronmentally friendly alternatives and leveraging the self-activation of inor-
ganic substances that naturally form during the carbonization process. This
approach also minimizes chemical damage to production equipment.
Furthermore, a detailed comparison of the characteristics of porous carbon
materials synthesized via green activation and traditional activation methods
is summarized in Table 3, providing a comprehensive understanding of these
emerging activation strategies

Chemical green activation agents

After implementing carbon emission controls during carbonization,
enhancing the porosity of carbon materials becomes crucial for optimizing
their performance in various applications.'*'** Activation is a key process in
which gases or chemical agents create micropores, mesopores, and macro-
pores in carbon materials.'* However, the use of environmentally friendly
activation agents is essential to minimize carbon emissions. Traditional
chemical activation methods employ harsh agents such as KOH, NaOH,
ZnCl,, or HzPO,, which are highly corrosive and environmentally harmful.'*
Among these, KOH and ZnCl, are categorized as "Extremely Hazardous"
(Figure 4A)."* Recent research has focused on more eco-friendly activation
strategies, such as using potassium carbonate (K,CO3), a milder and less
toxic alternative to KOH. K,CO5 acts as a porogenic, creating pores through
redox reactions with carbon.'*"™'*" At temperatures above 850°C, K,COs
decomposes, facilitating the ongoing activation process by generating CO,,
which reacts with carbon to form new pores.'*® Additionally, K,CO5 preserves
the precursor's morphology and enhances carbon vyield by promoting the
carbonization of biomass, offering a catalytic effect similar to more toxic
agents like ZnCl, and HsPO,."*""*” Greener activation agents such as KHCOj,
K,C,0, CHsCO.K, K,SO, Na,S,05 Na,COs; NaHCO; Na,SO, and Na,S,0s,
provide environmentally friendly alternatives for PCMs synthesis (Figure
4B).""" These agents not only minimize environmental impact but also
enhance the adsorption capabilities of PCMs, paving the way for more
sustainable and innovative approaches in PCMs production.

Physical green activation agents

While chemical activation can enhance PCMs performance, it is crucial to
develop green and sustainable methods, especially since chemical activation
is typically limited to laboratory-scale production. In response to environ-
mental challenges, physical activation using green agents like water vapor
(steam) and CO, has emerged as a sustainable alternative. These methods
produce high-quality carbon materials with significantly reduced carbon
emissions and align with sustainability goals.'™

Steam activation, a mild process compared to KOH, involves exposing
carbon materials to steam at high temperatures, promoting pore formation
without harmful byproducts. This method enhances porosity through mecha-
nisms such as tar elimination, micropores generation, and pore expansion,
influenced by parameters like temperature and reaction time. For instance,
steam-activated cellulose fibers demonstrated remarkable CO, adsorption
due to their microporous structure (Figure 4C),'"' and steam-activated
biochar from pine sawdust showed improved textural characteristics (Figure
4D)'u:>

CO, activation, conducted during or after pyrolysis, involves the Boudouard
reaction, which enhances porosity and surface area without additional CO,
emissions. CO, activation is particularly appealing as it can utilize CO, from
industrial emissions, supporting carbon capture and utilization (CCU). For
example, Lee et al. produced porous carbon fibers with specific surface areas
up to 1012 m?g using CO, activation,'™ while Kozyatnyk et al. observed
varied porosity in biochars activated with CO,, depending on the precursor
and conditions.'®" Additionally, CO, activation of waste packing peanuts
produced highly porous carbon microsheets for CO, capture, recycling the
gas and aligning with sustainability principles (Figure 4E)."®®

Self-activation agents

The self-activation technique offers a sustainable and cost-effective
method for producing porous carbons without external activating agents,
utilizing substances inherent in the carbon precursor, particularly biomass.
This method involves two main routes: physical self-activation, where reac-
tive gases like CO, and H,0 generated during pyrolysis interact with the
carbonaceous material,'”*”'"" and chemical self-activation, which leverages
alkali elements like potassium (K) and sodium (Na) naturally present in
biomass to form porous structures (Figure 4F)."”"'™ These processes can
sometimes operate simultaneously, potentially enhancing porosity.

