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ABSTRACT

The transition to sustainable, high-performance alternatives to lithium-ion systems is accelerating research progress in electro-
chemical energy storage. Cellulose-derived carbons, made from abundant, renewable biomass, are emerging as promising can-
didates, offering natural environmental friendliness, adjustable structure, and functional versatility. This review examines the
hierarchical architecture of cellulose, its carbonization pathways, and the influence of extraction and processing methods on
precursor properties. Advances in synthetic techniques, from heteroatom doping to creating composite hybrids, are discussed
for their role in controlling porosity, conductivity, and electrochemical behavior. Structure-property relationships and function
of these carbons are analyzed in the context of sodium-, potassium-, zinc-, and magnesium-ion batteries, as well as hybrid super-
capacitors. Important material properties, including electrical conductivity, mechanical strength, thermal stability, and morpho-
logical control, are analyzed in relation to device performance. Challenges related to scalability, electrolyte compatibility, and
cycle life are addressed, with a focus on sustainable synthesis and integration routes. This review uniquely integrates cellulose-
derived carbon across multiple postlithium energy storage systems with a focus on scalable synthesis and electrochemical
optimization.

1 | Introduction prospects of LIBs are threatened by limited lithium resources,

increasing material costs, and safety concerns, including dendrite

Globally, the demand for efficient and sustainable energy storage
solutions is growing due to the increasing adoption of renewable
energy and the electrification of transportation [1]. pies (LIBs)
have been a leading energy storage technology for many years,
and are now being used to power consumer electronics, electric
vehicles, and grid storage systems [2, 3]. The global lithium
reserve is estimated at 22 million tons, while sodium and potas-
sium are 1,000 times more abundant, providing a more sustain-
able option for large-scale energy storage. The long-term

growth and thermal runaway [4]. These problems have spurred
the search for alternative energy storage methods that utilize
more abundant and less expensive materials [5]. Besides lithium
(postlithium), energy storage technologies like sodium-ion (SIBs),
potassium-ion (KIBs), zinc-ion batteries (ZIBs), as well as
magnesium-ion (MIBs), calcium-ion (CIBs), zinc-ion (ZIBs),
aluminum-ion (AIBs), lithium-sulfur (Li-S), and lithium-air
(Li-O,) batteries (Figure 1) have gained significant interest [7].
These new technologies need electrodes with high capacity,
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FIGURE1 | Currentstate and challenges of LIBs. Graph depicting beyond LIBs: (left) anodes based on Li-metals (Li-S, Li-O,, Li-SS) and (right) anodes
based on Na, K, Al, Mg, Zn, and Ca, along with their global abundance and standard redox potential. It outlines their main advantages and challenges, as
well as the volumetric and gravimetric energy densities and theoretical capacities that are currently achievable. Copyright 2022, Cell Press [6].

fast charging and discharging capabilities, and extended cycle
life [1-3, 7, 8].

Advancements in sustainable and cleaner materials for post-LIBs
are afforded by the development of renewable and abundant
components that offer superior electrochemical performance.
SIBs and KIBs stand out because of their chemical similarity
to LIBs and the natural abundance of their respective charge car-
riers. However, the successful commercialization of these tech-
nologies depends on developing high-performance electrode
materials that can accommodate larger ion sizes, provide fast
charge and discharge capabilities, and sustained stability [9].
Carbon-based materials are considered indispensable for next-
generation energy storage due to their high electrical conductiv-
ity, adjustable microstructure, and chemical stability [10]. While
graphite has been traditionally used as an anode material in LIBs,
it is not suitable for sodium and potassium storage because the
larger ionic radii of Na* and K* make intercalation difficult. As a
result, alternative disordered carbon materials, including hard
carbon, porous carbon, and heteroatom-doped carbon, were
explored for post-LIBs applications [11]. Among the various
precursors used to create these materials, biomass-derived

carbon has gained particular popularity due to its sustainability,
affordability, and capacity for customization through structural
engineering [12-15].

Much attention has been given to cellulose-derived carbon due to
its renewable nature, abundance, and excellent carbonization
potential [15]. Cellulose, an organic polymer derived from
plant-based raw materials, serves as a green precursor for sus-
tainable carbon. For energy storage applications, these carbon
structures are highly valuable because of their high surface area,
adjustable porosity, and good conductivity. As we move toward
greener and cleaner energy systems, cellulose-derived carbon
is now a viable alternative to conventional lithium for next-
generation energy storage devices [16-18]. The flexible structure
of cellulose-derived carbon makes it an ideal candidate due to its
tunability. Adjusting morphology and structure through a car-
bonization process enhances ion transport, conductivity, and
electrochemical stability, thereby improving overall performance
[19, 20]. Besides batteries, cellulose-derived carbon also attracts
research interest for supercapacitors and hybrid energy storage
systems, particularly from the perspective of energy and power
density [21]. The inherent properties of cellulose-like
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hierarchical structures and porosity can be utilized in designing
carbon materials to support rapid ion diffusion and high charge
storage capacity [22]. Furthermore, various forms of functional-
ization of cellulose-derived carbon with elements and com-
pounds enable the tailoring of electrochemical properties to
further enhance energy storage performance. This adaptability
makes cellulose-derived carbon highly promising for addressing
energy storage challenges beyond those of lithium-based systems
[21, 22].

Carbon from cellulose has many advantages, but its application in
energy storage and large-scale production faces several challenges
[23]. While optimizing synthesis methodologies is essential for
ensuring consistent and reproducible properties, another key con-
cern is scaling up production processes. Additionally, most post-
lithium battery chemistries require further research into the
compatibility of cellulose-derived carbon with electrolytes and
its long-term stability [24]. A complete realization of the potential
of cellulose-derived carbon for future energy storage applications
requires solving these critical issues. The growing body of research
shows significant progress in cellulose-derived carbon, especially
for postlithium energy storage, highlighting its potential and ongo-
ing challenges [25]. Recent publications have focused on improv-
ing synthesis techniques, optimizing carbonization parameters,
and exploring electrochemical compatibility with various elec-
trolyte systems [14, 26]. Moreover, contemporary research inves-
tigations stress the urgent need for scalable, environmentally
friendly manufacturing processes and enhanced stability under
operational conditions. This review consolidates these findings
by identifying key knowledge gaps and providing a framework
for advancing cellulose-derived carbon materials. It also aims to
guide future research toward sustainable, high-performance
energy storage technologies, ensuring that innovations are scien-
tifically sound and practical for industry [23, 24].

In this review, we explore recent progress in cellulose-derived car-
bon materials for energy storage technologies beyond lithium-ion
systems. We focus on advances in synthesis strategies, structural
tuning, and electrochemical performance, while also identifying
critical gaps in the field, particularly the need to better understand
how carbonization parameters influence electrochemical behav-
ior. We emphasize the importance of developing green, scalable
synthesis approaches. Looking ahead, we discuss the potential role
these materials could play in future battery chemistries and hybrid
storage systems and offer our perspective on the key challenges
and opportunities that lie on the path toward high-performance,
sustainable carbon-based energy storage solutions.

2 | Cellulose and Its Chemistry

Cellulose is the most abundant natural biopolymer, and a long-
chain linear polymer (polysaccharide) made up of repeated
D-glucose units connected through f—1, 4- glycosidic linkages
[27]. Its unique molecular structure, defined by extensive intra-
and intermolecular hydrogen bonding, creates both crystalline
and amorphous regions within cellulose, leading to fiber forma-
tion. These structural features provide mechanical strength and
thermal stability while also affecting its solubility, reactivity, and
potential as a precursor for functional carbon materials [28]. A

variety of functional properties can be added to cellulose by
chemically modifying its hydroxyl groups. This flexibility makes
-OH functionality a key design aspect for developing cellulose-
based materials.

2.1 | Structure, Properties, and Carbonization of
Cellulose

Due to the hierarchical structure of cellulose, different poly-
morphs are formed, depending on the chain orientation and
hydrogen bonding patterns (Figure 2) [29-31]. Cellulose I (native
or blue cellulose), cellulose II (mercerized/regenerated cellulose),
cellulose III (cellulose II dissolved in ammonium sulfite), and cel-
lulose IV (formed when cellulose II is heated) are the other allo-
morphs of cellulose [32, 33]. These polymorphs exhibit distinct
thermal and chemical behaviors, which directly impact their car-
bonization efficiency and properties of the resultant carbon [33].
The crystalline regions enhance thermal resistance, while the
amorphous regions provide sites for chemical modification
and contribute to the evolution of porosity during carbonization.

The hydrogen bonding network in cellulose provides resistance
to chemical and thermal degradation. In extreme conditions,
such as very high temperatures or highly acidic or basic environ-
ments, the chemical structure of cellulose causes depolymeriza-
tion, producing simpler sugar molecules [34]. Its thermal stability
is noticeable between 200 and 400°C, depending on the degree of
crystallinity and moisture content [35]. Water disrupts hydrogen
bonds, leading to the breakdown of cellulose or promoting
hydrolysis [34-36]. Cellulose contains “renewable carbon” that
theoretically makes up 44 wt%, which can be converted into var-
ious forms of carbon, including amorphous, graphitic, and
porous structures. This ability to transform makes cellulose a
highly suitable precursor for energy storage applications [37].
To achieve this, the graphitization potential of cellulosic
materials is enhanced through high-temperature carbonization
(>1000°C) and subsequent catalytic activation, producing con-
ductive carbon suitable for electrodes in postlithium batteries,
such as sodium-ion, potassium-ion, and hybrid systems [37-39].

2.2 | Sources and Isolation of Cellulose

Cellulose is a pervasive component in the cell walls of plants,
algae, and certain bacteria. Woody plants are the most common
source of cellulose, containing ~40%-50% by weight, making
them an ideal source for industrial cellulose extraction [40].
Other significant cellulosic sources include cotton (over 90 wt%),
hemp, flax, and agricultural waste such as straw. Additionally,
bacterial cellulose (BC), obtained from bacteria such as
Gluconacetobacter xylinum, which is present in plant cell poly-
saccharides, is considered a superior source; however, the iso-
lation and purification of this material are commercially
prohibitive.

Extraction methods vary depending on the source and the
required purity. Cellulose is most commonly isolated by the
Kraft process, in which sodium hydroxide and sodium sulfide
are used to break down noncellulosic components of the pulp.
In contrast, sulfite pulping employs acidic or neutral bisulfite
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FIGURE 2 | Hierarchical structure of cellulose from plant biomass to molecular structure showing different functional groups and reactive sites

embedded in crystalline (ordered) and amorphous (disordered) regions. Copyright 2022, Springer Nature [29].

solutions to delignify and bleach wood pulp [41]. Mechanical
cellulose extraction involves physical means to break down
plant biomass, often combined with minor chemical processes,
to produce cellulose. These methods vary in their effectiveness
in purifying cellulose, depending on the source of cellulose and
the anticipated purity of the product [41]. Besides chemical
and mechanical methods of cellulose extraction, processes
such as organic pulping are effective because lignin is dissolved
in organic solvents, like ethanol, rather than creating bulky
waste. Enzymatic digestion of wood is another standard
method to remove noncellulosic components. Chemical
extraction techniques are currently preferred for cellulose
extraction due to their effectiveness and cost efficiency; how-
ever, with advances in green chemistry, developing sustainable
methods to improve cellulose extraction is becoming increas-
ingly important [41, 42].

Cellulose offers a natural option for modifying carbon structures
due to the diverse composition and morphology of its lignocel-
lulosic source, as well as its underlying hierarchical structure
and chemical diversity [43]. Specifically, the carbonization
behavior of different plant parts varies depending on their lignin,
cellulose, and hemicellulose content, which dictate the structural
and electrochemical profile of the carbon produced [44].
Understanding these differences is crucial for creating carbon
materials tailored for specific industrial uses, especially in energy
storage, catalysis, and adsorption technologies.

Recently, studies on the influence of cell wall variations dem-
onstrated the versatility of biomass by analyzing the carboniza-
tion behavior of different sections of sorghum, including leaf,
sheath, and stem. As each section possesses a unique lignocel-
lulosic composition and morphology, it results in varied carbon
yields, porosities, crystallinities, and graphitic features [45]. For
instance, a biomass part with higher lignin content tends to pro-
duce more graphitic carbon with a greater degree of ordering.
Conversely, sections with higher cellulose content generate car-
bon with larger interlayer spacing and more disorder. Although
biomass selection is often based on its natural composition and
shape, our recent study showed that these parameters can be
effectively altered with a one- or two-step biorefining process
at minimal concentrations. By carefully modifying the lignocel-
lulosic composition of sorghum, carbon with increased porosity
and surface area was produced from cellulose-rich precursors,
enhancing specific capacitance. For instance, a mild alkali
treatment (2 w/v.% NaOH) selectively removed noncellulosic
components from sorghum biomass, thereby controlling the
carbonization behavior and improving these structural
characteristics. Further bleaching treatment (with sodium
hypochlorite/acetic acid system) enhanced the crystalline cellu-
lose content in the precursor, resulting in a highly porous
carbon [46]. These results demonstrate the ability to tune
biomass-derived carbon through targeted chemical treatments,
providing precise control over structure and electrochemical
development [45, 46].
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2.3 | Modification of Cellulose

Natural hierarchical porosity is a key advantage of cellulosic
materials as carbon precursors [47]. The intrinsic micro- to mac-
roporous structure of cellulose-derived carbon enables effective
ion diffusion, which enhances charge storage and electrochemi-
cal kinetics [48]. These properties can be further improved
through chemical functionalization, particularly by modifying
the reactive hydroxyl (-OH) groups of the cellulose backbone,
a process known as cellulose functionalization (Figure 3) [49].
This process enables the introduction of new properties
such as hydrophobicity, ion exchange capacity, or increased
reactivity [50, 51]. Cellulose derivatives with enhanced solu-
bility, thermal stability, and mechanical properties can be
created through well-established synthetic methods, including
esterification, etherification, oxidation, and graft polymeriza-
tion [47]. Another common research strategy involves hetero-
atom doping of cellulose, followed by the incorporation into
composites.

