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Abstract

The rapid development of sustainable energy technologies has intensified the demand for cost-
effective and high-performance energy storage systems. Sodium-ion batteries (SIBs) are regarded as
one of the most promising alternatives to lithium-ion batteries (LIBs) owing to their low cost, abundant
sodium resources, and similar electrochemical mechanisms to LIBs. Hard carbon (HC) has attracted
significant attention as the predominant anode material for SIBs due to its low cost, structural tunability,
and availability from diverse precursors. Nevertheless, challenges remain, including the unclear Na*

Keywords: storage mechanism, limited rate capability, and strong dependence on precursor type. This review

Sodium-ion batteries; systematically summarizes recent advances in HC anodes for SIBs, focusing on their structural features
Biomass-derived precursors; and Na* storage mechanisms, including intercalation—adsorption, adsorption—intercalation, pore-filling,
Hard carbon; and combined models. Moreover, the influence of different precursors—agricultural and forestry by-
Energy storage products, marine biomass, and industrial wastes—on the microstructure and electrochemical performance

of HC is analyzed. Finally, the advantages, limitations, and potential strategies for the rational design

1. Introduction

Energy is inextricably linked to human life, and global energy
demand has been rising continuously since the Industrial Revolution
[1]. Conventional energy sources, such as natural gas, fossil fuels,
and coal, remain the dominant contributors. However, the excessive
consumption of these non-renewable resources has led to severe
ecological degradation and the looming threat of energy depletion
[2]. Consequently, energy has become one of the most critical barriers
to sustainable global development. In the context of global “carbon
neutrality” targets, the establishment of new energy systems is
imperative, with renewable and clean alternatives—including solar,
nuclear, wind, and hydrogen energy—expected to gradually replace
fossil fuels [3]. Nevertheless, despite their promise, these renewable
energy sources face intrinsic challenges such as intermittent supply,
operational variability, and geographical dependence [4]. Therefore,
the development of advanced, large-scale, and sustainable energy
storage technologies has become critically important.

Among energy storage technologies, secondary batteries play a
pivotal role. Lithium-ion batteries (LIBs), in particular, dominate the
market owing to their high energy density, high efficiency, relatively
high operating voltage, long cycle life, and negligible memory effect
[5]; they are widely applied in portable electronics (e.g., laptops and
smartphones) and electric vehicles. However, the rapid growth
of electric vehicle markets has drastically increased the demand for
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of HC are discussed, highlighting opportunities for the development of next-generation SIBs.

lithium resources. The natural abundance of lithium is limited to only
0.0065% of'the Earth’s crust [ 7], and its distribution is highly uneven,
with most reserves concentrated in South America [8]. As a result,
the long-term development of LIBs is hindered by escalating costs,
resource scarcity, and restricted potential for large-scale energy storage
applications.

To address these limitations, researchers have turned their attention
to sodium-ion batteries (SIBs). Sodium, located in the same group
as lithium in the periodic table, shares similar physical and chemical
properties [9]. More importantly, sodium is abundantly available,
comprising about 2.83% of the Earth’s crust [10], which is 435 time
greater than lithium reserves. Consequently, SIBs have attracted
significant attention as an environmentally friendly alternative to
LIBs [11]. In fact, the “EU Energy Storage Plan” identifies SIBs as
a leading candidate in the secondary battery field, second only to
LIBs. Nevertheless, the commercialization of SIBs has been relatively
slow, largely due to the lack of suitable anode materials [12]. Since
electrode materials are fundamental to energy storage and conversion,
directly influence cost and performance, the design of efficient anode
materials is crucial for advancing SIB technology.

To date, several types of anode materials have been investigated
for SIBs, including alloy-based [13], conversion-based [14], and
insertion materials [15]. Alloy-type anodes, composed of elements
such as Bi, Sb, Sn, Ge, Pb, P, and Si, can form alloys with sodium
[16]. These materials often exhibit high theoretical capacities and
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operate around 1.0 V (vs. Na/Na®), as each metal atom can combine
with multiple sodium atoms [17]. Despite these advantages, alloy-
type anodes suffer from severe volume expansion during charge—
discharge cycles, which compromises structural integrity and cycle
stability. The result leads to electrode pulverization, repeated solid—
electrolyte interphase (SEI) formation, and rapid capacity fading [17,
18]. Conversion-type materials—including transition metal oxides
[14], transition metal sulfides [19], transition metal phosphides [20],
and transition metal selenides [21]—store Na* through conversion
reactions and offer high theoretical specific capacities. However,
they face similar challenges, such as large volume changes, sluggish
Na* diffusion kinetics, and poor cycling stability [22].