Physical self-activation relies on gasification reactions, requiring controlled
pyrolysis conditions to favor pore development. For example, Bommier et al.
increased the BET surface area of PCMs by restricting argon flow during
cellulose pyrolysis.'” Another method involves carbonization in a closed
reactor without carrier gas, leading to high surface areas and pore
volumes.'” Doped carbons, such as N, O-doped porous carbons, can also be
produced using this approach, as demonstrated by Yang et al. with hollyhock
leaves.'"

Chemical self-activation uses the inherent alkali elements in biomass,
which form carbonates (K,COs, Na,C0O3) during pyrolysis, acting as activating
agents to create porous structures. Inorganic compounds like calcium and
magnesium carbonates also contribute to pore formation. Inagaki et al.
showed that kenaf inner cores with a high potassium content produced
PCMs with a surface area of 1400 m?/g.'"® Other biomass sources, such as

8 The Innovation Materials 3(4): 100165, November 26, 2025

www.the-innovation.org/materials


https://www.the-innovation.org/materials
https://www.the-innovation.org/materials
https://www.the-innovation.org/materials

REVIEW

N
@_{ Traditional % _{ Greener sodium-based Il;llealgw'Hazard G K,CO, 9 K,0 + CO; K,0 + C > 2K+ CO
( activating agents activating agents uel iamond KyCO4 + 2C 3 2K + 3CO K+C 9 C(K) €O, + C 2¢O
" " 3-Extreme Danger
Potassium Sodium Sodium _Sodium 2-Hazardous
K,CO,4 co K,CO, K,CO, 00‘27
0-Normal Material ;)
Fire Hazard L |
Red Diamond pore “. CO co, C
Flash Points -
A-Below 73°F
T veve 100 "
Phosphoric Zinc Sodi Sodium 3 b N
acid chloride su|fI:$ thiosulfate | Joxercesnng; Carbon .
0-Will not burn ~
@ @ @ Carbon oxidation K intercalation Carbon gasification
& tayDetonate
o
g et L Temperature )
Greener ium-based OStable
activating agents T
_ 0 Micropores H Oxygen functional groups
carbonate  bicarbonate  oxalate acetate sulfate thiosulfate # Physisorption on E / Lewls ackd=Lawts
. micropores H ° lie interaction
Carbonized
cellulose fibers 10\" h
Cellulose fibers
" ) Steam .. e piocha PR
Activation N functional Aromaticity
(G -
Self-activation of Biomass . v ®
Mesopore Lewis acid-Lewis i ¥ van der Waals forces
base interaction

0

Pyrolysis

Chemical self-activation

K2C03+2C - 2K + 3CO
NazC0s +2C > 2Na + 3CO,

Pyrolysis (Restricted flow)
Physical self-activation

¢ C+C022C0

o C+H0>CO+Hz

Na*

Sper up to 2600 m?/|

_/  Waste Packing Peanut Carbonization/Activation Porous Carbon Microsheet Scalable Production