In addition to chemical functionalization, cellulose can be con-
verted into cellulose-based nanomaterials (CNMs), which are
nanoscale forms of cellulose that serve as versatile precursors
for advanced carbon materials due to their hierarchical structure,
high carbon content, and tunable properties [29]. CNMs have a
strength of 1.6-3 GPa [52], low weight [53], and a surface area of
91.9 + 2.1 m*/g, making them ideal for applications in energy
storage and composite design [54]. CNMs include cellulose nano-
crystals (CNCs), nanofibers (CNFs), or nanofibrillated cellulose
(NFCs) and/or irregular nanoparticles (CNPs), each offering
distinct structural and functional characteristics. CNCs are
rod-shaped, highly crystalline particles produced by acid hydro-
lysis, enzyme degradation, or oxidative degradation of cellulose.

Their rigid structure and high aspect ratio enable the formation
of graphitic and porous carbon materials upon pyrolysis [3].
CNFs, obtained through mechanical fibrillation, enzymatic
pretreatment, or oxidation, consist of entangled fibrils with both
crystalline and amorphous regions. CNPs are spherical or
irregularly shaped particles derived from hydrothermal treat-
ment, ultrasonication, or precipitation techniques on cellulose.
Retaining their postcarbonization nanostructure makes
CNMs-derived carbons suitablefor supercapacitors and SIBs.
Furthermore, their surface chemistry allows heteroatom doping,
further enhancing charge storage capabilities.

Overall, cellulose stands out among sustainable carbon precursors
for its inherent structural order, chemical tunability, and adapt-
ability to nanoscale design. Its selective functionalization enables
precise control over carbon yield, surface chemistry, and micro-
structure during pyrolysis. Through deconstruction into nanocrys-
tals or nanofibrils, cellulose provides a facile route to hierarchical
carbon architectures with high surface area, interconnected poros-
ity, and tunable graphitic domains. These combined chemical and
structural advantages promote efficient ion transport and electro-
chemical activity, making cellulose-derived carbons highly com-
petitive against other biomass or synthetic sources.

3 | Carbonization Methods

Various methods have been developed for synthesizing cellulose-
derived carbon, with the majority focusing on carbonization pro-
cesses that produce conductive and porous structures. Among
these, pyrolysis is a common technique that involves the thermal
decomposition of cellulose in an inert atmosphere. Earlier studies
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FIGURE 3 | Functionalization and modification of cellulose. Copyright 2022, MDPI [49].
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have provided detailed insights into the reaction mechanisms
behind this transformation, revealing a four-stage process during
pyrolysis [55, 56]. The first stage involves the desorption of phys-
ically adsorbed water, which occurs at relatively low tempera-
tures. As heating continues, the second stage focuses on
removing structural water, primarily from -OH groups within
the cellulose backbone. The third stage signifies a critical trans-
formation, during which chain scission, depolymerization, and
the breaking of C—O and C bonds occur. This stage is character-
ized by the release of volatile species, including water, carbon
monoxide (CO), and carbon dioxide (CO,), which leads to a grad-
ual breakdown of the cellulose structure. Finally, the leftover car-
bon undergoes aromatization in the fourth stage, forming

Carbon atoms are considered to form graphitic domains when
they are formed in cellulose ring units. These core studies offer a
crucial framework for understanding how cellulose-derived car-
bon materials can be engineered by controlling pyrolysis
conditions [58, 59]. The ability to manipulate these stages ena-
bles the design of carbon materials with specific porosity, gra-
phitic content, and surface properties, making them valuable
for applications in energy storage, catalysis, and structural
purposes. Over recent decades, advancements in processing
techniques and analytical tools have greatly improved our
understanding and control over the transformation of cellulose
into functional carbon materials [60]. Table 1 compares the
processing techniques and conditions for cellulose carboniza-

graphite-like layers [57].

tion and activation.

TABLE 1 | Processing techniques and conditions for cellulose carbonization and activation.
Temperature
Method range (°C) Key features Advantages Disadvantages
Pyrolysis (for 700-1600 Microporosity, Small crystalline domains, well- High energy consumption,
hard carbon) increased established and easily scalable to an significant CO, and volatile
density industrial level, produce high- emissions, requiring costly
quality carbons with controllable treatment, the environmental
porosity and graphitization, wide  footprint is high compared to other
precursor compatibility methods.
Slow pyrolysis 400-800 High porosity, Good structural integrity Time-consuming
(at preserved
<10°C min™%) structure
Fast pyrolysis 450-700 Rapid heating, High throughput Lower structural order, smaller
(at <100°C s7%) bio-oil particles
byproducts
Chemical 400-900 KOH, H3;PO,, High surface area, achieve very high Use of corrosive chemicals,
activation ZnCl, used surface area and tunable pore hazardous to handle, large
distribution, can tailor material for wastewater generation, raising
supercapacitors/batteries, moderate environmental concerns, waste
energy requirement compared to treatment, and chemical recycling
pyrolysis challenges hinder large-scale
adoption
Hydrothermal 180-280 Water-based, Low energy input, functional groups, Lower conductivity, needs post-
carbonization oxygen-rich ~ water as a solvent makes it relatively treatment, generates wastewater that
surface eco-friendly, suitable for wet needs treatment, and the drying step
biomass without prior drying, retain increases cost
oxygen functionalities useful for
energy storage
Microwave- 300-800 Rapid, energy- Fast, scalable, more uniform heating Requires microwave absorbers,
assisted (<10 min) efficient at a small scale, cleaner process with  limited penetration depth restricts
carbonization reduced emissions batch size, expensive equipment
setup, industrial scalability not yet
proven; better suited for lab/pilot
scale
Electrochemical 23-200 Electric field- Low temperature, tunable surface Early stage, lower carbon yield,
carbonization driven chemistry, very low energy demand, current scalability is poor compared
decomposition minimal emissions, and to pyrolysis.
environmentally benign, enables
precise functionalization and
heteroatom doping during synthesis
6 of 31 Small Structures, 2026
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While the core carbonization process, including desorption
of water, depolymerization, gas evolution, and aromatization,
remains essential for creating cellulose-derived carbon materials,
modern engineering methods have enhanced these steps beyond
traditional pyrolysis to achieve specific properties such as poros-
ity, conductivity, and structural integrity [44, 61]. Hydrothermal
carbonization (HTC) is an example where water is used at high
temperatures and pressure to convert cellulose into a carbon
material [62, 63]. These methods involve activation techniques
using different activating agents, such as potassium hydroxide
(KOH), carbon dioxide (CO), or steam, to increase porosity
and surface area. Additionally, there is template-assisted synthe-
sis, which can be either hard or soft templating, to control the
morphology of the produced carbon. Moreover, solvothermal
and microwave-assisted methods are being explored for faster,
more energy-efficient cellulose carbonization.

3.1 | Pyrolysis

Pyrolysis is the most common technique used in synthesizing
cellulose-derived carbon, involving thermal decomposition in
an oxygen-free or inert atmosphere such as nitrogen or argon.
The typical temperatures range from 400 to 1000°C, depending
on the desired carbon structure and properties [64]. Pyrolysis of
cellulose involves a series of complex chemical reactions, includ-
ing dehydration, depolymerization, and decarboxylation, result-
ing in the formation of a carbon-rich residue with a porous
structure. For example, hard carbons (HC) produced from
cellulose pyrolysis at temperatures between 700 and 1600°C were
analyzed [64]. The alignment of graphene sheets
above 1150°C resulted in larger micropores and a reduced
Brunauer-Emmett-Teller (BET) surface area, while smaller crys-
talline domains formed above 1400°C. For samples pyrolyzed
between 1300 and 1600°C, electrochemical tests in Na//HC cells
showed a reversible capacity of 300 mAhg™ at C/10, effective
cycling stability, and over 80% capacity retention at 5C.

One of the main advantages of pyrolysis is its flexibility.
Parameters like temperature, heating rate, and residence time
can be precisely adjusted to customize the properties of the
resulting carbon [65]. The gas environment and flow rate also
significantly influence the quality of carbonization [66].
Additionally, post-treatment techniques, such as chemical and
physical activation, can be employed to further enhance the sur-
face area and pore distribution. Pyrolysis is highly scalable,
thanks to adaptable reactor designs suitable for both laboratory
and industrial production. Its modular setup allows multiple
units to operate simultaneously, increasing overall throughput.
Importantly, using cellulose as a renewable and plentiful feed-
stock ensures a sustainable and reliable supply, making pyrolysis
an attractive method for producing functional carbon materials
for postlithium energy storage [66].

3.1.1 | Slow Pyrolysis

Slow pyrolysis entails the gradual thermal decomposition of cel-
lulose at a low heating rate, usually below 10°Cmin~}, in an inert,
oxygen-free atmosphere [67]. This method is shown to produce
better deoxygenation, lower carbon yield, and chars with hydro-
phobic and graphitic properties, improved thermal stability, and

functionalized surfaces on microcrystalline cellulose under a
reductant N,/H, atmosphere at intermediate temperatures
(700°C), making them suitable for use in one-pot catalyst appli-
cations [67]. This heating condition typically involves controlled
heating within a range of 400-800°C, with much longer residence
times to ensure complete degradation of cellulose into stable car-
bon structures. This slow process helps preserve the original cel-
lulose framework, which is why such carbon materials tend to
have higher structural integrity and more defined porosity.
For example, Shao et al. [68] studied the electrical conductivity
of biocarbons derived from microfibrillated cellulose/lignosulfo-
nate (MFC/LS) precursors during slow
pyrolysis. Carbons were produced from MFC/LS blend precur-
sors using slow pyrolysis at 0.2°C/min across a temperature range
of 400-1200°C. The resulting carbons had low density
(1.14gem™) and high electrical conductivity (95S/cm) after
pyrolysis at 1000°C [68].

One of the key benefits of slow pyrolysis is its ability to produce
carbon with a well-developed porous network, which is helpful
for energy storage applications. The slow heating rate promotes
the gradual release of volatile components, leading to larger pore
sizes and a more organized carbon structure compared to faster
pyrolysis methods [69]. Additionally, this process helps retain
certain functional groups that alter the surface chemistry of
the carbon, enhancing ion transport and interactions in batteries
or supercapacitors. Beyond structural benefits, this method
allows adjusting pyrolysis conditions, such as temperature and
time, to customize the carbon properties. Carbon produced at
lower temperatures has higher oxygen content and lower con-
ductivity, while higher temperatures yield more graphitic and
conductive carbon. Furthermore, postpyrolysis activation with
KOH or CO,, along with steam treatment, enhances the surface
area and porosity of the carbon [70].

3.1.2 | Fast Pyrolysis

Fast pyrolysis of cellulose-derived carbon involves a high heating
rate, typically over 100°Cs™*, with residence times under 2 s in an
inert atmosphere or without oxygen. During this process,
cellulose can quickly depolymerize and convert into carbon-rich
materials. Operating within a temperature range of 450-700°C,
this method rapidly breaks down cellulose into carbon-rich mate-
rials, bio-oil, and gaseous byproducts. Ye et al. [71] demonstrated
that fast pyrolysis can produce activated carbon from various
cellulose-based biomass sources. Among the three biomass
materials—bagasse, poplar wood, and pine wood pine wood
yielded the highest amount. It was highly selective due to its high
volatile content and low ash content, which facilitates
efficient thermal decomposition and conversion into bio-oil or
char [72]. Additionally, Carrier et al. [73] argued that, together
with mixtures of unlabeled and '’C-enriched materials, fast
pyrolysis microreactors and spectroscopic techniques, such as
mass spectrometry and NMR spectroscopy, could provide a more
comprehensive breakdown scheme for biomass fast pyrolysis,
along with quantitative insights. Initially, controlling the pyroly-
sis regime was essential when choosing the reactor type for the
process. As GC-MS has shown, secondary reactions are inevita-
ble due to the chemical fragmentation patterns of “primary” fast
pyrolysis volatiles. Using quantitative liquid-state '*C NMR spec-
troscopy, the liquid fractions containing primary fast pyrolysis
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condensates were analyzed to determine the quantitative distri-
bution of functional groups. The origins of specific chemicals
within the fast pyrolysis liquids were verified by compiling these
findings into a map displaying the functional group distribution
based on distinct and significant elements of the biomass [67].