In contrast, insertion-type materials—typically titanium-based
compounds [23] and carbon-based components [15]—allow reversible
Na* insertion/extraction. They are generally low-cost, structurally stable,
and exhibit good cycling performance at low operating voltages. Carbon-
based materials are especially promising because they can take on
many different shapes, have tunable microstructures, are very conductive,
and are chemically stable [24]. Biomass-derived hard carbon (HC),
in particular, offers additional benefits such as low cost, abundant raw
materials, simple synthesis routes, and environmental sustainability,
making it a highly attractive candidate for SIB anodes [25].

Nevertheless, despite these advantages, biomass-derived HC
still faces several challenges. These include poor rate capability,
low initial Coulombic efficiency (ICE) [26], and an unclear sodium-
storage mechanism [27]. Although many studies have attempted to
elucidate the Na* storage behavior of HC, debates remain regarding the
mechanisms at different voltage ranges [28]. Moreover, the precursor
plays a decisive role in determining the electrochemical properties
of the final HC product. Biomass precursors derived from various
sources exhibit distinct pore structures, compositions, and heteroatom
content (e.g., oxygen, nitrogen, sulfur, and phosphorus) [29]. Therefore,
effective utilization and recycling of waste biomass for HC production
is essential not only for energy storage applications but also for advancing
societal sustainability.

In this review, we aim to provide a comprehensive overview of
biomass-derived HC anodes for SIBs. Specifically, we: (1) examine
and compare the structures and properties of graphite, soft carbon,
and HC; (2) analyze and contrast different sodium-storage models
proposed for HC, including the intercalation—adsorption, adsorption—
intercalation, adsorption—pore filling, and hybrid models; and (3)
summarize the influence of various biomass precursors, including
agricultural and forestry byproducts, marine-derived sources, and
industrial wastes, on HC performance. By consolidating these
perspectives, this review seeks to offer theoretical guidance for
understanding sodium-storage mechanisms in HC and give suggestions
for the rational design of high-performance, biomass-derived HC
anodes for next-generation SIBs.

2. The structure and the mechanism of hard carbon
2.1 Structure of carbon-based materials
Carbon is a historically and technologically important element,

widely employed in energy storage systems due to its cost-effectiveness,
high conductivity, and stable electrochemical properties [30]. Carbon
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materials can be classified according to their crystallinity and structural
dimensions, which are closely related to their electrochemical behavior.
Based on crystallinity, carbon materials are generally divided into
amorphous carbon [31], turbostratic carbon, and graphitic carbon [32],
as shown in Figure 1(a—c). Amorphous carbon exhibits highly disordered
atomic arrangements with abundant defects and random pore structures.
Turbostratic carbon consists of short-range ordered graphene layers,
while adjacent layers are randomly rotated and misaligned without
long-range stacking registry. Graphitic carbon, in contrast, is composed
of well-aligned sp? layers with high crystallinity and long-range order.
These structural differences critically influence electronic conductivity,
interlayer spacing, ion diffusion, and charge storage behavior [30].
These classification schemes provide a comprehensive framework for
understanding the structure—electrochemical performance relationships
of different carbon anode materials in SIBs.

Carbon materials can also be classified according to their structural
dimensionality, including zero-dimensional (0D, e.g., carbon dots
and nanospheres), one-dimensional (1D, e.g., carbon nanotubes and
nanofibers), two-dimensional (2D, e.g., graphene and graphene nano-
sheets), and three-dimensional (3D, e.g., porous carbon frameworks
and aerogels) architectures (Figure 1(d-f)) [33]. Dimensionality affects
electron and ion transport pathways, surface area, and pore network
connectivity, which are essential for optimizing electrochemical
performance. For example, 1D and 2D carbons facilitate rapid electron
transport along extended networks, whereas 3D porous carbons provide
interconnected ion diffusion channels and abundant electrolyte-accessible
active sites [34].

Among various carbon materials, graphite, soft carbon, and HC
are the most representative anode materials for the batteries. Since
the commercialization of LIBs with graphite anodes in 1991, graphite
has remained the most prevalent anode material due to its uniform
interlayer spacing (0.335 nm) and ability to form LiCs, with a theoretical
capacity of 372 mAh-g! (Figure 2(c)) [35]. In comparison, Figure 2(a)
highlights the structural similarity between LIBs and SIBs, as lithium
and sodium exhibit comparable physicochemical and electrochemical
properties [9]. However, Na™ intercalation into graphite is limited.
The NaCs4 compound exhibits a low capacity (~34.9 mAh-g™), due to
the larger ionic radius of Na* (0.102 nm) compared to Li* (0.076 nm)
(Figure 2(b)), which hinders intercalation and renders Na—graphite
intercalation compounds thermodynamically unstable [36-38]. Soft
carbon is a non-graphitic carbon material whose microstructure typically
consists of turbostratic graphene layers. It can be partially graphitized
under high-temperature treatment. Although the enlarged interlayer
spacing compared with graphite allows limited Na* insertion, soft
carbon generally exhibits moderate reversible capacity and lower
cycling stability in SIBs (Figure 2d).