Carrots Chinese yam stems Ginkgo leaves Tung flowers Long beans
U o~

Hierarchical Ed

porous carbon

Microalgae
= g 2l 22

Self-assembly

Pluronic® F127
[EO],06[PO];0[EO] 106 Crosslinking
Carbonization

Activation

@ the mixed micelle —— PEO blocks tensile stress

cid emulsion @ oligomer of ribose mmmm  poly 11

@@2 Mesoporous Carbon

Figure 4. Sustainable modification of PCMs using green activation agents and templates (A) Labels of traditional and greener chemical activating agents. (B) Pore generation
mechanism with K,CO4."** Copyright 2021, Wiley-VCH. (C) Preparation of porous carbons and steam activation of the surface.”®' Copyright 2015, Elsevier. (D) Biochar with
increased microporosity, surface area, and oxygen-containing functional groups after steam activation.'®” Copyright 2020, Elsevier. (E) Porous carbon microsheets from waste
packing peanuts via carbonization, physical, and chemical activation.'® Copyright 2020, Elsevier. (F) Schematic of physical and chemical self-activation of biomass during
carbonization.'** Copyright 2021, Wiley-VCH. (G) Sustainable one-pot synthesis of hierarchical porous carbons from microalgae biomass.'® Copyright 2017, American Chemical
Society. (H) Hierarchically porous heteroatom-doped carbons from five biomass precursors, showing similar structures in FESEM and TEM images.'®” Copyright 2019, Royal
Society of Chemistry. (I) Formation of HOCFs using a hydrothermal method, confirmed by SEM and TEM.'*® Copyright 2017, American Chemical Society. (J) Mesoporous carbon
created through soft templating using chestnut tannin as a carbon precursor.'® Copyright 2016, Elsevier.
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seaweeds rich in potassium-rich carbohydrates like carrageenan and sodium
alginate, have also yielded high surface areas.'”” Zhang et al. found that lotus
stems, with higher K and Na content, produced porous carbon with a surface
area of 1610 m?/g, compared to the lower surface area from leaves.'”” He
et al. produced N-doped porous carbons with a surface area of up to 1190
m?/g using nitrogen-rich biomass like celery plants, showcasing the potential
of self-activation for producing functional materials suitable for applications
like CO, adsorption.'”®

Green template method

Unlike the self-activation strategy that solely relies on intrinsically self-
generated inorganic salt templates or physical gases from carbon precur-
sors without the addition of external activators, the green templating method
involves the use of additional inherent inorganic and organic templates. A
detailed discussion of this environmentally friendly pore-forming method is
provided below.

Creating PCMs through green template methods while minimizing carbon
emissions is a significant advancement in sustainable material science.
Template methods involve using sacrificial templates, like organic or inor-
ganic materials, to create well-defined porous structures in carbon
materials.”'”® Hard templating is a common approach using rigid templates
like mesoporous silica, zeolites, MgO and Al,O5 to form specific pore struc-
tures in carbon materials.'®'®" Among the various oxide templates, silica
stands out as one of the most well-established choices for mesoporous
carbon synthesis, and certain silica templates are available in commercial
production.'®"'** Although effective, this method can be hazardous, complex,
and costly. To make it more sustainable, researchers developed a one-pot
process using biomass-derived products and calcium carbonate nanoparti-
cles as templates. This method creates hierarchical porous carbons with
large surface areas and pore volumes, easily removing inorganic residues
with a simple acid wash (Figure 4G)." Additionally, biomass precursors such
as shrimp skin and various other biomass sources, offering versatility for
scalable production (Figure 4H)."*"'® The hard template method has also
enabled the synthesis of single-atom metal-nitrogen/phosphorus/sulfur-
carbon catalysts, such as graphitic phosphorus-coordinated single-atom Fe
catalysts, demonstrating potential for hydrogenative transformations.'”

In contrast, the soft templating approach is greener and more efficient,
using organic molecules like surfactants or polymers to self-assemble into
micelles that create porous carbon during carbonization.”''** This method
allows for intricate porous structures and can be tailored for specific proper-
ties. For example, hollow open carbon nanoflakes were synthesized using
P123 and sodium oleate micelles with ribose (Figure 41),"*® and mesoporous
carbons from chestnut tannin were produced using Pluronic F127 as a soft
template, facilitated by gallic acid (Figure 4J)."™ Integrating low-carbon prac-
tices into these methods involves selecting environmentally friendly surfac-
tants and copolymers and optimizing energy-efficient processes for template
removal. This approach promotes resource efficiency, lowers energy
consumption, and utilizes sustainable precursors, contributing to a reduced
carbon footprint in PCMs production.

DISCUSSIONS ON THEDIFFERENCES BETWEEN EMERGING AND TRADI-
TIONAL ACTIVATION TECHNOLOGIES

PCMs reported in previous studies are typically prepared using traditional
chemical activation methods involving carbonization and highly corrosive
activators such as KOH, ZnCl,, NaOH, and H3PO,. These processes not only
release toxic gases at high temperatures but are also time-consuming and
costly. To address these issues, two primary strategies have been developed:
the use of efficient green activators and the implementation of emerging
carbonization technologies. Green activator strategies focus on replacing
conventional chemical agents with environmentally friendly alternatives,
including green activation agents, self-activation agents, and green
templates. Compared to traditional chemical activation methods, green acti-
vators facilitate milder redox reactions by combining physical and chemical
activation through the inherent decomposition of the green agents (e.g,
2KHCO, — K,0+CO,+H,0). This approach enhances the operational
simplicity of the experiments while maintaining effective pore-etching capa-
bility. Self-activation refers to the use of self-generated activators from

carbon precursors without the addition of external pore-forming agents,
effectively achieving a 'two birds with one stone' approach. Notably,
carboxymethy! cellulose,””™*'° glycolates,”'’ biomass-based organic salts”'”
are typical example of self-generated activator carbon materials.