Fast pyrolysis enables better control over the physico-chemical
properties of cellulose-derived carbon by adjusting parameters
such as temperature and heating rate [74]. Increasing the pyrol-
ysis temperature can raise the level of carbonization, enhancing
electrical conductivity in these materials. Additionally, optimiz-
ing feedstocks and reactor design can affect the yield and prop-
erties of the produced carbon. However, despite its advantages,
fast pyrolysis may lead to lower structural integrity compared to
slow pyrolysis, as rapid heating can cause carbon particles to
become smaller and more disordered.

3.2 | Hydrothermal Carbonization

HTC of cellulose entails treating biomass in a water-rich environ-
ment at elevated temperatures (typically 180-250°C) and high
pressure, thereby maintaining the water in its liquid state [75].
Under subcritical conditions, water serves as both a solvent and
a reactant in the depolymerization of cellulose. During this pro-
cess, glycosidic bonds are broken, resulting in the production of
glucose and low-molecular-weight intermediates [75]. As these
intermediates decompose through dehydration and decarboxyl-
ation, oxygen and hydrogen atoms are removed, which increases
the carbon content of the solid residue.

The hydrochar yielded from the HTC of cellulose is rich in car-
bon and exhibits many desirable properties. Compared to
untreated cellulose, it is usually more porous and has a greater
surface area. Furthermore, it can be further modified with car-
boxyl (-COOH) and -OH functional groups [76]. Due to efficient
carbonization during HTC, the carbon-to-oxygen ratio in the
solid products is significantly higher than in untreated cellulose.
Besides the solid hydrochar, HTC creates an organic liquid
byproduct containing compounds such as acids, aldehydes,
and furans, which can be recovered or further processed depend-
ing on the intended application. The HTC hydrochar displays
unique properties suitable for energy storage, catalysis, and envi-
ronmental cleanup. Its functionalized carbon structure allows it
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to adsorb various contaminants while maintaining oxygen-rich
surface groups. Its porous structure also makes it useful in energy
devices, like supercapacitors. In addition to the ability to adjust
reaction conditions, the versatile HTC process enables the tailor-
ing of material properties to maximize carbon content, surface
functionality, or porosity [77]. Recent studies have investigated
the effect of reaction parameters on the properties of HTC-
derived carbon. For example, Volpe et al. [78] studied the reac-
tivity of pure cellulose (CE) and birchwood (BW) under HTC
conditions from 160 to 280°C, with a residence time of 0.5h
and a 1:5 biomass-to-water ratio. Thermogravimetric analysis
(TGA) and Fourier-transform infrared (FTIR) spectroscopy elu-
cidated how CE remained mostly unchanged below 220°C but
experienced significant decomposition at 230°C, producing a
thermally stable, aromatic-rich hydrochar. FTIR spectral analysis
confirmed dehydration and aromatization reactions at tempera-
tures >230°C. Meanwhile, BW hydrochars exhibited similar
transformations only at temperatures >260°C, which is attrib-
uted to the protective effect of lignin in the plant matrix, thereby
increasing thermal resistance.

HTC can also be used to enhance the energy storage capacity of
carbon materials by doping heteroatoms. Research suggests a
shift toward boric acid-based hydrochars, which introduce boron
functionalities to improve the electrochemical performance and
stability of the materials, as opposed to traditional precursors
such as ammonium sulfate and thiourea. A heteroatom doping
process that involves multiple atoms can be complex. In a study
by Liu et al. [79], cellulose was subjected to HTC at 240°C for 1 h,
using ammonium sulfate and thiourea as sources of inorganic
and organic nitrogen, respectively, to produce supercapacitor car-
bon as shown in Figure 4. The effect of boric acid on the proper-
ties of hydrochar after KOH activation was examined, revealing
that boric acid decreased functional groups and specific surface
area and hindered micropore formation. In exploring the efficacy
of hydrochar, specifically that synthesized from cellulose and
organic nitrogenous compounds, a marked enhancement in
both pore size distribution and electrochemical properties was
observed after an activation process. Notably, when thiourea
was used as the sole activating agent, the resultant hydrochar
exhibited a surface area of 952.27 m”g™". In a three-electrode sys-
tem, the activated hydrochar displayed a specific capacitance of
2358 Fg~' at 1 Ag™', with a capacitance retention of 99.96% after
20,000 cycles at 10A/g. These findings demonstrate the

Electrode | ¢ ..[, - || Electrode

Activated Carbon

Supercapacitor
electrode

Supercapacitor carbon
material

FIGURE 4 | Cellulose HTC with modifications of thiourea and ammonium sulphate. Copyright 2023, MDPI [79].
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effectiveness of organic nitrogen compounds in producing high-
performance supercapacitor carbon via HTC.

3.3 | Chemical Activation Methods

A well-established technique for enhancing the porosity and sur-
face area of carbon materials, specifically those derived from cel-
lulose, involves chemical activation. This method typically
requires impregnating cellulose with particular chemical activat-
ing agents before its carbonization. Such impregnation helps
establish a highly porous structure during the subsequent
high-temperature treatment. Among the frequently utilized acti-
vating agents, KOH is prominent. In this established process, cel-
lulose is saturated with KOH and then undergoes pyrolysis at
temperatures between 600 and 900 °C, carried out in an inert
atmosphere [70]. During pyrolysis, KOH decomposes and reacts
with the carbon matrix, releasing gases, such as H,, CO, and CO,.
These reactions form microporous structures by etching the car-
bon framework, significantly increasing the surface area and
pore volume of the product. Phosphoric acid (H;PO,) is another
commonly used activating agent. Cellulose is first impregnated
with H;PO, and then carbonized at temperatures ranging from
400 to 700°C [80]. H3PO,4 promotes the depolymerization of cel-
lulose, preventing the formation of tar and other by-products,
and thereby leading to a higher carbon yield. Besides increasing
porosity, H;PO, adds phosphorus-containing functional groups
to the carbon surface, which enhances hydrophilicity and
improves both catalytic and adsorptive properties, making it
especially useful for water treatment and electrochemical
applications.

(@)  conventional heating
(Surface conduction)

Zinc chloride (ZnCl,) is another crucial activating agent for cel-
lulose. The process begins with the addition of ZnCl,, followed
by heating to a temperature between 500 and 800°C. In this pro-
cess, ZnCl, acts as a dehydrating agent, promoting the carboni-
zation of cellulose and creating a network of mesopores and
micropores. This method is well-known for producing highly
porous carbons with a well-developed pore structure because
of its interaction with ZnCl,. Such a mature pore structure leads
to carbons with high adsorption capacity, making them suitable
for use in purification systems, catalysis, and electrodes for super-
capacitors. For example, Bosch et al. [81] demonstrated that
waste wood and biomass from forestry residues can be used as
substitute feedstocks to produce activated carbon with ZnCl,,
with FTIR spectroscopy confirming oxygen-containing func-
tional groups.

3.4 | Microwave-Assisted Carbonization

Microwave radiation-assisted carbonization of cellulose is a pro-
cess in which cellulose materials decompose into carbon through
rapid heating with microwave energy, as illustrated in Figure 5a.
Cellulose is exposed to microwaves, typically in conjunction with
a microwave-absorbing agent such as metal oxides or carbona-
ceous materials, which facilitates the efficient transfer of micro-
wave energy to the biomass [84]. These absorbing agents enhance
volumetric heating, ensuring that energy is evenly distributed
throughout the material, rather than relying on external heat
flux. This process enables faster and more energy-efficient car-
bonization compared to traditional thermal methods. Under
inert conditions, cellulose degrades into carbon-rich material
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FIGURES5 | (a)Schematic comparison of conventional and microwave heating (Copyright 2022, Elsevier) [82], and influence of microwave power on

(b) average pore diameter and (c) total pore volume of the carbons obtained from cellulosic biomass sources (Copyright 2025, Elsevier) [83].
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within minutes, making this technique highly time-efficient [85].
Besides its speed, microwave-assisted carbonization provides sig-
nificant environmental benefits. It operates at lower tempera-
tures and consumes less energy compared to traditional
methods. Zhang et al. [62] examined how different process
parameters affect the process and discovered that microwave
heating speeds up the reaction by 5-10 times. This quick process
also lowers the production of by-products like tar and toxic gases,
making the process cleaner and more sustainable. Notably, the
carbon often retains functional groups from the original cellu-
lose, which can facilitate surface interactions and enhance per-
formance in electrochemical applications.

Carbon materials created through microwave-assisted carboniza-
tion exhibit distinct physical and chemical characteristics. This is
primarily due to the unusually rapid heating and precise control
of decomposition that microwave technology facilitates during
their production. As shown in Figure 5, a recent comprehensive
study examined the microwave-assisted pyrolysis of three bio-
mass: rice husk, peanut shell, and corn straw under variable
microwave powers (400-600 W), pyrolysis temperatures (700-
900°C), and residence times (60-180 min) [83]. The results
showed a clear link between processing parameters and the
structural properties of the resulting biocarbon. Specifically,
increasing temperature, power, or time resulted in a gradual
decrease in biochar yield, but a significant increase in porosity
(Figure 5b,c). The specific surface area increased from 4.68 to

323.33 m?g™", while the average pore diameter decreased from
16.55 to 2.19 nm, creating finer, more accessible pore networks.

In addition to process parameters, the choice of gas environment is
crucial for determining the carbon quality. A recent study
(Figure 6) introduced a cleaner pyrolysis strategy by combining
microwave heating with catalytic treatment in a carbon dioxide
(CO,) atmosphere. Compared to conventional nitrogen environ-
ments, CO, significantly enhanced the porous structure and heat-
ing value of the resulting carbon while reducing gas yield [86]. The
Ip/Ig ratio of the carbon decreased from 1.07 to 0.74 under CO,,
indicating a reduction in structural defects. Additionally, CO,
improved the surface roughness and pore development of the bio-
char, making it more suitable for downstream applications. These
findings on process parameters and the choice of gas environment
demonstrate how precisely microwave-assisted pyrolysis can be
specifically designed to produce carbon with specific pore
structures, providing valuable guidance for designing high-
performance carbon materials. Additionally, the ability to com-
plete carbonization in a significantly shorter timeframe makes this
method especially appealing for industrial-scale applications.

3.5 | Electrochemical Carbonization

Electrochemical carbonization is an emerging low-temperature
method for transforming cellulose into carbon-rich materials
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FIGURE 6 | Diagram (a) and thermal profiles (b) illustrating the process of microwave pyrolysis. Copyright 2024, Elsevier [86].
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using electrical energy. A current is applied across electrodes as
cellulose is immersed in an electrolyte solution. This process
causes electrochemical oxidation and subsequent breakdown
of the cellulose structure, primarily by removing hydrogen
and oxygen atoms, resulting in a carbon-rich product [87].
Unlike conventional thermal carbonization, which relies on high
temperatures, electrochemical carbonization operates at signifi-
cantly lower temperatures, typically ranging from room temper-
ature to ~200°C. Using electric current for decomposition
reduces the energy requirements and makes the process more
environmentally friendly. Additionally, the structural and chem-
ical properties of the resulting carbon can be precisely tailored by
varying electrochemical parameters, including applied voltage,
electrolyte composition, and reaction time.

In theory, such activation could involve electrochemical oxida-
tion, doping, or structural modification to change the thermal
degradation pathway of cellulose, thus enabling carbon creation
at lower temperatures [88]. However, no comprehensive or scal-
able method has been established yet. Current research is limited
to isolated proof-of-concept studies, which often focus on cellu-
lose derivatives and are mostly confined to laboratory-scale
experiments. These studies indicate the potential to modify
the chemical structure of cellulose through electrochemical pre-
treatments or the use of rapid electrical heating methods, such as
Joule heating. Nevertheless, these approaches do not yet provide
a practical replacement for traditional high-temperature carbon-
ization. Despite its promise, electrochemical carbonization
remains in its early development stage and requires further inves-
tigation to achieve scalable, high-yield carbon production with
properties suitable for specific energy storage applications.

The selection of a carbonization method for cellulose-derived mate-
rials largely depends on the desired structure-property relationship
and the target energy storage application. Each technique
(pyrolysis, hydrothermal, and chemical activation) offers specific
advantages in controlling pore architecture, surface chemistry,
and carbon ordering. For example, pyrolysis remains the most scal-
able route for producing porous carbons, while HTC enables the
preservation of hierarchical structures and oxygen functionalities.
Chemical activation, when optimized, enhances surface area and
ion-accessible porosity, whereas microwave-assisted provides rapid,
energy-efficient processing with tunable morphology at low temper-
atures. Rather than treating these methods as mutually exclusive,
combining them strategically (e.g., hydrothermal pretreatment fol-
lowed by activation) can yield carbons with synergistic textural and
electrochemical properties. Ultimately, rational method selection
should align with performance targets, such as conductivity, ion
diffusion, or structural flexibility, rather than focusing solely on
yield or cost. The following section discusses how these carboniza-
tion and activation routes translate into the fundamental structural,
chemical, and electrochemical properties of cellulose-derived car-
bon materials, and how such parameters govern their suitability
for various postlithium energy storage systems.