In contrast, HC (non-graphitizable carbon) contains turbostratic
microdomains embedded in a highly disordered amorphous matrix
and cannot be graphitized even at high temperatures (Figure 2(e)) [39].
The combination of short-range ordered domains and disordered
regions with abundant defects and nanopores provides multiple sodium
storage sites, including adsorption, intercalation, and pore-filling [39].
Consequently, HC exhibits higher reversible capacity (~300 mAh-g™),
low sodium storage potential, good cycling stability, and compatibility
with diverse low-cost precursors, making it the most promising anode
material for SIBs.
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Figure 1. The carbon materials structure of (a) amorphous carbon (Reproduced
with permission from ref. [31]. Copyright 2015, ACS), (b) turbostratic carbon,
(c) graphite (Reproduced with permission from ref. [32]. Copyright 2023,
Wiley-VCH GmbH), and (d-f) the structure of carbon materials of different
dimensions (Reproduced with permission from ref. [33]. Copyright 2021, ACS).
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Figure 2. (a) The structure of SIBs, (b) The difference of ionic radius between
Li* and Na* (Reproduced with permission from ref. [37]. Copyright 2022, Royal
Society of Chemistry), (c) graphite, (d) soft carbon, and (¢) HC (Reproduced
from ref. [3]).

Recent studies indicate that Na* storage in HC occurs at three distinct
sites—surface active sites, interlayer galleries, and nanopores—
corresponding to several proposed storage models [28,40]. The electro-
chemical profile of HC typically features a sloping region above 0.1 V
and a plateau region below 0.1 V. While significant progress has been
made in elucidating Na™—HC interactions, the correlation between these

voltage regions and specific storage mechanisms remains under debate
[41]. Several mechanistic models have been proposed to describe these
storage behaviors, which will be discussed in detail in the following
sections [40]. Therefore, elucidating the Na* storage mechanism in HC
is critical for the rational design of high-performance anodes.

2.2 Intercalation-adsorption model

Research into the Na* storage mechanism of HC began in 2000.
Stevens and Dahn [42] investigated glucose-derived carbon and
reported that its Li* and Na* storage behavior exhibited similar charge—
discharge curves. Based on in situ X-ray scattering, they proposed
that Na* storage in HC resembles Li* storage in other carbon materials,
which they termed the “intercalation—adsorption” model. According to
this model, Na* first intercalates into parallel carbon layers, corresponding
to the sloping region of the discharge curve, and subsequently adsorbs
into nanopores, accounting for the plateau region. To illustrate this
behavior, they introduced the “house-of-cards” model, in which some
graphene sheets form ordered microcrystalline domains, while others
are randomly stacked to create nanoporous structures.

Later, Komaba ef al. [43] further validated this model using in situ
XRD. Their results showed that, upon discharging to 0.2 V, the XRD
peak shifted to lower angles, indicating Na* insertion into the interlayer
space and subsequent expansion (Figure 3(a)). Raman spectroscopy
also confirmed that the reversible insertion/extraction of Na* within
carbon layers dominates the sloping region of the curve (Figure 3(b)).
Meanwhile, small-angle X-ray scattering revealed changes in electron
density within micropores at voltages below 0.1 V, suggesting Na*
adsorption and desorption in these regions (Figure 3(c)). Together,
these findings provide strong evidence that both intercalation and
adsorption occur simultaneously around 0.1 V to ~0.2 V, supporting
the intercalation—adsorption model.

However, this model does not fully explain all experimental results.
For example, when HC is synthesized from the same precursor at
different pyrolysis temperatures, notable discrepancies appear. Low-
temperature pyrolysis produces HC with abundant micropores but little
or no low-potential plateau. In contrast, higher-temperature pyrolysis
reduces micropore volume but enhances capacity in the low-potential
region [44], which contradicts the intercalation—adsorption mechanism.
Thus, while this model accounts for many observations, further
investigation is necessary to clarify the fundamental Na*.
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Figure 3. (a) Ex-situ XRD patterns for HC electrodes, (b) Relation between G-band peak position Raman spectrum and capacity for HC electrode, and (c) Ex-situ
SAXS patterns for HC electrodes (Reproduced with permission from ref. [43], Copyright 2011 John Wiley and Sons).
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Figure 5. (a-c) The SEM images of HC fibers with different shapes, (d) The mechanism of sodium-ion storage (Reproduced from ref. [46]), (¢) XRD pattern,
(f) Raman spectrum of HCS-3, (g) cycling performance of the HCS electrode, and (h-j) the mechanism of HCS electrodes during cycles (Reproduced with
permission from ref. [47]. Copyright 2021, John Wiley and Sons).
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2.3 Adsorption-intercalation model

The adsorption—intercalation model was first proposed by Cao et al.
[45]1in 2012. They synthesized hollow carbon nanowires (HCNWs)
by thermally treating polyaniline and investigated their sodium and
lithium storage mechanisms, comparing them with the lithium storage
behavior of graphite. Their study revealed that HCNWs exhibited
markedly different electrochemical responses toward sodium and
lithium (Figure 4(a-b)). In the low-potential region, the Na* storage
mechanism in HCNWs closely resembled that of Li* in graphite
(Figure 4(c-¢)).