The green template method, which combines both hard and soft
templates, involves using sacrificial templates such as organic or inorganic
materials to create well-defined porous structures in carbon materials. This
methodology allows for precise tuning of the pore structure of PCMs at the
micrometer scale, while also enabling the creation of ordered structures with
superior capacitive and adsorption characteristics.”® The emerging
carbonization technologies mainly include laser-induced graphitization and
microwave-assisted carbonization. In laser-induced graphitization, graphitic
conductive carbon materials are directly prepared by scanning a laser beam.
It has been reported that the graphitization structure can be selectively real-
ized at low temperatures without carbon emissions, in contrast to traditional
carbonization. When the laser focuses on carbon-rich precursors, the inher-
ent atomic structure of the polymers is disrupted due to the increased
temperature from the concentrated laser, causing the carbon atoms to reor-
ganize into 5 and 7 membered carbon rings, thereby resulting in conductive
graphitic carbon materials,”'* Another emerging efficient and environmentally
friendly strategy is microwave-assisted carbonization, which generates heat
as weak molecular bonds break down and new ones form, originating from
the changes in molecular motion induced by the adsorption of microwaves.”'”
Unlike conventional carbonization, microwave-assisted carbonization utilizes
the inherently generated heat to induce material heating from within, rather
than from the surface, enabling faster thermal treatment and reducing carbon
emissions.

LIFE CYCLE ASSESSMENT: A HOLISTIC EVALUATION OF SUSTAINABIL-

ITY

Life cycle assessment (LCA) of PCMs with low carbon emissions evalu-
ates their environmental impact from raw material extraction through
production, use, and disposal. The goal is to quantify and minimize carbon
emissions to ensure sustainability. As the use of PCMs grows LCA is crucial
for assessing their environmental footprint.”'®™*'" Alternative raw materials,
like biomass-based agricultural and industrial residuals, offer potential to
reduce emissions, but their effectiveness varies.” Choosing appropriate
biomass feedstocks and optimizing transportation are essential for minimiz-
ing the carbon footprint of activated carbon production. A cradle-to-gate LCA
of activated carbon, including sources like coal, wood, and coconut shells,
reveals that coal-based granular activated carbon (GAC) has the highest
environmental impact, while GAC from coconut, wood, and reactivated coal
shows lower impacts (Figure 5A).”'° Reactivated GAC had the lowest global
warming potential (GWP) when biogenic emissions were included, while
excluding them lowered GWP for coconut and wood GAC (Figure 5B). Trans-
parent reporting of both biogenic and non-biogenic emissions is crucial.

Recent studies focus on using local waste materials as feedstocks for acti-
vated carbon production.”’®™?"® Comparative LCA of various waste-derived
activated carbons provide insights into their environmental footprint.”~*'
Zhu et al. LCA of biochar production from agro-residues highlighted its

production design should align with local contexts to maximize benefits. An
LCA of seaweed, microalgae, and lignocellulosic biomass for biochar-derived
carbon-catalysts revealed that KOH activation had the highest environmental
burdens (Figures 5D-G).””* Noemi et al. assessed the impact of activated
carbon from coconut shells in Indonesia, finding that transitioning to renew-
able energy could significantly reduce environmental impacts.”” Compar-
isons between graphene and activated carbon showed that, currently,
graphene-based PCMs have higher environmental impacts, though future
for optimizing each phase of PCMs production to minimize carbon emis-
sions and enhance sustainability.