4 | Properties of Cellulose-Derived Carbon

The suitability of these carbon materials for postlithium energy
storage depends on their ion storage behavior, cycling stability,

and electrode—electrolyte interactions, which are directly deter-
mined by the morphology, crystalline structure (order), and sur-
face chemistry (functional groups) of the carbon. These
structural, chemical, and intrinsic properties are significantly
influenced by the composition, molecular structure, and mor-
phology of the biomass precursors, as well as the parameters
of the carbonization process. Hence, this section discusses the
properties and engineering strategies that support the develop-
ment of advanced carbon materials from cellulosic sources, along
with the essential tools for characterizing them.

4.1 | Optimal Chemical and Structural
Characteristics for Carbonization

The structural and chemical characteristics of cellulose-derived
carbons depend on the extent of carbonization, which can
be monitored or analyzed using complementary analytical
techniques that probe atomic structure, surface chemistry, and
morphological features of carbon. First, the degree of carboniza-
tion, which indicates the transformation of cellulose into carbo-
naceous material, is commonly assessed using Raman
spectroscopy, X-ray diffraction (XRD), and elemental analysis
[89, 90]. Typically, the I/Ig ratio derived from Raman spectra,
based on the peak intensities of the D-band (1380 cm™) and G-
band (1595cm™), provides information about the relative
amount of disordered and graphitic carbon structures [91].
Furthermore, to track the level of carbonization, elemental
microanalysis can be used to monitor the degree of carbonization
and measure the carbon-to-oxygen (C/O) ratio, which serves as a
measure of the progressive loss of oxygenated functionalities.
Second, crystallinity and graphitization, which influence the
electronic conductivity and structural stability of the carbon
material, can be analyzed using XRD. The appearance of char-
acteristic (002) graphitic peaks, indicating the formation of
ordered carbon domains after carbonization, can be observed
[89, 90]. Moreover, the interlayer d-spacing, which is crucial
for the ease of alkali-ion (Na*, K*) intercalation and storage,
can be measured using XRD. This can be further supported by
high-resolution transmission electron microscopy (HRTEM),
which reveals the ordered structure of carbon layers at the nano-
scale. The expansion of d-spacing in hard carbons derived from
cellulose enables the reversible insertion of larger ions, thereby
enhancing cycling stability. Thirdly, the functional groups pres-
ent after carbonization can be identified through FTIR and X-ray
photoelectron spectroscopy (XPS) analyses, which analyze resid-
ual oxygen- or nitrogen-containing groups [92]. These functional
groups are crucial for enhancing wettability, facilitating electro-
lyte penetration, and enabling surface redox activity, which is
particularly beneficial for pseudocapacitive contributions in
sodium- and potassium-ion storage.

Furthermore, microstructural features such as hierarchical
porosity are crucial for enhancing ion accessibility and charge
transport. The morphology and microstructure of the obtained
carbon materials can be analyzed using scanning and transmis-
sion electron microscopies (SEM/TEM). Then, porosity and sur-
face area, which determine the capacity for ion transport and
charge storage, can be quantified by BET analysis [93]. The pres-
ence of micro- and mesopores enhances the electrode-electrolyte
interface, increasing ion accessibility and facilitating rapid
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electrochemical reactions. Tuning the pore size distribution
through activation or templating strategies is essential for opti-
mizing rate performance and capacity retention. As it is, a bal-
ance between graphitization and porosity must be maintained to
ensure both electrical conductivity and enough active sites for ion
storage. These techniques reveal the retention of fibrous struc-
ture, pore development, and surface roughness, all of which
affect electrode-electrolyte interactions and mechanical stability.
As a result of controlled carbonization, the intrinsic properties,
such as electrical conductivity, mechanical stability, and thermal
stability, determine the functional performance of carbon elec-
trodes, especially in postlithium energy storage systems.

4.2 | Electrical Conductivity

The electrical conductivity of cellulose-derived carbon is primarily
influenced by its microstructure, which is shaped during the car-
bonization process. During thermal treatment, cellulose is trans-
formed into a carbonaceous material with a microcrystalline
structure, a key feature that facilitates electron transport [94]. In
this regard, even the degree of graphitization, porosity, and carbon

surface area is critical in assessing conductivity. Graphitization typ-
ically increases with higher carbonization temperatures, resulting
in enhanced conductivity due to the formation of more ordered car-
bon domains that facilitate efficient electron mobility. Additionally,
the presence of micropores and mesopores enhances electron trans-
fer pathways, further contributing to the overall conductivity of
the material, which is particularly beneficial for energy storage
applications.

Gelfond et al. [94] reported the preparation of highly conduc-
tive carbon fibers from biomass, as shown in Figure 7. They
demonstrated that high electrical conductivity carbon pro-
duced from bamboo cellulose can sequester 0.85 tons of carbon
per hectare of bamboo annually. Air-drying and performic acid
treatment were used to isolate microfibers from bamboo cellu-
lose. After stabilization and carbonization, conductive carbon
fibers were produced. The carbon fibers were joule-heated for
20-30 s at 2000°C to create graphitized carbon fiber. The result-
ing carbon fibers exhibited one of the highest electrical con-
ductivity values among biomass-derived carbon fibers,
measuring 25,300 £ 6,270 Sm ™", and showed perfect alignment
of nanofibrils [94].
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FIGURE 7 | A schematic illustrating the production of highly conducting cellulose-derived carbon fibers derived from bamboo (a—c), and

benchmarking of the obtained electrical conductivity of various biomass-derived carbons (d,e). Copyright 2023, Elsevier [94].
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The inclusion of heteroatoms, such as nitrogen, sulfur, or phos-
phorus, significantly enhances the conductivity of biomass-
derived carbon. For instance, nitrogen doping creates defects
in the carbon lattice that facilitate electron movement, thereby
increasing electrochemical performance by creating more active
charge storage sites. Conducting polymer particles based on N, P,
and S had similar effects on the electronic structure of carbon,
thus increasing overall conductivity. These dopants not only
improve intrinsic conductivity but also enhance the material-
solvent interface in electrochemical devices [95]. Therefore,
cellulose-based carbon materials containing heteroatoms have
better conductivity than those without.

4.3 | Mechanical Properties

Mechanical integrity and structural stability are supported by the
fibrous microstructure inherited from the native cellulose structure,
including hierarchical porosity and preserved morphology, which
enhances mechanical strength in derived carbon frameworks
[45, 46, 96]. Materials such as carbon nanofibres and aerogels, tem-
plated from nanocellulose precursors, demonstrate high structural
integrity and resilience when subjected to cycling or mechanical
stress [97, 98]. The retention of connected fiber networks also min-
imizes particle pulverization, preventing loss of electrical contact
during electrode expansion and contraction cycles.

The carbon materials obtained often exhibit good mechanical sta-
bility and resilience, especially those produced at higher temper-
atures, since increased carbonization and graphitization enhance
structural integrity. For example, Sporl et al. [99] showed that
using ammonium tosylate as a sulfur-based carbonization agent
at 1400°C significantly increased the tensile properties of
cellulose-derived carbon fibers, with a carbon yield of 37% (83%
of the theoretical maximum), tensile strength of 2.0 GPa, and
Young’s moduli reaching 84 GPa. Similarly, Vocht et al. [100]
applied a pressure-assisted stabilization method to produce carbon
fibers from cellulose as commercial tire cord fibers (TC-P) and air
gap-spun cellulosic fibers (HC-P). The stabilized fibers were con-
tinuously carbonized at 1400°C in a laboratory setting. Carbon
fibers generated exhibited tensile strengths of 2.8 GPa and
Young’s moduli of 112 GPa. However, mechanical performance
can vary significantly depending on porosity and surface defects.
While high porosity enhances properties such as adsorption and
ion transport, which are crucial for energy storage, excessive
porosity can compromise mechanical strength, resulting in brittle-
ness and fracture under stress. To address this, cellulose-derived
carbon can be reinforced by blending with polymers or metal
oxides, which improves mechanical integrity without sacrificing
electrochemical performance. This balance is particularly impor-
tant in applications such as supercapacitor electrodes and electro-
catalysts, where mechanical durability and conductivity are
required. Therefore, for highly reliable and long-term performance
of advanced energy storage systems, it is essential to optimize the
mechanical properties of cellulose-derived carbon [101].

4.4 | Thermal Properties

Carbon derived from cellulose can offer higher thermal conduc-
tivity due to increased graphitization and better alignment of the

carbon layers, allowing heat to transfer more easily within the
material [102]. Higher carbonization temperatures promote
the formation of graphitic domains, thereby increasing crystallin-
ity and reducing structural defects. This ordering enhances ther-
mal resistance by reducing the number of sites susceptible to
degradation at high temperatures. Consequently, cellulose-
derived carbon usually shows decomposition resistance above
600°C in inert atmospheres [103].

The thermal behavior of cellulose-derived carbon can also be influ-
enced by surface functional groups, including -OH, -COOH, and
oxygen-containing species. While these groups increase chemical
reactivity, they create thermally unstable sites prone to oxidation
or decomposition at high temperatures [104]. Therefore, postcar-
bonization chemical treatments for activation, such as KOH or
H3;PO,, may modify or remove these groups, thereby further
improving thermal stability. Additionally, heteroatom doping,
such as nitrogen or boron, strengthens the carbon lattice in
cellulose-derived carbon, enhancing its resistance to thermal
degradation and oxidation at high temperatures.

The porous structure and surface morphology of the material also
influence its performance in high-temperature environments.
Increased graphitization and better alignment of carbon layers
can enhance thermal conductivity, enabling more efficient heat
dissipation within the material [104]. However, the presence of
amorphous regions, structural defects, and phonon-scattering
sites in cellulose-derived carbon generally keeps its conductivity
lower than that of fully graphitized materials, such as graphite.
Overall, the interplay between crystallinity, surface chemistry,
and morphology determines the thermal durability and conduc-
tivity of cellulose-derived carbon, allowing these materials to be
tailored for demanding applications where both stability and
functional performance are essential.

4.5 | Tunability of Structural Properties

The physical properties of cellulose-derived carbon are determined
by the carbonization process and the inherent structure of cellulose
[105]. For example, the mechanical integrity of cellulose and the
specific conditions of the carbonization process contribute to the
robustness of the resulting carbon structure. Although lightweight,
cellulose-derived carbon can still maintain significant structural
strength, especially when preserving the original fiber network.
As shown in Figure 8, the structural properties of cellulose-derived
carbon stem from the hierarchical architecture of cellulose precur-
sors. During carbonization, the fibrous morphology of cellulose is
partially retained, resulting in a porous, interconnected carbon net-
work comprising crystalline and amorphous regions. Moreover, the
degree of crystallinity of native fibers increases with higher carbon-
ization temperatures and more rigorous processing conditions.

The carbonization of pretemplated or prewoven cellulose precur-
sor structures also helps to prepare carbon in sheet, woven, and
porous membrane structures. For example, Kuzmenko et al.
[112] introduced novel, environmentally friendly fiber materials
from cellulose that can be used as supercapacitor electrodes. To
create a composite CNF/carbon nanotube (CNT) electrode,
vapor-grown CNTs were applied to nanofibrous carbon nanofiber
mats. Compared to pure carbon nanofibers, the resulting composite

Small Structures, 2026

13 of 31

85U8017 SUOWIWOD BA1ES.D) 3|ed!|dde 8y} Aq peusenob afe 9 VO '8N J0 S9INJ 10} AReiq1T8UIIUO AS|IA UO (SUONIPUOD-PUR-SLLLBILS A8 1M AReq 1Pl juo//Sdny) SUONIPUOD pue swie | 841 89S *[9202/20/60] U0 Afeidi8uUliuO AS]IM *|10UN0D Yotesssy [EIIPSIN PUY UIESH [eUOIEN Ad TSS00S202 115S/200T 0T/I0p/uod A8 i Akeiqjpuluo//sdiy woiy pspeojumod ‘T ‘9202 '290v8892



l_._loﬂk”"—i

FIGURE8 | SEM images of various porous and carbon structures of cellulose in (a) bacterial cellulose. Copyright 2021, Elsevier [106], (b) rice husk.
Copyright 2022, Elsevier [107]. (c) peanut shell. Copyright 2023, Tech Science [108], (d) bamboo. Copyright 2024, Elsevier [109], (e) cotton. Copyright

2018, Elsevier [110], and (f) wood. Copyright 2021, Elsevier [111].

exhibited significantly higher conductivity and a substantially larger
surface area. Furthermore, Jayamani et al. [113] noted that the
physical properties of the carbon structures derived from cellulose
can vary depending on how they are woven or applied. The surface
area ranges from a few hundred to over a thousand square
meters per gram, depending on the activation method. This distri-
bution results from a porous structure composed of micropores
(<2 nm), mesopores (2-50 nm), and occasionally even macropores
(>50 nm) [105]. This distinct porosity profile is well-suited for appli-
cations in adsorption, catalysis, and energy storage. The porosity
can be adjusted through various activation processes, including
chemical activation with KOH or physical activation with gases
such as CO, or steam, to tailor the material for specific uses, such
as electrode materials in supercapacitors and batteries. Besides
porosity, bulk density and particle size are important physical prop-
erties of cellulose-derived carbon that affect its performance. These
carbons typically have low bulk density due to their high porosity,
making them lightweight and beneficial for applications [114].
Particle size control can be easily achieved through grinding or mill-
ing after carbonization. This influences how the carbon material
interacts with fluids or electrolytes in energy storage devices.
Moreover, carbon materials generally appear black and odorless,
with excellent dispersibility in various matrices, especially when
functionalized or doped with heteroatoms. All these physical prop-
erties, combined with their renewable and biodegradable origin,
make cellulose-derived carbon a versatile material for energy-
storage applications [115].