To better describe this behavior, they proposed a model in which
the sloping region of the discharge curve (>0.2 V) corresponds to Na*
adsorption on the carbon surface, while the plateau region (<0.2 V)
reflects Na* intercalation between carbon layers. Theoretical simulations
(Figure 4(f)) indicated that the interlayer spacing for Na* and Li*
insertion in HCNWs was 0.450 nm and 0.370 nm, respectively, with
corresponding insertion energies of 0.12 eV and 0.03 eV. Because
the insertion barrier for Na* greatly exceeds the thermal fluctuation
energy at room temperature (0.0257 eV), intercalation becomes
challenging. However, increasing the interlayer distance significantly
lowers the barrier; at 0.370 nm, the insertion energy drops to 0.053 eV,
making Na* insertion feasible, thus supporting the proposed model.

Later, Yuan et al. [46] prepared three morphologies of hydro-
thermal-derived HC fibers—tubular (TSFC), sheet-like (SSFC), and
granular (GSFC)—to evaluate how structural differences affect electro-
chemical properties (Figure 5(a-c)). TSFC, with its expanded interlayer
spacing (0.37 nm) and porous structure, exhibited enhanced electro-
chemical performance. The discharge curves of TSFC over multiple
cycles were consistent with the adsorption—intercalation mechanism
(Figure 5(d)).

Chen et al. [47] further studied hollow carbon spheres (HCS) with
different shell thicknesses. Structural changes during cycling were
investigated by XRD and Raman spectroscopy, showing that interlayer
spacing contracted and expanded dynamically during charge—discharge
(Figure 5(e-f)). They also found that as HCS shell thickness increased,
both the defect density and pore volume decreased, leading to lower
capacity. Conversely, thinner shells promoted defect-rich surfaces and
larger interlayer spacing, consistent with Na* adsorption and intercalation
behavior (Figure 5(g-j)).

2.4 Adsorption-pore filling model

Li et al. [48] reported that the interlayer spacing of HC remained
unchanged before and after cycling, as confirmed by XRD and XPS.
This suggested that Na* was not intercalated into the carbon layers.
Instead, they proposed the “adsorption—pore filling” mechanism, in which
the sloping region of the charge—discharge curve corresponds to Na*
adsorption at surface defects, while the low-potential plateau reflects
Na* storage in micropores.

Bai et al. [49] provided additional evidence by incorporating
sulfur into HC micropores. After sulfur filling, the plateau below
0.1V disappeared, while new redox peaks appeared at 1.3 V and
1.6 V (Figure 6(a-b)), confirming that Na* occupation of micropores
contributes to the plateau capacity. Moreover, higher pyrolysis

temperatures reduced defect density, leading to diminished slope
capacity (Figure 6(d) and Figure 6(f)). Even when tested with different
electrolytes (ether- and ester-based), HC exhibited similar electro-
chemical behavior. Raman and XRD showed no significant peak shifts
(Figure 6(c) and Figure 6(e)), further supporting the conclusion that
Na" does not intercalate into graphene layers but rather undergoes
adsorption and pore-filling processes (Figure 6(g)).

2.5 Adsorption intercalation pore-filling model

The adsorption—intercalation—pore filling model has become the
most widely accepted explanation of Na* storage in HC. Bommier
et al. [50] first proposed this model based on studies of sucrose-derived
HC. They found that slope capacity correlates strongly with defect
concentration (Figures 7(a-b)). Galvanostatic intermittent titration
technique (GITT) analysis (Figure 7(c)) revealed higher Na* diffusion
coefficients in the sloping region than in the plateau region, suggesting
that rapid Na* adsorption occurs at surface defects, whereas intercalation
into carbon layers is hindered by stronger electrostatic repulsion.
The XRD result further showed that the interlayer spacing undergoes
reversible expansion and contraction between 0.2 V and 0.01 V
(Figures 7(d-e)), confirming intercalation at low voltages. Based on
these observations, the three-step sodium storage mechanism was
proposed: (1) adsorption at defect sites (sloping region), (2) intercalation
into graphene layers (plateau), and (3) pore filling in closed nanopores
(Figure 7(%)).

Li et al. [51] expanded this framework using large-scale molecular
dynamics simulations with reactive force fields, demonstrating that
sodium adsorption, intercalation, and pore filling jointly account for
HC capacity (Figure 7(g-h)). They further showed that slope capacity
is closely linked to defect density, while nanopore volume strongly
influences plateau capacity.