CARBON CAPTURE STORAGE AND UTILIZATION
The rising atmospheric CO, levels, which reached 421 ppm in 2022 from
around 280 ppm pre-industrially, primarily result from industrial activities
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since the 1800s.””° This increase poses severe climate challenges. Carbon
capture storage and utilization (CCSU) techniques address climate change by
capturing CO, from industrial processes and repurposing it, offering a practi-
cal alternative to traditional carbon capture and storage (CCS).””"~*** CCSU
promotes CO, recycling and is gaining global traction for reducing emissions
and supporting economic growth. In large-scale porous carbon production,
integrating CCSU starts with capturing CO, emissions at their source. This
prevents CO, from entering the atmosphere, mitigating the carbon footprint
and enhancing sustainability. CO, capture methods include pre-combustion,
post-combustion, and oxy-fuel combustion.””® Post-combustion capture is
widely adopted due to its efficiency and CO, selectivity, using methods like
chemical absorption, adsorption, membrane separation, cryogenics, hydrate
formation, and microbial approaches.”

Adsorption using solid-phase porous materials is an effective CCSU
method, leveraging forces between adsorbents and CO, for selective separa-
tion. Activated carbon, with its high surface area (500 to 1700 m%q) and
microporous structure, is a prominent adsorbent due to its strong adsorption
capacity, cost-effectiveness, and ease of regeneration.””' ¥ Research
continues to improve its adsorption capabilities, reinforcing its role in CO,
capture while outlining various carbon storage and utilization technologies.”*

APPLICATIONS OF PCMs IN MITIGATING CO,
Chemical-modified PCMs for CO, capture

PCMs derived from sustainable biomass through chemical activation at
elevated temperatures are highly effective for CO, capture, featuring endur-
ing porosity, significant surface area, and adaptable morphology.'”” Sevilla et
al. advanced PCMs using HTC and KOH activation, achieving a BET surface
area of 2850 m? g™ and CO, capture capacities of 5.2-5.8 mmol g™ at 1 bar,
0°C, and 2.9-3.5 mmol g™ at 1 bar, 25°C.”**"** Singh et al. developed PCMs
from Arundo donax biomass, with KOH-ZnCl,-activated PCMs showing a CO,
uptake of 30.2 mmol g™' at 30 bar, 0°C, the highest reported among biomass-
derived carbons (Figures 6A-C).”*™*" Serafin et al. prepared microporous
carbons from walnut shell biomass, exhibiting a surface area of 1868 m? g™
and CO, adsorption capacities of 9.54 mmol g™ at 0°C, 517 mmol g™ at
25°C, and 4.33 mmolg™" at 40°C under 1 bar.”* Vazhayal et al. created nitro-
gen-rich PCMs from aquatic plants, achieving CO, capture of 6.01 mmol g™’
at 0°C, 1 bar (Figures 6D-F).”® Wang et al. synthesized PCMs with a BET
surface area of 1903 m? g™' and a CO, uptake of 5.41 mmol g™ at 0°C and
3.66 mmolg™ at 25°C.**' Song et al. used soybean cake biomass to create
nanoporous carbons, yielding a BET area of 1712 m? g™ and CO, absorption
of 419 mmol g™ at 0°C and 6.61 mmol g™ at 25°C under 1 bar.”** Li et al.
synthesized PCMs from tobacco and urea-based biochar, showing high CO,
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absorption under pressures of 30-40 bar.””* Priye et al. used Citrus auran-
tium leaves and microalgae for nitrogen-doped activated carbon, achieving a
CO, capture of 8.43 mmol g™ at 0°C and 1 bar, with high selectivity and quick
adsorption kinetics (Figures 6G-L).**

Biochar, derived from natural biomass or agricultural waste, is a cost-
effective and eco-friendly CO, adsorbent. Although pristine biochar has
limited CO, adsorption capacity, modifications have greatly improved its
effectiveness.” Singh et al. synthesized nanoporous activated bio-carbons
(NABs) from alligator weed (AW) using KOH impregnation and carbonization
at 800°C, resulting in NABs with a high surface area (3106 m? g™'), large pore
volume (1.62 cm?® g™), and tunable microporosity. These NABs showed supe-
rior CO, adsorption, capturing 30.4 mmol g™ at 0°C and 23.3 mmol g™ at
25°C under high pressure (30 bar).”* Another study converted grape marc
into porous activated bio-carbons (PABs) with a specific surface area of 2473
m? g~ and remarkable CO, capture, achieving 6.2 mmol g™ at 0°C/1 bar and
26.8 mmol g™ at 0°C/30 bar.”** Coskun et al. synthesized microporous nitro-
genated carbon (MCN) with a nitrogen content of 13.3% and a BET surface
area of 1730 m? g™, demonstrating excellent CO,/N, selectivity and CO,
adsorption capacity.”"’