Overall, by controlling carbonization parameters, such as tempera-
ture, activation method, and precursor morphology, key attributes,
including porosity, interlayer spacing, graphitization degree, and
surface functionality, can be tailored to optimize ion transport,
conductivity, and mechanical resilience. For instance, expanded
interlayer spacing and hierarchical porosity facilitate the accommo-
dation of larger ions (Na™, K*, Mg?", and Zn>*), while heteroatom
doping (N, S, P, and B) introduces redox-active sites and enhances
electronic conductivity. The balance between amorphous and

graphitic domains, along with the retention of functional groups,
is essential for achieving high capacity, rate performance, and
cycling stability. Hence, cellulose serves not only as a renewable
feedstock, but also as a programmable scaffold (from nanocrystals
to aerogels or films), enabling the rational design of carbon archi-
tectures tailored for specific electrochemical functions.

5 | Applications of Cellulose-Derived Carbon in
Postlithium Energy Storage Technologies

Cellulose-derived carbon is widely used in various energy storage
technologies beyond lithium, including, but not limited to,
SIBs, KIBs, ZIBs, supercapacitors, and hybrid energy storage
systems [116]. For instance, sodium-ion and KIBs utilize electrode
materials that exhibit high capacity, excellent cycling stability, and
efficient ion transport due to their tunable porosity and carbon
arrangements, in addition to a high surface area [117]. The carbon
derived from cellulose generally exhibits stable electrode perfor-
mance in ZIBs because of its structural flexibility and electrochem-
ical stability in aqueous electrolytes. Additionally, it also plays a
significant role in supercapacitors by enhancing both power and
energy density, owing to its fast charge-discharge capability and
large surface area. Furthermore, further functionalization of
cellulose-derived carbon with functional groups or dopants opens
up a spectrum of applications, including the potential to tailor
properties for specific storage technologies beyond conventional
lithium-ion systems [118].

5.1 | Sodium-Ion Batteries (SIBs)

High-surface-area carbon derived from cellulose significantly
improves SIB performance, offering excellent pore structure
tunability and originating from a sustainable source [119].
Therefore, the value of cellulose-derived carbon as an electrode
is significant for SIBs because the relatively large ionic radius
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of sodium ions (Na*) exceeds that of lithium ions (Li*). Cellulose-
derived carbon, with its highly porous structure, provides suffi-
cient space for Na* diffusion and storage, thereby reducing the
risk of electrode degradation from the repeated insertion and
extraction of sodium ions [120]. Additionally, hierarchical poros-
ity, ranging from micro- to mesopores, enhances ion transport
pathways, facilitating faster kinetics and improved rate capability
in SIBs. Carbonization conditions dictate the electrochemical
characteristics of cellulose-derived carbon in SIBs. The degree
of graphitization is notably higher when cellulose-derived carbon
is pyrolyzed at high temperatures, resulting in improved electrical
conductivity, which is the most crucial factor for the performance
of a Na-ion battery. Conversely, lower-temperature pyrolysis
leaves oxygen-containing functional groups on the carbon surface,
which can enhance the interaction between Na* and the carbon,
resulting in increased reversible electrode capacity. Maintaining a
balance between a graphitic structure and retaining functional
groups is crucial for achieving optimal charge storage and high
cycling stability in cellulose-derived carbon for SIBs [121].

Notably, the potential of bio-derived nanoscale carbon materials
in enhancing the performance of SIBs has been demonstrated
[122-124]. A hard carbon was prepared from nanocellulose
extracted from Spinifex grass (Triodia pungens) after minimal

—h

pulping and carbonization [125]. The resulting carbon anode
exhibited an exceptional capacity for SIBs of 386 mAhg ™", attrib-
uted to its significant interlayer spacing (~0.39 nm), facilitating
sodium-ion storage [126]. The material also demonstrated excep-
tional cycling stability and rate capability, valuable for potential
next-generation battery applications. For sodium ions to be
accessible and stored effectively, carbon structures at the nano-
scale must be optimized, mainly through the control of interlayer
spacing and defect engineering. In this pathway, several studies
have focused on deconstructing cellulosic sources into nanoma-
terials as precursors for carbon electrode materials, including the
use of a microbial-chemistry-assisted approach to tailor the
resulting microstructure [127, 128].

Chemical pretreatments and activation in general enhance sur-
face area and pore volume, specifically increasing sodium storage
capacity. In our recent work, we have demonstrated that chemi-
cal pretreatment of lignocellulosic biomass can be effectively
employed to tailor the chemical composition and morphological
features of hard carbons for SIB storage. Using sugarcane bio-
mass as a feedstock, we have applied three distinct chemical pre-
treatments to selectively adjust the proportions of lignin,
cellulose, and hemicellulose before direct carbonization
(Figure 9). This strategy has enabled precise control over porosity
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FIGUREY9 | Schematic workflow and electrochemical performance of chemically pretreated sugarcane biomass-derived carbon anodes for sodium-

ion storage. (a) Schematic of delignification, (b-d) SEM image of sugarcane biomass) showing the gradual changes in morphology, (e,f) rate perfor-
mance, and cycling stability of bleached sugarcane annealed at various temperatures (e) and 800°C (f). Copyright 2022, Elsevier [129].
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and structural features, which are critical for efficient Na*
adsorption and intercalation. The optimised carbon anode
initially delivered a reversible capacity of 229 mAhg™". It main-
tained 189 mAhg™" at 100 mAg™" after 50 cycles, with an unusu-
ally low discharge voltage plateau below 0.5 V contributing ~74%
of the total capacity. The corresponding relative energy density
has reached 500 Whkg™ in the first cycle and has remained at
416 WhKg™" after 50 cycles. Remarkably, the material has exhib-
ited ultrastable cycling, showing almost no capacity fading over
2000 cycles [129]. Minimal volumetric change during sodiation
and desodiation, confirming that chemical optimization of the
lignocellulosic composition imparts a robust structural frame-
work capable of sustaining repeated Na* insertion and extrac-
tion. These findings have underscored our approach of using
chemical pretreatment to tune both the composition and mor-
phology of biomass-derived carbons, achieving long-life, high-
energy, and low-cost anodes for SIBs [129].

Our group further demonstrated the influence of heteroatom
doping as a powerful strategy to enhance the sodium storage
capability of cellulose-derived and other biomass-based hard
carbons by simultaneously modulating their structural and elec-
tronic properties. Codoping with nitrogen and sulfur, as demon-
strated in nanosheet-like sorghum biomass-derived carbons,
introduces abundant defect sites and heteroatom-rich functional
groups that serve as additional Na* adsorption centers while also
expanding the interlayer spacing to facilitate reversible interca-
lation [130]. Optimizing the carbonization temperature is crucial
for balancing heteroatom retention and graphitization, as studies
have shown that moderate temperatures (e.g., 600°C for N, S
codoped sorghum carbons) maximize reversible capacity and
conductivity. These materials have delivered reversible capacities
exceeding 250 mAhg™" and remarkable cycling stabilities, attrib-
uted to enhanced pseudocapacitive contributions, improved sur-
face wettability, and stable solid-electrolyte interphase (SEI)
formation. Density functional theory (DFT) calculations further
confirmed that N and S dopants reduced the Na* adsorption
energies and increased binding site densities, underscoring the
mechanistic basis for improved ion storage.

In this context, nitrogen-doped carbon serves as a good example,
where incorporating nitrogen into the carbon matrix introduces
defects that act as extra active sites for Na* storage, boosting over-
all capacity and charge-discharge efficiency. Conversely, phos-
phorus doping improves structural integrity, thereby reducing
the typical volume expansion associated with sodium insertion.
These doping strategies can also enhance the electronic conduc-
tivity of cellulose-derived carbon, resulting in improved rate
performance and increased cycling stability for long-term use. N/
S-doping is an alternative to N-doping for improving conductivity
and electrochemical performance. Xu et al. [117] developed hierar-
chical N/S codoped carbon microspheres, which are pyrolyzed com-
posite microspheres composed of cellulose/polyaniline (PANI). The
microsphere shape enables the current collector and active materi-
als to adhere more effectively, while a nanosized, interconnected
wall provides electron pathways and shortens the Na™ diffusion dis-
tances. However, the composite interface might hinder charge
transfer due to charge buildup.

Further, deconstructing cellulose into CNCs provides a highly
uniform, nanoscale precursor that translates into carbon with

finely tunable structural properties for sodium-ion storage. In
a recent study, CNCs were observed to offer a large specific sur-
face area and a well-defined rod-like morphology, enabling the
derived carbons to exhibit hierarchical porosity and an expanded
interlayer spacing, both of which are critical for accommodating
larger Na* ions (compared to lithium) through combined adsorp-
tion and intercalation. As shown in Figure 10, electrochemical
testing of Na-metal half-cells confirms that the sodium storage
behavior of these carbons is strongly structure-dependent.
Carbons produced at moderate carbonization temperatures
(~1500°C) achieve an optimal balance: sufficient surface area
to promote reversible sodium uptake, yet a level of structural
ordering that limits excessive SEI formation and capacity loss.
While high-surface-area carbons enhance both reversible and
irreversible capacities, their continuous SEI growth during
cycling leads to pronounced capacity fading. CNC-derived car-
bons thus provide a pathway to engineer carbon materials with
tailored porosity, controlled graphitic ordering, and optimized
surface chemistry, resulting in improved reversible capacity
and cycling stability in SIBs [131].

Codoping with N/S boosts sodium storage and rate capacity by
increasing the distance between carbon layers, raising the Fermi
level, and enhancing the electronic conductivity of the material.
Anode materials with high-rate capacity benefit from S-doping,
as it increases their electronegativities and electrochemical
activities [132]. Introducing S atoms into the sp? carbon framework
forms sulfur species such as thiol, thiophene, and sulfonic acid.
Jin et al. [133] pyrolyzed BC at 800°C and combined it with
S at 500°C in Ar, yielding 15wt% S-doped carbon nanofibers
(S-CNF). These delivered 257 mAhg™" at 8 Ag™", with improved
Na* storage due to nanovoids, defects, and S-doping. S-doping
reduced the bandgap, enhancing conductivity, while P-doping fur-
ther improved charge transfer and Na* adsorption through stronger
electron donation and bonding [134]. The P—C bond length results
in a pyramidal shape, disturbing the carbon plane and creating an
open-edge morphology. Phosphorus doping initially introduces
unstable states that oxidize over time. Tao et al. [135] synthesized
N, P dual-doped hollow carbon fibers/graphitic C3N,, achieving
93mAhg™ at 5Ag™" and 280 mAhg ™" at 0.1 Ag™", supported by
a conductive network. Boron (B) doping enhances Na™ interaction
by acting as an electron acceptor, thereby improving diffusion
dynamics. In contrast, F doping lowers the energy barrier for
Na™ inclusion [136]. However, there is no existing literature on
F-doped carbon derived from cellulose precursors.