Reynolds et al. [52] confirmed this model experimentally through
in situ small-angle neutron scattering (SANS). They observed three
distinct steps in commercial HC electrodes: surface adsorption with
SEI formation, intercalation into graphene layers, and nanopore filling.
Similarly, Chen et al. [53] prepared B/P co-doped HC microspheres
and found that Na* diffusion rates varied across potential regions:
rapid adsorption at high voltages (>0.10 V), followed by slower
intercalation and pore filling below 0.10 V, consistent with the
tripartite model. Raman and XRD also revealed shifts in the G band
and d-spacing at low voltages, further validating intercalation and
pore-filling contributions.

2.6 Sodium storage in hard carbon: model applicability

Importantly, the precursor type and carbonization conditions
play a decisive role in tailoring the microstructure of HC, thereby
modulating its dominant sodium storage pathways. Variations in
precursor composition and thermal treatment directly influence defect
density, interlayer spacing, and pore architecture, leading to different
Na* storage behaviors. Therefore, establishing clearer correlations
between precursor selection, microstructural evolution, and sodium
storage mechanisms is essential for resolving the ongoing debate on
model applicability and for rationally optimizing HC anodes for SIBs.
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2.6.1 Mechanistic summary and model applicability

As summarized in Table 1, the intercalation—adsorption model
proposes that Na* first intercalates between graphitic layers in the
sloping voltage region and subsequently fills closed nanopores in
the low-voltage plateau region, emphasizing the critical role of pore
structure in determining plateau capacity. In contrast, the adsorption—
intercalation model suggests that Na*™ adsorption at defects and edges
dominates the high-voltage region, followed by interlayer intercalation
at lower potentials, and is more frequently observed in defect-rich HC.
Another viewpoint, the adsorption—pore filling model, attributes Na*
storage mainly to defect adsorption and direct filling of closed nanopores,
which is commonly reported for highly disordered or amorphous HC.
More recently, the adsorption—intercalation—pore filling model integrates
these processes and correlates distinct sodium storage mechanisms with
different voltage regions, providing a more comprehensive description
of the overall Na* storage behavior. Overall, the sodium storage
behavior of HC is strongly governed by its microstructural features.
Na* storage is generally associated with three main types of sites: (1)
defect/edge sites, (2) interlayer galleries, and (3) closed nanopores.
However, it should be emphasized that no single model can be
universally applied to all types of HC. The apparent discrepancies
among these models largely stem from the significant structural diversity

of HC materials derived from different precursors and carbonization
pathways [55]. For instance, highly disordered biomass-derived HCs
tend to exhibit dominant defect adsorption and pore-filling behavior,
whereas HCs with relatively enlarged interlayer spacing and higher
structural ordering may show clearer intercalation features [56].
Consequently, the applicability of a given sodium storage model is
strongly dependent on the specific microstructural characteristics of
the HC, including defect density, degree of graphitization, interlayer
spacing, and pore structure. This structural dependence highlights the
necessity of evaluating sodium storage mechanisms in conjunction
with detailed microstructural analysis rather than relying on a single
universal model.

2.6.2 Challenges and future outlook

Despite extensive investigations, a unified description of Na*
storage mechanisms in HC has not yet been fully established, primarily
due to the structural complexity and diversity introduced by different
precursors and carbonization conditions. This structural heterogeneity
gives rise to varying contributions from defect sites, interlayer galleries,
and closed nanopores, which limits the universal applicability of any
single model.
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Figure 7. (a) The GCD curves of HC with different pyrolysis temperatures, (b) The correlation between slope capacity and ID/IG, (c) GITT testing, (d) XRD
pattern of different voltage, (¢) d-spacing of different voltage, (f) The mechanism of HC materials (Reproduced with permission from ref. [50]. Copyright 2015, ACS), (g)
Simulated discharge curve for HC models, and (h) Three stages of during discharge curves (Reproduced with permission from ref. [S1]. Copyright 2022, ACS).

Table 1. Comparison of Na* storage models in HC materials.

Model name Mechanisms Features References
Intercalation-adsorption (1) Na™ intercalates into carbon layers at higher voltages; Closed pores are crucial for high [42,43]
(2) Na™ adsorbs into pores at low voltages. plateau capacity.
Adsorption-Intercalation (1) Na" adsorbs at defects/edges at higher voltages; Favored in defect-rich carbons. [45-47]
(2) Na' intercalates between carbon layers at low voltages.
Adsorption-pore filling (1) Na" adsorbs at defects/edges; Common in highly amorphous HCs. [48,49]
(2) Na* directly fills closed pores.
Adsorption intercalation (1) Adsorption at defects (slope region); Each stage corresponds to distinct [50-54]

(2) intercalation between layers (plateau);
(3) nanopore filling at very low voltages.

pore-filling model

potential regions.