Salts like ZnCj, are commonly used to activate carbon materials due to
their strong dewaterability, which facilitates micropore development during
pyrolysis. Vargas et al. utilized ZnCl, to produce CO, sorbents from palm
stones, achieving a CO, absorption capacity of 3.8 mmol g™ at 0°C and 1 bar
due to abundant microporosity.”® Zhang et al. created hierarchically porous
carbons (HPCs) from cork dust using a two-step ZnCl, activation process,
resulting in high CO, adsorption capacities of 4.64 mmol g™ at 0°C and 2.75
mmol g™ at 25°C, with a BET surface area of 1853 m? g™' and a micropore
volume of 0.839 cm?® g™'.*° Other activating agents like NaOH, H;PQ,, and
K,CO; have also been explored for creating micropores in carbon
structures.””

Introducing heteroatoms, especially nitrogen, into carbon materials
enhances CO, uptake by increasing surface alkalinity. Nitrogen doping, which
modifies pore structure and adds N-containing groups, is particularly effec-
tive.”! Wei et al. synthesized N-doped PCMs from anthracite using ball milling
and urea treatment, resulting in a high BET surface area (1615 m? g™') and a
CO, uptake of 4.46 mmol g™' at 1 bar and 25°C.”' Researchers also created N-
doped porous carbons from coconut shells, showing CO, uptake over 7 mmol
g™ at 0°C and 1 bar.””” Chen et al. used crab shells to produce activated
carbons with a CO, adsorption capacity of 4.37 mmol g™' at 1 bar and 25°C.**
To reduce costs, nitrogen-rich biomass like microalgae is suggested.”* Addi-
tionally, sulfur doping or co-doping with multiple atoms can further enhance
CO, adsorption. Seema et al. synthesized S-doped porous carbon with a CO,
uptake of 4.5 mmol g™, higher than nitrogen-doped materials.”*® Guo et al.
combined N, S, and O in activated carbon from poplar sawdust, achieving a
CO, uptake of 5.61 mmol g™' at 0°C.”*

Physical-modified PCMs for CO, capture

Activating chemicals like KOH and ZnCl,, while effective for creating porous
carbons, pose environmental risks due to their toxic and corrosive nature,
contributing to greenhouse gas emissions and ecological harm."™ To miti-
gate these issues, researchers are exploring green activation methods, such
as physical activation using steam, air, or CO,, which offer a more sustain-
able approach. These methods aim to achieve high CO, adsorption capaci-
ties in carbon materials without harmful waste, aligning with sustainability
goals for carbon capture technology with minimal environmental impact.

Steam activation of carbon materials enhances their structure by creating
new pores and expanding existing ones, leading to improved CO, uptake. For
example, Young-Jung et al. used cellulose fibers and found that steam acti-
vation significantly increased CO, adsorption capacity (3.78 mmol g™') due to
the development of a microporous structure.”®' lgalavithana et al. showed
that steam activation of pine sawdust produces biochar with a high surface
area, abundant micropores, and high aromaticity. These features, along with
oxygen-containing basic functional groups, enhance CO, adsorption through
van der Waals and polar interactions, making pine sawdust-derived biochar a
strong candidate for CO, capture (Figures 6J-L)."*

CO, activation significantly enhances the porosity and surface area of
carbon materials. Lee et al. demonstrated that CO, activation can produce
porous carbon fibers with a specific surface area of up to 1012 m? g7,

REVIEW

primarily composed of micropores.'™ For instance, Soybean straw biochar,
modified through CO, activation, NH; ammonification, and combined CO,-
NH; treatment, achieved a high CO, adsorption capacity, with the CO,-NH3
modification showing the best performance at 88.89 mg g™.*" Additionally,
combining high-temperature ammonia treatment with CO, activation for
cotton stalk biochar significantly improved CO, adsorption, peaking at
99.42 mg g™ at 800°C (Figures 6M-0).”** Various other modification meth-
ods, including metal impregnation and plasma modification, are also being
explored to further enhance carbon materials.”'