After pyrolysis, cellulose-based materials retain their natural
structure and are capable of anchoring active nanoparticles.
However, they do not conduct electrons well. Charge transfer
in cellulose-derived carbon can be enhanced by combining con-
ductive materials. The internal structure and composition of car-
bon electrodes influence reaction rates and transfer processes.
Shi et al. [137] utilized graphene to initiate microwave-assisted
carbonization of CNF, resulting in a material with a discharge
capacity of 558 mAh/g and rate performance of 100 mAh/g at
a current density of 3.2 Ag™'. Combining cellulose precursors
with metal-organic frameworks (MOFs) enables a continuous
charge-transfer mechanism, thereby enhancing charge trans-
port. Li et al. [138] synthesized Co0;0,@N doped carbon
nanofibers (N-CNFs), a porous electrode with embedded
Co30, nanoparticles, through insitu growth and pyrolysis,
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FIGURE10 | Schematic workflow and electrochemical performance of CNC-derived carbon anodes for sodium-ion storage. (a) TEM image of CNCs

showing their uniform rod-like morphology, obtained by deconstructing natural cellulose. (b-d) Photographs of spray-dried CNC powder, carbonized
CNCs, and the fabricated CNC-derived carbon anode coated on Cu foil. The electrochemical properties were normalized to the mass of CNC in the
electrode. (e) First galvanostatic charge-discharge profiles of CNC-derived carbon anodes at 10 mA/g. (f) Breakdown of irreversible capacity, sloping
capacity (>0.2 V), plateau capacity (<0.2 V), and coulombic efficiency as functions of carbonization temperature, derived from (e). (g) Rate performance
of CNC carbons over 20-400 mAg ™", with C1500 exhibiting the highest reversible capacity (273 mAhg™" at 400mAg™). (h) Voltage profiles of C1500 at
different current densities, demonstrating minimal capacity fading and a stable low-voltage plateau. Values in parentheses denote average oxidation
voltages. (i) Cycling stability and coulombic efficiency of C1500 at 100 mAg~" over 400 cycles, confirming sustained capacity retention and >99%
coulombic efficiency. Copyright 2020, Elsevier [131].
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resulting in high rate capability and a discharge capacity of
205 mAhg™ at 3,200 mAg~". Adding metal nanoparticles, includ-
ing Co304, Fe30,4, CuO, and ZnO, to cellulose-based composites
increases their performance. He et al. [139] demonstrated that
combining hard and soft carbon enhances electrochemical per-
formance by coating soft carbon on hard carbon, which improves
rate capacity by decreasing SEI formation and oxygen-containing
defects. Hence, improved capacity and rate performance in car-
bon materials can be achieved by using hard and soft carbon.

Furthermore, cellulose-derived carbon shows promise as a
composite material with other active substances in SIBs.

By combining cellulose-derived carbon with metal oxides or sul-
fides, the synergistic enhancement of sodium storage capacity
and cycling performance can be achieved. The carbon matrix
provides conductive support to buffer the volume changes of
metal-based active materials during sodiation-desodiation pro-
cesses, thereby improving the mechanical integrity of the elec-
trode. Poly(methyl methacrylate) (PMMA), known for its ease
of processing and adjustable porosity, is often used to produce
cellulose-derived carbon. Wang et al. demonstrated a method
for combining BC and PMMA to form 3D porous composites
through thermally induced phase separation. PMMA pyrolysis
created micro- and mesopores, enabling better Na* diffusion

(a) § 09 3

Precursors O Sulfur @ FS/CS/NS
A
(b) 120 (c) (d) :
9001 ~ 1004 3 INg"
pomm et s o see et 100 o _
N S g 76.68 -
E = 801 Ist
g 600 4 ts0 2 70.03 E 2 ’Em
< & ~ 2 2
< Lo o & 601 3 — 405t
E 300 B = 4 S—
= e ¢ <
F o & = 01 z'] oo
= & IFCN & &0
& 049 Sds - S
v *—CCN 20 = 20 =
&—NCN gl < > 04 FON
T + - v 0 0 M v v
0 20 40 60 $0 100 -3 -y . 0 300 600 900
Cycle number(n) NCN CCN FCN Current(mAh g™')
(€)1 . , : : _ ),
B ¢ ==« —e—NCN ¢ Ag!
2 800 - ' p ' [ ] : ~
=) ‘ : : : )
é 0 4 - d S =2
2 . 1 t z
g 400 -~ : ;
b 51 . » >
2 - ] : : : ; : Z
S ] os il 2 8 s [ ] 1 ¢ oS E
g 4 ] : ] 4 0
T T T T Y t M v v
0 10 20 30 40 50 0 70 0 (;11“ /\(;n'l 900
) Cycle number(n) urrent(mAh g)
° IAg"
.
~~ 600 4 Long-term cyclmg
o0 — st
= 241mAh g-1 —0u
S 400 — 408U
— — 605t
= —— 80
g7 1008t
=
=4
!m .
u 0 . ¥ v 0 h'( \
T T T T 0 300 600 900
0 300 1200 1500 Curreni(mAh gy

600
Cycle Number(n)

FIGURE11 | (a)Schematic for the preparation of metal sulfide carbon composites; (b) cycling stability at a current density of 1 Ag™"; (c) comparison
of initial coulombic efficiency; (d) galvanostatic charge discharge of FCN, (f) CCN, and (h) NCN; (e) rate capability at various current densities;

and (g) long-term cycling stability. Copyright 2025, Elsevier [142].
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and a capacity of 380.66 mAhg™ at a current density of 0.03 Ag™*
[140]. BC ensured a stable conductive network, enhancing rate
performance. Wang et al. used unidirectional ice templating to
prepare vertically aligned carbon aerogels, which showed lower
charge transfer resistance due to their distinctive honeycomb
microstructure [141]. Merging cellulose with polymers helps
develop stable conductive networks and customizable ion chan-
nels, although controlling the detailed carbon structure remains
challenging.

In another study by Chen et al. [142] transition metal sulfides,
such as FeS, (FCN), CoS, (CCN), and NiS, (NCN), uniformly dis-
persed on carbon layers from carboxymethyl cellulose, were eval-
uated as anode materials for SIBs (Figure 11a). The study found
that optimizing metal cations improved crystallinity and particle
uniformity, with FCN exhibiting the best Na* diffusion, cycling
stability, and fast charge/discharge, delivering 536 mAhg™" at a

current density of 1 Ag™" after 100 cycles (Figure 11b). Although
FCN showed a lower initial coulombic efficiency of 70.03% due to
electrolyte decomposition and SEI formation (Figure 11c,d,fh)
from its high surface area, it achieved an initial charge capacity
of 594.2 mAhg™" and a discharge capacity of 850.7 mAhg™*, due
to the presence of nitrogen heteroatoms and the presence of C—S
bonds. Electrochemical analysis revealed that the charge storage
in FCN was dominated by pseudocapacitive behavior, with pseu-
docapacitive contribution increasing with scan rate, reaching
90.82% at 0.9 mVs ™" Despite limited Na* diffusion at high scan
rates, FCN maintained good rate capability and reversibility,
retaining 241 mAhg™" at a current density of 5 Ag™" after 1500
cycles, outperforming most reported iron sulfide-based anodes
(Figure 11e,g). This approach is scalable and has the potential
to be adaptable to other chemistries, which could accelerate
the development of cost-effective, high-power SIBs for grid
and large-scale energy storage applications.

TABLE 2 | Role of structural parameters, properties and morphologies of cellulose-derived carbon in various postlithium energy storage
technologies.

Carbon Structural/ Magnesium/Zinc-

material functional Sodium-ion Potassium-ion ion batteries (MIBs/

property role batteries (SIBs) batteries (KIBs) ZIBs) Supercapacitors

Surface area

Porosity (Micro/
Meso/Macro)

Provides active
sites for ion
adsorption

Enables ion
transport and

Enhances Na*
storage and rate
capability

Hierarchical pores
improve Na™*

Improves K*
accessibility and
charge/discharge

rates

Mesopores
accommodate large

Facilitates Zn**/Mg**
adsorption and
uniform deposition

Prevents dendrite
formation in ZIBs;

Boosts capacitance
via double-layer
formation

Enhances ion
diffusion and charge

electrolyte diffusion and K* ions; micropores  buffers Mg>* volume storage kinetics
access cycling store charge changes
Interlayer spacing ~ Reduces ion Expanded Turbostratic disorder Facilitates Mg** Not critical but may
diffusion d-spacing allows  supports K* insertion intercalation; aid hybrid systems
barriers reversible Na* with minimal strain  stabilizes Zn** storage
intercalation
Graphitization Improves Semi-graphitic Graphitic domains Improves electron Enhances
degree conductivity carbons balance  enhance K* transport transfer and conductivity for fast
and structural  conductivity and and cycle life suppresses passivation charge/discharge
integrity capacity
Surface Enhances Improves Na* Promotes K* binding  Anchors Zn** ions; Adds
functional groups wettability and adsorption and and reversible redox stabilizes aqueous pseudocapacitance
(-OH, -COOH) SEI formation electrolyte reactions electrolyte interface and improves
compatibility wettability
Heteroatom Introduces N/S/P doping N-doping enhances N-doping improves N/S/P doping adds
doping defects and boosts Na™ K" adsorption and ~ Zn** ORR activity; P/S  pseudocapacitance
(N, S, P, B) redox-active capacity and rate performance enhance redox and conductivity
sites conductivity behavior
Morphology Buffers volume CNC-based Fibrous networks Nanofibers buffer Aerogels offer
(Fibrous, changes and aerogels improve resist K*-induced Mg**/Zn** stress; ultralight, porous
Aerogels, shortens ion Na* cycling expansion improve mechanical structures for high
Nanosheets) paths stability stability power
Composite Enhances Carbon/metal Carbon/alloy Carbon/MnO, hybrids = Carbon/polymer/
formation conductivity sulfide hybrids composites stabilize ~enhance Zn** capacity oxide hybrids boost
(Carbon + Active and buffers improve Na* K" cycling and stability capacitance and
Material) stress retention durability
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For SIBs, we can identify that cellulose-derived carbons can
be classified into several unique roles, as also compared in
Table 2, (i) ion diffusion facilitators, where hierarchical poros-
ity and tunable interlayer spacing enable efficient Na™ trans-
port; (ii) conductive matrices, in which graphitic domains and
heteroatom doping (N, S, P, and B) improve electronic conduc-
tivity and create additional ion adsorption sites; (iii) surface
stabilizers, where oxygen-rich groups enhance electrolyte
wettability and help form a stable SEI layer; and (iv) structural
buffers in composites, where cellulose-derived carbon
frameworks combine with oxides, sulfides, or polymers to
accommodate volume changes during cycling. This classifica-
tion highlights how morphology control, surface chemistry,
and hybrid integration distinctly contribute to improved elec-
trochemical performance in SIBs.

5.2 | Potassium-Ion Batteries (KIBs)

The exploration of potassium-ion (K-ion) storage systems is gain-
ing momentum due to their cost advantages over lithium-ion
(Li-ion) counterparts, particularly in the context of graphite-
based intercalation compounds. However, graphite’s suboptimal
performance, mainly due to significant volume expansion during
K-ion intercalation, has prompted the search for alternative elec-
trode materials. Among these, cellulose-derived carbons offer
unique structural and chemical properties that address key chal-
lenges in KIBs, such as the large ionic radius of K* and potential
structural degradation during cycling.

The most important advantage of cellulose-derived carbon in
KIBs is its flexibility in designing the pore structure, which

Electrochemical performance in KIB (CL-1000)
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FIGURE 12 | Influence of functional group containing cellulose-derived carbon (CL-1000) pyrolyzed at 1000°C, on the KIB electrochemical perfor-
mance, (a) cyclic voltammetry, (b) charge-discharge curve, (c) rate tolerance, (d) cycling stability, and schematic views of K binding sites of (e) epoxide
(K-0: 2.35A), (f) hydroxyl (K-O: 2.62 A), (g) double-sided hydroxyl (K-O: 2.56 A), (h) O-doped graphene (K-O: 2.73 A), and functional groups at the
edge with side views: (i) hydroxyl of armchair graphene nanoribbon (AGNR), HO-AGNR (K-O: 2.80 A), (j) O-AGNR (K-0: 2.44 A), and (k) HOOC-
AGNR (K-O: 2.59 A), where the purple atoms are K, white are H, red are O, and grey are C. Copyright 2020, Wiley [143].
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can allow adequate penetration of larger K* ions [143].
Optimizing cellulose-derived carbon can yield materials with
increased mesoporosity by precisely modifying carbonization
conditions and precursor treatment. In a significant advance-
ment, we have demonstrated a simple, one-step pyrolysis process
(1000-1400°C) to synthesize trubostratic hard carbon from com-
mercially available cellulose for use in KIBs [143]. While higher
temperature pyrolysis (1300-1400°C) improved graphitization
(with a decreasing D/G ratio), it also reduced the surface area.
The carbon produced at 1000°C showed better K-ion storage
capabilities, due to an expanded interlayer spacing (~0.4 nm)
and a turbostratic structure rich in oxygen-containing functional
groups. These structural features help enhance K-ion storage,
resulting in high capacity, excellent rate capability, and long
cycle life with minimal volume changes (Figure 12a-d).