To address these challenges, future studies should focus on establishing
more explicit correlations between microstructural parameters and
sodium storage pathways using advanced characterization techniques.
In particular, synchrotron radiation—based methods, such as operando
X-ray diffraction and X-ray absorption spectroscopy, can provide real-
time insights into structural evolution and Na*—carbon interactions
during cycling [56]. Complementary in situ/operando spectroscopic
techniques, including Raman and nuclear magnetic resonance (NMR)
[41], are also essential for elucidating changes in local bonding
environments and Na* dynamics. Furthermore, integrating these
experimental approaches with multiscale modeling and simulation
will help quantify the contributions of different storage sites and clarify

the applicability of existing models across different HC systems.
Such systematic efforts are expected to establish a more transferable
mechanistic framework and ultimately guide the rational design of
high-performance HC anodes for SIBs.

3. The sources of HC

3.1 The fabrication process

Biomass-derived HC typically exhibits a random structure, enlarged
interlayer spacing, and enclosed nanodomains. These structural
characteristics make it a promising anode material for SIBs, as it can
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provide a high reversible capacity, a relatively low sodium storage
potential, and abundant carbon precursors readily available in nature
[57]. The predominant preparation strategies for biomass HC include
high-temperature pyrolytic carbonization [58], templating methods
[59] (hard templating, soft templating, and salt templating), acrogel and
emulsion-assisted methods, as well as physical and chemical activation
approaches, as shown in Figure 8(a). Regardless of the specific method
employed, the synthesis process generally comprises three main stages:
pretreatment of raw materials, high-temperature carbonization, and
post-treatment [60] (Figure 8(b)). Pretreatment often involves pre-
carbonization, acid washing, or alkali washing to remove minerals,
inorganic salts, and other impurities that may hinder electrochemical
performance [61]. During carbonization, the pretreated biomass is
heated in an inert atmosphere (typically argon or nitrogen) at temperatures
ranging from 700°C to 1400°C [46]. Post-treatment mainly involves
grinding, sieving, and sometimes surface functionalization, with the
goal of reducing particle size, introducing additional porosity, or
enhancing conductivity to optimize electrochemical behavior.
Biomass is composed mainly of carbon, hydrogen, and oxygen,
with minor elements such as sulfur, sodium, potassium, nitrogen, and
phosphorus [29]. The intrinsic microstructure and chemical composition
of different biomass precursors play a crucial role in shaping the
final morphology of HC. Factors such as cellulose-to-lignin ratio,
mineral content, and inherent porosity strongly influence the degree
of graphitization, pore structure, and surface chemistry of the resulting
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carbon material [7,62,63]. As a result, HC obtained from various
precursors demonstrates significant variability in sodium storage
performance, including specific capacity, ICE, and rate capability.

In recent years, in addition to conventional pyrolysis, researchers
have explored alternative low-energy and green synthesis approaches,
such as hydrothermal carbonization [64], microwave-assisted pyrolysis
[65], and molten-salt carbonization [66]. Hydrothermal carbonization,
in particular, has attracted attention due to its relatively low operating
temperature and its ability to retain oxygen- and nitrogen-rich surface
functional groups, which may act as additional sodium adsorption sites
[67]. Molten salt synthesis, on the other hand, provides an effective
route to control pore formation and interlayer spacing, while microwave-
assisted techniques offer fast, energy-efficient heating that may
facilitate scalable production [68]. Despite these advances, a major
challenge remains in balancing high porosity (for enhanced ion transport)
with controlled surface area (to avoid low ICE and unstable SEI
formation).

Overall, the fabrication of biomass-derived HC is not merely
a matter of thermal decomposition but rather a structure—performance
tailoring process in which precursor selection, processing parameters,
and post-treatment must be carefully optimized. Continued innovation
in synthesis strategies, especially those emphasizing sustainability
and energy efficiency, will be vital for advancing biomass HC as
a competitive anode candidate for next-generation SIBs.
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Figure 8. (a) The methods of preparing the biomass HC materials (Content adapted from [57]), and (b) The main steps of preparing the HC materials.
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3.2 Agricultural and forestry byproducts

Agricultural and forestry by-products are the most abundant and
geographically widespread biomass resources, making them highly
cost-effective and attractive precursors for HC synthesis. Common
examples include rice husks [62], corn cobs [69], wood chips [1],
fruit pits [70], and coconut shells [54]. The structural complexity of
these biomasses originates from their major organic components—
cellulose, hemicellulose, and lignin—which exist in varying ratios
depending on the plant species [71]. The proportion of these components
not only determines the physicochemical behavior of the precursor
during carbonization but also influences the morphology, porosity,
and degree of graphitization of the final HC material [72].