163

PCMs for electrochemical reduction of CO,

Electrochemical CO, reduction reaction (CO,RR) is gaining interest for
converting CO, into valuable chemicals using renewable electricity, contribut-
ing to carbon neutrality and energy storage.”” Despite achieving industrial-
level current densities, the stability of catalysts remains a challenge due to
surface reduction, intermediate poisoning, and active component aggrega-
tion during CO,RR.”’ Carbon materials, particularly those derived from
biomass, offer advantages such as stability, developed pore structures, and
low cost. However, they often lack active components necessary for efficient
CO, activation. To enhance CO,RR performance, researchers have focused
on incorporating defects, heteroatoms, and metal elements into carbon
materials. For example, nitrogen (N) doping has been shown to create defects
that act as active sites for CO, conversion, achieving a CO Faradaic efficiency
(FE) of 80%.”°' Zhang et al. used biomass-derived carbon aerogels doped
with nitrogen from melamine, resulting in a BET surface area of 1038.2 m?%/g
and a CO, FE of 75.9% (Figures 7A-B).”*"** Carbon catalysts from algae
biomass, produced through a thermochemical approach, reached a maxi-
mum CO FE of 97.6% at -0.55 V vs RHE (Figures 7C-D).”** A nitrogen-doped
nanoporous carbon sheet from Typha biomass achieved 90% CO selectivity
at a low overpotential of -0.31 V,”** while a nitrogen-doped PCM from wheat
flour showed an FE of 83.7% with high activity and durability.”*® A 3D N-doped
graphitized carbon material from cedar biomass exhibited a CO FE of 91% at
0.56 V (Figures 7E-F).”®’ Chen et al. developed N, P-co-doped carbon aero-
gels with a maximum CO FE of 99.1% and a partial current density of -143.6
mA cm™.7® To achieve carbon neutrality, further research into the formation
mechanisms of biomass-derived carbon materials, along with experimental
and simulation analyses of CO, adsorption and CO,RR, is essential. Develop-
ing scalable technologies for large- scale production is also recommended to
meet practical implementation needs.

Carbon-enhanced biochar soil for sequestration

Rising atmospheric CO, levels and significant soil carbon loss pose a
threat to global food security and human health. Biochar, a high-carbon
material produced by pyrolyzing biomass, has emerged as a sustainable
solution for carbon sequestration in soil.** Its unique properties enhance soil
water retention, nutrient holding, and fertility, while its porous structure
supports microbial activity, improving soil health and long-term carbon stor-
age. Biochar's high carbon content and refractory nature allow it to efficiently
sequester carbon, reducing atmospheric CO, levels.”””"” Key factors such as
biochar particle size, surface area, porosity, and pore size distribution are crit-
ical for maximizing carbon sequestration.””® Smaller biochar particles, like
those from Camellia oleifera fruit shells (0.5-2 mm), have been shown to
lower CO, and N,O emissions and offer more surface area for carbon
adsorption.””*"" Biochar's porous structure also supports microbial colo-
nization, which further enhances long-term carbon sequestration by stabiliz-
ing organic carbon compounds.”’**'!

Biochar's complex effects on soil carbon sequestration involve several
mechanisms that increase soil organic carbon (SOC) storage (Figure 7G).** A
four-year field trial in northern China demonstrated that biochar increased
SOC sequestration rates by 31.8% to 47.8%, although it also increased SOC
variability. Optimal biochar addition rates were recommended at 1.8 to 3.6
tons per hectare per year for the North China Plain.””*™*"* Additionally, biochar
protects labile organic carbon from microbial degradation, slowing carbon
mineralization and leading to SOC accumulation.””" A decade-long field study
showed an 18% reduction in native SOC mineralization due to biochar's
protective effects.”™ Globally, biochar could sequester about 5.5 petagrams
(Pg) of CO, annually, contributing to 25% of potential CO, removal through
better land management.”* Biochar's role in sustainable land management
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and climate change mitigation is significant.