Both experimental and theoretical studies support that oxygen
functional groups on the carbon surface significantly enhance
K-ion storage capacity. Mechanistically, the expanded interlayer
spacing reduces steric hindrance, allowing ion insertion with
minimal volume change, which helps maintain capacity over
more than 1000 cycles at high current densities. Furthermore,
as shown in Figure 12e-k, improved performance is also linked
to strong K* binding with epoxide, hydroxyl, and carbonyl
groups. DFT calculations reveal that binding energies range from
—1.78 to —3.13 eV, all of which are stronger than the cohesive
energy of bulk potassium (—0.93 eV). This prevents K clustering
and ensures stable ion adsorption during extended cycling.
Notably, we found that K* does not form KOH upon interac-
tion with hydroxyl groups, unlike Na* in sodium-ion batteries,
which allows fully reversible redox processes on the surface.
Importantly, this study highlights the importance of
balancing surface functional groups and turbostratic domains.
As oxygen-containing functionalities increase capacitive contri-
butions and wettability, excessive amounts, especially strongly
binding species like -COOH, may cause partial irreversibility.
Compared to lithium and sodium, a relatively low diffusion coef-
ficient of potassium ions presents a challenge in KIBs. This can
be mitigated by optimizing the surface chemistry of carbon,
which features (OH and -COOH) functional groups, promoting
strong adsorption and interaction of K* ions within the cellulose-
derived carbon framework. These surface functional groups can
also improve electrode wettability, thereby enhancing electro-
lyte/active material contact. Such interactions are crucial for
achieving efficient charge transfer at the electrode-electrolyte
interface, thereby improving capacity and rate performance in
KIBs. Li et al. [144] reported a porous carbon nanofiber foam
derived from BC for improving KIB performance. The carbon
nanofiber foam electrode, characterized by a 3D porous struc-
ture, exhibits excellent rate capability and long-term cycling sta-
bility. It maintained a stable capacity of 158 mAhg™" after 2000
cycles at 1000 mAg™ and 122mAhg™ after 1000 cycles at
5000 mAg ™" The high surface area, combined with the high con-
ductivity of CNFs, offers abundant K-ion storage sites. Kinetics
analysis confirmed both capacitive and diffusion-controlled
charge storage, thus highlighting the potential of carbon nano-
fiber foam for sustainable energy storage.

Significant volume expansion during K" insertion specifically
contributes to electrode degradation in KIBs. Carbon derived
from cellulose acts as a flexible matrix that could buffer these

expansions. Its structure, resembling natural fibers, is crucial
for absorbing the mechanical strain caused by the repeated inter-
calation/deintercalation of the ions. The resilience of these
carbon-based electrodes enhances the cycle life of the batteries,
maintaining high capacity over many charge and discharge
cycles. Moreover, the lightweight nature of carbon reduces over-
all electrode density, which benefits the construction of energy-
dense yet lightweight battery systems. The structural tailoring of
cellulose-derived carbon is also critical for mitigating mechanical
stresses induced by the intercalation and deintercalation of K*
ions, thereby enhancing the structural integrity and electrochem-
ical stability. The ability to tune pore size also enhances faster
ionic transport, which is crucial for maintaining stable battery
operation at higher current densities. As illustrated in
Figure 13, Ojeda et al. developed cost-effective carbon electrode
materials from CNC, designed for K-ion energy storage [145].
Their synthesis incorporated both conventional annealing and
an expedited, energy-efficient microwave-assisted carbonization
technique. A 2-step, 4-min process utilizing ZnCl, activation
yielded microwave-produced micro/mesoporous carbon charac-
terized by a high specific surface area (SBET~1800 m’g™"). When
evaluated in symmetric supercapacitors using a 0.5M K,SO,
aqueous electrolyte, these CNC-derived carbons demonstrated
a reversible capacitance of ~66 Fg~* and maintained 83% of their
initial capacitance after 10,000 cycles.

In a notable contribution to KIB anode development, Ma et al.
[146] introduced nitrogen-doped carbon nanofibers derived from
BC through pyrolysis, aiming to enhance long-term K-ion storage
stability. The nitrogen-doped carbon nanofibers electrode
retained a reversible specific capacity of 81 mAhg™" after 3000
cycles at 1Ag™', showing a capacity retention of 71%. DFT
calculations suggest that nitrogen doping enhances K-ion
adsorption, thereby improving electrochemical performance.
Additionally, nitrogen-doped carbon nanofibers exhibited low
voltage plateaus during cycling and a high relative energy den-
sity, making them suitable for KIBs as anode materials. In
another approach, BC nanofibers served as scaffolds for forming
polypyrrole (PPy) composites, which, after carbonization, yielded
a 3D porous carbon network [147]. After carbonization, a 3D
porous carbon network with short-range ordered carbon is
formed for KIBs. Nitrogen doping from PPy enhanced electrical
conductivity and created active sites, thereby improving the
anodic performance. The carbonized BC@PPy (C-BC@PPy)
anode exhibited a capacity of 248 mA hg™! after 100 cycles at
50mAg™" and retained 176 mA hg™' after 2000 cycles at 500
mAg~'. DFT calculations indicated capacity was driven by
N-doped and defective carbon, as well as pseudocapacitance,
setting the path for future BC composites for energy storage.

Expanding the scope of cellulose-derived carbon to potassium-
sulfur batteries, Goswami et al. [148] introduced an eco-friendly
and biodegradable carbonized BC, modified with banana fiber, as
a free-standing and binder-free sulfur host for cathodes. The cell
utilizes the catholyte K,Sq for fabrication due to its high sulfur
loading and even distribution, but this process induces a potas-
sium side reaction. To address this, carbonized BC is applied as
an interlayer to reduce the polysulfide shuttle effect. The cell
achieves specific capacities of 437, 354, and 193 mAhg™' at
0.2, 0.7, and 1.2 C, respectively, with excellent long-term cycling
performance, retaining 78% of its capacity after 200 cycles at
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FIGURE 13 | (a) Illustration of the fabrication of nonactivated Fu and activated MW-1:4 samples and the various cell configurations utilized to

evaluate the electrochemical characteristics of the carbon compounds generated from CNC. (b) The right side displays capacitance retention at different

current densities for CNC-derived carbon electrodes synthesized with a CNC, ratio of 1:4 and various drying techniques before microwave (MW) syn-

thesis. In contrast, the left side displays cyclic voltammograms (CVs) of carbon samples prepared with varying CNC, ratios (1:5 to 1:1) at a cycling rate of

100 mVs ™. (c) The performance of CNC-derived porous carbon supercapacitors, made with an optimized CNC, ratio of 1:4, is evaluated at 5 Ag™" in

two-electrode symmetric cells using galvanostatic charge-discharge curves in aqueous electrolytes. Copyright 2024, Elsevier [145].

0.7C. Thus, these works demonstrate a cost-effective and
environmentally friendly method for creating high-performance
potassium-sulfur batteries.

Another key research area for cellulose-derived carbon in KIBs is
its integration with alloy-based active anode materials, such as Sn
or Si, which undergo significant volume changes during charging
and discharging. The carbon matrix helps buffer this expansion
and forms a conductive network, enhancing the electrode’s
overall conductivity when combined with cellulose-derived carbon.
This synergy contributes to more stable KIB performance. Such
advancements facilitate the development of more durable and effi-
cient energy storage systems, which are well-suited for large-scale
applications. This includes vital sectors such as grid storage and
electric vehicles, where KIBs are being intensively studied as a
potentially cheaper alternative to traditional Li-ion batteries.

For KIBs, cellulose-derived carbons also play unique and
classifiable roles: (i) accommodators of large K* ions, achieved
through expanded interlayer spacing and turbostratic disorder
that mitigate lattice strain; (ii) surface functional hosts, where
oxygen-containing groups aid ion adsorption and maintain wet-
tability; (iii) mechanical stabilizers, with fibrous carbon networks
providing resilience against severe volume fluctuations; and (iv)
conductivity enhancers in composites, particularly through nitro-
gen doping or coupling with alloy-type anodes, which improve
electron transport and cycling stability.

Cellulose-derived carbons synthesized at moderate pyrolysis tem-
peratures offer the most effective balance between expanded
interlayer spacing, turbostratic disorder, and oxygen-rich surface
functionalities, which collectively facilitate rapid and reversible
K™ storage with minimal structural degradation. These results
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emphasize that controlling the interplay between turbostratic
domains and specific oxygen groups (epoxide, hydroxyl, and car-
bonyl) is key to preventing irreversible reactions while maintain-
ing long cycle stability in KIB anodes.

5.3 | Zinc-Ion Batteries (ZIBs)

In recent years, carbon derived from cellulose has been consid-
ered a promising electrode material for ZIBs, addressing some
vital challenges associated with zinc-ion storage. One of the pri-
mary advantages of carbon is that it can serve as a host material
to accommodate relatively large and divalent Zn** ions during
charge and discharge cycles. The porous structure of cellulose-
derived carbon provides a pathway for efficient ion diffusion, fur-
ther reducing the kinetic sluggishness of Zn** migration within
the electrode [149]. In particular, this porosity is especially bene-
ficial in ensuring the uniform deposition of Zn>* during cycling,
preventing, for instance, dendrite formation in ZIBs, a potential
cause for short circuits and capacity fade.

Another important feature of cellulose-derived carbon for use in
Z1IBs is its chemical stability in aqueous environments. Typically,
ZIBs operate with aqueous electrolytes and often encounter
issues such as electrode corrosion or passivation with conven-
tional materials. However, the natural hydrophobicity and
surface chemistry of cellulose-derived carbon, especially after
carbonization and proper modification, further enhance its resis-
tance to electrolyte-induced degradation. Carbon surface func-
tional groups serve as sites for Zn®* adsorption, enabling
reversible zinc ion storage and improving capacity and cycling
stability [149]. Another challenge in ZIBs is electrode stability
during zinc ion insertion and extraction, which cellulose-derived
carbon helps to address. The flexible, fiber-like nature of the cel-
lulose carbon matrix provides excellent mechanical stability by
helping to buffer the volume changes associated with zinc ion
intercalation. This becomes important for preventing electrode
cracking or delamination over repeated cycles [150]. This is a cru-
cial factor for the commercial development of ZIBs, as the struc-
tural integrity of cellulose-derived carbon enables high
reversibility and longer cycling life. Its lightweight structure
decreases the overall electrode mass, making it beneficial for
applications that require high energy density.

Beyond its role as an electrode material, cellulose-derived carbon
exhibits excellent performance in composite systems combined
with other active materials for zinc-related applications. For
example, when paired with metal oxides such as MnO,, it creates
hybrid electrodes with enhanced electrochemical activity. In
these composites, cellulose-derived carbon functions as a conduc-
tive backbone, facilitating electron transport and controlling the
volume expansion of the metal oxide during zinc-ion cycling. The
synergy between cellulose-derived carbon and active zinc species
enhances capacity and cycling stability in ZIBs. This boost in rate
performance makes them more suitable for applications such as
grid energy storage or large-scale backup power. For instance, as
shown in Figure 14, Liang developed a nitrogen-doped carbon
nanofiber aerogel electrocatalyst for the oxygen reduction reac-
tion (ORR) from BC. This aerogel features 5.8 at.% N-containing
active sites and a 916 ng_l BET surface area, and hence dem-
onstrates a range of desirable ORR activity, selectivity, and

stability in alkaline media [150]. The nitrogen-doped carbon
nanofiber aerogel outperforms many metal-free catalysts. Its per-
formance rivals that of Pt/C in Zn-air batteries, underlining its
potential as a sustainable alternative to fuel cells and metal-
air batteries.

Cellulose-derived carbon offers a porous, flexible, and chemically
active framework that enables stable Zn?** storage, prevents
dendrite formation, buffers volume changes, and enhances elec-
trochemical performance, making it a promising material for
high-performance zinc-based batteries.

5.4 | Magnesium-Ion Batteries (MIBs)

Carbon derived from cellulose has emerged as a promising can-
didate for applications in MIBs, overcoming many issues associ-
ated with the divalent nature of Mg”* ions. Among the key
challenges in MIBs, poor Mg>* diffusion in electrode materials
cannot be overlooked, which is closely related to the high charge
density and the relatively large ionic radius. The porous structure
of cellulose-derived carbon, which can be tuned across a wide
range, provides sufficient pathways for Mg>* transport and stor-
age, enabling fast ion diffusion. Consequently, it enhances the
kinetics of magnesium insertion and extraction. Micro and
mesopores within the hierarchical pore structure improve
Mg®* ion mobility, addressing one of the major hurdles in
developing MIBs.

Electrode material selection in MIBs is crucial, as strong interac-
tions between Mg>* ions and the host matrix can cause sluggish
ion intercalation. The surface properties of cellulose-derived car-
bon can be tailored to improve interaction with Mg>* without
significantly increasing the binding energy, enabling reversible
magnesium storage. In this context, an effective carbonization
and post-treatment activation process can preserve functional
groups such as -OH and -COOH in cellulose-derived carbon,
which facilitates Mg>" adsorption and enhances charge storage
capacity. Additionally, surface modification can enhance electro-
lyte compatibility, thereby stabilizing the electrode-electrolyte
interface and ensuring good cycling performance in MIBs.