For instance, Tang et al. [73] prepared corncob-derived HC via
controlled pyrolysis, which exhibited an expanded interlayer spacing
(0.376 nm) conducive to Na* insertion (Figure 9(a)). The optimized
sample (CDHC-1300) delivered a reversible capacity of ~311 mAh-g!
with an initial Coulombic efficiency of ~80%, while retaining ~250
mAh-g! after 100 cycles, along with excellent rate performance
(Figure 9(b)), highlighting the promise of biomass-derived HC as a
sustainable anode material for sodium-ion batteries. Zhou et al. [74]
developed a bamboo-derived HC via stepwise pyrolysis, achieving
a high initial Coulombic efficiency of 92.4% and excellent cycling
stability, with a reversible capacity of 265.6 mAh-g ! after 500 cycles
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at 300 mA-g! and a capacity retention of 95.7% (Figure 9(c)). The
enhanced performance was ascribed to the optimized interlayer spacing
and increased closed-pore density, underscoring the effectiveness of
microstructural engineering in biomass-derived HC for SIBs.

Similarly, Xiao et al. [54] employed coconut shells as carbon
precursors to synthesize HC (CSZ), incorporating ZnCl» to enlarge
the interlayer spacing and create a closed-pore structure. This design
strategy significantly enhanced Na* storage capacity. The resulting
CSZ anode demonstrated excellent electrochemical performance,
maintaining a reversible capacity of 310.0 mAh-g™! with 88.1% retention
after 50 cycles. This work underscores how biomass-derived HCs
can be tailored with chemical activation agents to optimize sodium
storage capability. Gao ef al. [70] reported the use of orange peel as
a carbon precursor via hydrothermal and subsequent high-temperature
carbonization. Their study revealed that the interlayer spacing decreased
as the carbonization temperature increased, reflecting a transition
toward a more ordered microstructure. Among the tested samples,
HC-1300 exhibited the most favorable electrochemical performance.
Specifically, it delivered a reversible capacity of 234.0 mAh-g™!
at 500 mA-g~! and retained 98.7% of its capacity over 500 cycles,
demonstrating excellent long-term stability. This example highlights
the critical role of carbonization temperature in balancing structural
order and electrochemical performance.
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Figure 9. (a) The fabrication process of CCs, (b) The rate performance and the stability of CCs (Reproduced with permission from ref. [73]. Copyright 2024,
ACS), (c) The stability performance of the BHC electrode (Reproduced with permission from ref. [74]. Copyright 2025, ACS), and (d) The structure of HC,
which is made by peat moss (Reproduced with permission from ref. [75]. Copyright 2013, ACS).
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In another study, Ding ef al. [75] synthesized HC from peat moss,
one of the most diverse plant species on Earth. Benefiting from its
natural porous cellular structure rich in lignin and hemicellulose,
the derived carbon exhibited a large open framework that facilitated
Na* insertion and diffusion, thereby improving overall electrochemical
performance (Figure 9(d)). Likewise. Guo ef al. [1] investigated
camphor wood sawdust as a precursor and systematically examined
the influence of heating rate. Their results indicated that a slower
heating rate (0.25°C-min') suppressed excessive defect formation
and minimized side reactions, leading to reduced SEI growth. The
optimized HC electrode achieved an initial capacity of 324.6 mAh-g™!
at0.05 A-g™! and retained 90% capacity after 200 cycles, demonstrating
superior stability. Waste maize cobs have also been successfully
employed as precursors. Liu et al. [69] prepared HC via a simple
pyrolytic carbonization route and reported reversible capacities of
~300 mAh-g! with an ICE of 86.0% at 0.1C. These findings suggest
that inexpensive agricultural residues can be directly transformed
into high-performance HC anodes with minimal processing.

Overall, agricultural and forestry by-products provide unique
advantages due to their inherently porous and layered microstructures.
During high-temperature treatment, crystalline cellulose decomposes
into elongated and curved graphene-like layers, which evolve into
closed-cell structures. Meanwhile, hemicellulose suppresses excessive
graphitization, helping to retain structural disorder. As a result, the
derived HC materials offer abundant defect sites and interlayer gaps
for Na* storage and diffusion. Moreover, the chemical diversity of
different precursors enables the tuning of pore structure, surface
functionality, and electronic conductivity, which in turn tailors the
electrochemical behavior.

Despite these merits, the performance of agricultural biomass-
derived HCs is often challenged by the intrinsic heterogeneity of raw
materials, seasonal variability, and batch-to-batch inconsistency. Future
efforts may focus on combining agricultural residues with heteroatom
doping, templating strategies, or hybridization with conductive phases
to further enhance sodium storage performance. In addition, developing
scalable pretreatment methods that improve feedstock uniformity
while maintaining low cost will be critical to translating these laboratory
successes into industrial-scale applications.