CONCLUSIONS, CHALLENGES AND FUTURE PERSPECTIVES

In summary, this review systematically explores strategies to address the
challenges in PCMs synthesis, with a focus on sustainable precursors such
as biomass and waste biochar. Energy-efficient carbonization techniques are
crucial for producing high-quality PCMs while minimizing environmental
impact. The incorporation of green activation agents highlights ongoing
efforts to modify PCMs synthesis in an eco-friendly manner. A comprehen-
sive LCA offers a holistic perspective on the environmental impact, guiding
researchers and practitioners in making informed decisions. This review
underscores the diverse applications of PCMs in combating CO, emissions,
particularly in carbon capture and storage technologies, while acknowledging
achievements, challenges, and envisioning future prospects. This analysis
serves as a roadmap for the continuous evolution of PCMs synthesis

towards a sustainable and environmentally conscious future. However,
despite recent advancements, several challenges remain, along with numer-
ous future perspectives, as outlined below:

Biomass waste is a sustainable and cost-effective source for PCMs
synthesis. However, the characterization of biomass precursors is often inad-
equate, making it difficult to control the structure and properties of the result-
ing PCMs. This is particularly important for PCMs with controlled pore struc-
tures essential for applications such as CO, capture and mitigation. Further
research is needed to improve the characterization of biomass precursors
and develop pretreatment methods that can control the structure and prop-
erties of PCMs.

Sustainable biomass conversion requires efficient and eco-friendly
carbonization methods. Traditional methods like pyrolysis and HTC, while
established, are energy-intensive and time-consuming. Emerging techniques
such as LIC and MAC show promise by enhancing efficiency and reducing
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processing times. Additionally, exploring low-temperature graphitization
methods could further improve energy efficiency and environmental friendli-
ness, advancing biomass conversion processes towards greener practices.

CO, capture is vital for mitigating climate change, but many adsorbents
exhibit high CO, adsorption only under specific conditions of temperature and
pressure, limiting their applicability. Adsorbents that maintain high CO,
adsorption across a broader range of conditions are needed for both pre-
combustion and post-combustion CO, capture. This would provide greater
flexibility in designing and operating CO, capture systems.

While KOH and ZnCl, are effective activation agents for producing PCMs
with superior CO, adsorption capabilities, their corrosive and toxic nature
poses environmental risks. Green activation methods that can produce
porous carbons with high CO, adsorption capacities without harmful waste
are essential. Physical activation methods using steam, air, or CO, offer
potential as sustainable alternatives, and future research should focus on
optimizing these processes for specific CO, capture applications.

A comprehensive understanding of the mechanisms underlying CO,
adsorption is critical for advancing carbon capture technologies. The role of
specific functional groups on the carbon surface, pore structures, and the
interactions between CO, molecules and the adsorbent are complex and not
fully understood. Future research should focus on the thermodynamics and
kinetics of CO, adsorption processes to optimize and design efficient PCMs
tailored for enhanced CO, capture.

PCMs with hierarchical pore structures show great potential as electrocat-
alysts for electrochemical CO,RR. However, challenges remain, such as
understanding the active sites involved in CO, conversion and optimizing CO,
adsorption energies. Further research is needed to elucidate these complexi-
ties and fully harness the potential of PCMs electrocatalysts for economically
feasible CO, reduction processes.

Both CO, capture and electrochemical conversion are promising technolo-
gies for mitigating greenhouse gas emissions, with the potential to convert
CO, into valuable products using renewable energy sources. However, current
electrochemical approaches are expensive, and there is a need for more
effective carbon conversion technologies that can handle large-scale emis-
sions. Further research and development are needed to make these tech-
nologies more efficient and cost-effective.

The ultimate goal is to implement these sustainable carbon materials with
exceptional properties in practical applications. A critical step is scaling up
their production from the laboratory to industrial levels. This necessitates
further research and development of simple, eco-friendly manufacturing
processes to produce low-cost, environmentally sustainable carbon materi-
als. Addressing these challenges in material synthesis will offer valuable
insights for the design of sustainable carbon materials tailored to emerging
applications.
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