Recent studies have leveraged these advantages to develop high-
performance MIB anodes. For example, Liu et al. synthesized
CNCs within bimetallic Bi-Sn micro/nanospheres (CNC-
CA@BIi-NS) (Figure 15), using ion-induced gelation and in situ
thermal reduction, embedding CNC-CA@BIi-NS [151]. The elec-
trode, used as an anode for MIBs, exhibited a high reversible spe-
cific capacity of 334 mAh/g after 100 cycles at 100 mAg ™, with a
superior rate performance and a long cycle life of 187 mAhg™. A
capacity fade rate of 0.099% per cycle was achieved over 500
cycles at a current density of 1 Ag™". Specifically, carbon matrices
enhance Mg”* transport and buffer volume changes that enable
this degree of performance. The dual-phase microstructure and
the 3D nanoporous structure, along with carbon matrices, are
deemed a promising strategy to achieve a biphasic Bi-Sn-
combined 3D carbon aerogel. In another study, Cheng et al.
[152], developed a unique CNC-derived carbon aerogel hybrid,
with Bi nanosphere (4-9nm) attached to the carbon matrix
(CNC-CA@Bi-NS) to develop an anode for MIBs. Their approach
utilized ion-induced gelation and insitu thermal reduction to
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FIGURE 14 | Nitrogen-doped carbon nanofiber aerogels are illustrated. (a) Schematic illustration shows the process: (1) Large BC pellicles are
produced via industrial microbial fermentation, (2) BC aerogels are formed by cutting and freeze-drying, and (3) black nitrogen-doped carbon nanofiber
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minimize volume changes and prevent agglomeration during
magnetization. After 100 cycles, the CNC-CA@Bi-NS electrodes
displayed a reversible specific capacity of 346 mAhg™'. This
signifies another promising approach to constructing high-
performance MIB anodes with Bi-based materials, which exhibit
nearly 100% coulombic efficiency after 5000 cycles at 2.0 C.

One of the key advantages of cellulose-derived carbon in MIBs is
its structural stability, which allows it to withstand the mechanical
stresses associated with magnesium intercalation. Unlike monova-
lent ions such as Li* or Na™, the divalent Mg** ions exert consid-
erable stress on electrode materials. The natural fibrous structure
inherited from cellulose enables these types of carbon materials to
absorb stresses, which helps prevent electrode degradation
over multiple charge-discharge cycles and ensures long-term
cycling stability for MIBs, without the volume changes and
mechanical failure that often occur with other electrode materials.
Moreover, cellulose-derived carbon has been utilized in composite
structures for MIBs, where it serves as a conductive matrix to host
magnesium-active materials, such as metal sulfides or oxides. In
these hybrid systems, cellulose-derived carbon enhances overall
electrode conductivity and mitigates the significant volume expan-
sion commonly observed in magnesium-active materials during
cycling. This combination has enhanced rate capability and capac-
ity retention in MIBs, paving the way for more energy-dense and
efficient magnesium-ion storage systems. Notably, cellulose-
derived carbon leads the way in developing high-performance
next-generation MIB technologies. Cellulose-derived carbon is a
highly promising anode material for magnesium-ion batteries,
offering hierarchical porosity for efficient Mg®* diffusion, surface
functional groups for reversible ion adsorption, and a fibrous

structure that buffers mechanical stress. When used in composites
with Mg-active materials, it enhances conductivity, mitigates vol-
ume expansion, and improves cycling stability and rate perfor-
mance, making it ideal for high-performance, long-life MIBs.

5.5 | Supercapacitors and Emerging Energy
Storage Systems

The tunable properties of cellulose-derived carbon make it a ver-
satile candidate for supercapacitor as well [22]. To this end, car-
bon properties play a central role in advancing supercapacitor
technologies, particularly hybrid systems that bridge the gap
between batteries and traditional capacitors. The characteristics
mentioned above, particularly the large surface area, enable
rapid ion adsorption and desorption, which is a key criterion
to achieve high power density [45]. Moreover, its chemical
stability and structural flexibility enable integration with
pseudocapacitive materials, such as transition metal oxides, to
significantly enhance the charge storage capacity. Its surface
chemistry is another crucial factor that affects performance.
Depending on the temperature and atmosphere used, -OH/-
COOH groups reside on the surface during the functionalization
and carbonization process. These oxygen-containing groups
enhance the wettability of the carbon surface, facilitating
better electrolyte penetration and improved ion transport [44].
Additionally, these functional groups could contribute a
Faradaic component to the overall capacitance as pseudocapaci-
tance. Although most supercapacitors store charge through elec-
trostatics, pseudocapacitance is another method for further
improving energy storage capacity [153].
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Our recent studies on sorghum-derived biocarbon have demon-
strated how the structural and compositional diversity of ligno-
cellulosic biomass directly governs the characteristics and
electrochemical performance of the resultant carbon materials.
By partitioning sorghum (Sugargraze) biomass into leaf, sheath,
and stem sections, we identified distinct carbon morphologies
linked to the varying lignin, cellulose, and ash contents of each
component [44]. The leaf, rich in lignin and ash, produced car-
bon with higher crystallinity and graphite-like domains, whereas
the sheath, with higher cellulose content, yielded thinner gra-
phitic layers, larger interlayer spacing, and enhanced porosity.
The bottom stem generated the highest carbon yield (30%)
with more disordered, turbostratic structures, while the upper
stem produced carbon of lower porosity and surface area.
Complementary work using chemically refined sorghum bio-
mass further clarified these relationships: cellulose-rich precur-
sors, achieved through mild alkali or bleaching treatments,
yielded carbons with superior surface area, pore volume, and
capacitance values of up to 140 F g™ after activation, matching
or surpassing those of commercial activated carbons. In contrast,
lignin and hemicellulose were shown to impede electrochemical
performance, despite aiding in graphitization [45]. Together,
these studies reveal that careful biomass selection and composi-
tional tuning of sorghum feedstocks can strategically tailor the
porosity, graphitic order, and capacitance of biocarbons, also
highlighting sorghum, like agricultural crop residues, as sustain-
able and tunable precursors for high-performance energy storage
materials.

Recent studies have demonstrated that doping cellulose-derived
carbon with heteroatoms, such as nitrogen, phosphorus, and sul-
fur, can further enhance electrochemical performance [154].
While nitrogen doping introduces defects in the carbon structure
that act as active sites for ion adsorption, enhancing conductivity,
sulfur and phosphorus create redox-active sites that contribute
additional pseudocapacitance. Similarly, the introduction of
sulfur and phosphorus dopants can create redox-active sites
on the carbon surface, thereby contributing additional pseudoca-
pacitance. These doping techniques enable the precise tailoring
of cellulose-based carbons to meet specific performance goals,
such as high energy density or fast charge-discharge cycles [155].

Furthermore, combining cellulose-derived carbon with other
electrode materials can produce hybrid supercapacitors with
superior performance. For example, composites of cellulose-
derived carbon with metal oxides, such as MnO,, or conducting
polymers, such as PANI, have demonstrated improved specific
capacitance and cycling stability in supercapacitors [156]. The
carbon matrix serves as a conduction network, facilitating elec-
tron transport and absorbing volume changes associated with the
redox reactions of metal oxides or polymers. In this hybrid sys-
tem, the benefits of both materials are combined: the rapid ion
transport of carbon and the high capacitance of the redox-active
components result in supercapacitors with enhanced energy stor-
age capacity and fast charge-discharge capabilities.

In aluminume-ion batteries (AIBs), the trivalent aluminum ion
(AI*") presents challenges due to its large ionic radius and high
charge density, which hinder ion diffusion and storage [157].
Cellulose-derived carbon offers a promising solution. The highly
porous structure will facilitate efficient ion transport, enhancing

rate performance. Additionally, the carbon matrix helps buffer
volume changes during cycling, resulting in enhanced cycle life
and improved overall battery stability [158].

In lithium-sulfur batteries, polysulfide dissolution is a major
hurdle that leads to capacity fading and poor cycle life. The
porous structure of cellulose-derived carbon can trap polysulfide
intermediates, preventing them from dissolving into the
electrolyte and thereby mitigating shuttle effects [159]. This can
help extend the lifespan and improve overall -efficiency.
Additionally, the large surface area may provide abundant
sites for sulfur deposition, enabling higher sulfur loading and,
consequently, higher energy density. The enhanced electrical
conductivity through the carbon matrix may lead to improved
charge transfer and a more efficient use of the sulfur-active
material.

Beyond energy storage, cellulose-derived carbon is being explored
in capacitive deionization (CDI) for water desalination [160, 161].
In CD], these carbons effectively adsorb ions for water desalination
under an applied electric field, resulting in improved ion removal
due to their hierarchical pore structures [162]. Hybrid devices that
combine CDI with energy storage are also under investigation,
offering the potential for simultaneous desalination and energy
recovery.

Overall, the electrochemical performance of batteries and super-
capacitors is closely governed by the interplay between porosity,
degree of graphitization, interlayer spacing, and surface function-
alities. As compared in Table 2, in SIBs, an expanded interlayer
spacing and hierarchical porosity are crucial for accommodating
the larger Na™ ions, while heteroatom doping enhances elec-
tronic conductivity and reversible capacity. For KIBs, a moderate
level of turbostratic disorder and oxygen-rich surfaces promote
reversible K™ adsorption and alleviate structural strain during
cycling. In magnesium- and zinc-ion batteries, fibrous carbon
morphologies with abundant surface functional groups buffer
mechanical stress and facilitate stable ion transport, particularly
in aqueous electrolytes. Meanwhile, supercapacitors rely on high
specific surface area and optimised pore distribution to ensure
rapid ion diffusion and efficient charge storage, often supported
by pseudocapacitive effects from heteroatom doping. Hence, the
tunable nature of cellulose-derived carbon makes it a promising
and sustainable platform adaptable to diverse electrochemical
systems. However, despite these advantages, challenges remain
in achieving precise structural control, scalable production,
and long-term stability under different ion chemistries.
Addressing these limitations is critical, as described in the follow-
ing section.

6 | Challenges and Future Works

A major challenge in producing cellulose-derived carbon for
postlithium energy storage technologies is scalability. While
diverse synthesis methodologies, including pyrolysis and
HTC, are effective in producing high-quality carbon materials,
significant concerns persist regarding their scalability for
large-scale industrial deployment. Importantly, these production
processes involve tightly controlled conditions that are typically
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energy-intensive and time-consuming, such as slow pyrolysis and
HTC. Future development must focus on designing more energy-
efficient, cost-effective, and scalable methods to enable the wide-
spread use of cellulose-derived carbon in energy storage [163].
This will require improving reactor design, optimizing process
efficiency, and adopting continuous production methods. The
refinement of structural and electrochemical properties of
cellulose-derived carbon remains a key challenge. While such
materials often have adjustable porosity, surface area, and con-
ductivity, tailoring them for specific battery chemistries, such as
SIBs or KIBs, is a complex process. For example, although high
porosity can enhance ion transport and storage, excessive poros-
ity may lead to structural instability and lower energy density.
Additionally, carbonization often leaves the carbon surface rich
in oxygen-containing functional groups, which can either posi-
tively or negatively influence the electrochemical performance.
Future efforts should aim to optimize synthesis parameters, such
as temperature and activation conditions, to better customize
cellulose-derived carbon for enhanced performance in various
post-lithium storage systems [160].

Another challenge is the compatibility of cellulose with various
electrolytes and electrode configurations. In postlithium technol-
ogies, such as SIBs and ZIBs, the efficiency, durability, and safety
of the battery largely depend on the behavior of the electrode/
electrolyte interface [164]. Cellulose-derived carbon often lacks
the necessary chemical stability or conductivity for specific elec-
trolytes. Furthermore, the long-term cycle stability of these car-
bon materials should be evaluated, as their efficiency typically
decreases during continuous charge and discharge cycles.
Additionally, surface modification and doping techniques involv-
ing heteroatoms require further research to enhance electrolyte
compatibility and achieve high cycling stability. Environmental
and economic factors must also be considered for cellulose-
derived carbon. Although these materials are inherently sustain-
able due to their biomass origin, it is crucial to carefully assess
their carbon footprint, energy use, and waste management
throughout the production process. Ultimately, utilizing low-cost
and abundant biomass feedstocks while developing low-energy,
waste-reducing synthesis methods will enhance the economic
viability of cellulose-derived carbon for practical energy storage
systems. The approach should incorporate green chemistry prin-
ciples to improve the production process and ensure that carbon
derived from cellulose remains a sustainable option for the future
of postlithium energy storage.

7 | Conclusions

Cellulose-derived carbon holds significant promise for trans-
forming energy storage beyond lithium-ion battery technology,
due to its renewable source, versatile properties, and eco-friendly
manufacturing. It can be implemented in new technologies, such
as sodium, potassium, and zinc-ion-based batteries, as well as
supercapacitors, where it has the potential to improve capacity,
rate capability, and cycle stability. Various synthesis methods,
such as pyrolysis, HTC, and activation, allow customization of
shape, porosity, and surface chemistry to suit specific energy
storage needs. Nonetheless, challenges remain in large-scale pro-
duction, structural refinement, and long-term stability within

different systems, despite their advantages. Future research
should focus on scalable synthesis, lifecycle analysis, and integra-
tion with emerging chemistries, such as calcium-ion and dual-ion
batteries. Overcoming these hurdles requires focused efforts on
cost-effective and scalable methods, as well as an understanding
of the electrochemical performance of carbon in postlithium
contexts. As the industry moves toward sustainable high-
performance materials, cellulose-derived carbon could lead the
biochar movement, promoting greener and more efficient energy
storage solutions.
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