3.3 Marine life

With oceans covering more than 70% of the Earth’s surface, marine
ecosystems provide an abundant and renewable supply of biomass
resources, including fish [76], shrimp, crabs [77], algae [2], and other
marine organisms. Unlike terrestrial plants, marine biomass contains
not only carbon, hydrogen, and oxygen but also substantial quantities
of natural minerals and organic constituents such as nitrogen, phosphorus,
calcium, and sulfur. Upon carbonization, these heteroatoms are often
retained in the carbon matrix, leading to self-doped HC materials with
enriched surface functionalities. Such intrinsic doping can effectively
tune the electronic structure, increase the interlayer spacing, and generate
abundant defect sites, thereby enhancing the electrochemical properties
of HC for sodium-ion storage [77].

Heteroatom doping derived from marine biomass has been shown
to influence both ionic and electronic transport [2]. For example, the
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introduction of fluorine, phosphorus, and sulfur atoms can enlarge
the interlayer spacing of carbon and improve Na* diffusion kinetics
[78]. Boron and nitrogen co-doping can introduce additional defect
sites that enhance sodium adsorption capacity [3]. Similarly, oxygen,
nitrogen, and phosphorus functionalities can contribute to improved
electronic conductivity [79]. These synergistic effects enable marine
biomass-derived HCs to exhibit superior charge storage capability
compared to many land-based precursors [80].

A representative study by Zheng et al. [81] utilized chitosan extracted
from crab shells as a precursor, followed by nitrogen doping with urea.
The resulting carbon materials exhibited high surface area and significant
nitrogen content while preserving the porous nanostructure of the
chitosan framework (Figure 10(a-c)). Electrochemical testing revealed
excellent performance: the electrode delivered specific capacities of
245.0 F-g! (three-electrode system) and 227.0 F-g™! (two-electrode
system) at 0.50 A-g~'. Furthermore, the constructed supercapacitor
retained 98.0% of its capacitance over 10,000 cycles (Figure 10(d)),
demonstrating remarkable cycling stability and rate capability.

Similarly, Guo and others [76] directly carbonized squid bone,
followed by air oxidation activation, to obtain a nitrogen/oxygen dual-
doped porous HC structure (Figure 10(e-f)). The resulting electrode
displayed outstanding long-term performance, maintaining 90.5%
capacitance retention even after 8000 cycles at a high current density
0f 5000 mA-g! (Figure 10(g)). This enhanced cycling stability was
attributed to the improved conductivity and increased ion transport
pathways introduced by heteroatom doping and porous framework
formation (Figure 10(h)).

Beyond crustacean-derived precursors, marine sponges and algae
have also been explored. Meenatchi et al. [82] prepared HC from
sponge biomass, which preserved the natural sponge-like porous
morphology after carbonization (Figure 11(a)). The resulting materials
showed excellent sodium storage behavior: at 0.1C, the K-SS, Na-SS,
and Zn-SS electrodes achieved specific capacities of 321.4 mAh-g!,
3349 mAh-g, and 347.4 mAh-g™!, respectively, reflecting their versatility
for different ion storage systems. Meng et al. [83] investigated algal
blooms as precursors, thereby transforming harmful waste biomass
into valuable anode materials for SIBs. The derived carbon exhibited
a spherical morphology resembling cyanobacterial cells (Figure 11(b))
and delivered a reversible capacity of 230.0 mAh-g™! after 60 cycles
at 0.02 A-g!, confirming both its practical performance and ecological
benefits. Chen et al. [77] further reported that crab shell-derived HC
possessed a honeycomb-like layered structure with abundant pores
(Figure 11(c)). The formation of this framework was attributed to the
decomposition of chitin nanofibers at elevated temperatures, which
created a hierarchical pore system conducive to Na* transport.

Collectively, marine biomass-derived HCs benefit from their
intrinsic heteroatom content, fibrous structures, and naturally porous
morphologies, which result in high specific surface areas and multiple
ion transport channels. Compared to conventional agricultural biomass
(e.g., coconut shells), marine resources are often more sustainable,
renewable, and potentially lower in cost. Importantly, utilizing invasive
or waste marine organisms (e.g., algal blooms or discarded shells)
can simultaneously address environmental issues while providing
valuable functional materials.
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Figure 10. (a-c) The SEM images of HC, (d) The capacitance retention of HC (Reproduced from ref. [81]), (¢) Fabrication process of HC, (f) The SEM
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Figure 11. The SEM images of HC devised from (a) sponge (Reproduced from ref. [82]), (b) algal (Reproduced from ref. [83]), and (c) crab shells (Reproduced
from ref. [77]).
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Nevertheless, significant challenges remain for large-scale
implementation. The regional accessibility of marine biomass is limited,
with availability depending on coastal ecosystems. Furthermore,
excessive heteroatom doping, while beneficial for conductivity and
defect formation, may increase surface area and induce irreversible
side reactions, ultimately reducing ICE [84]. Structural deformation
during cycling due to heteroatom-induced stress also poses a risk for
long-term stability.

Future research directions may include optimizing heteroatom
doping levels to balance conductivity and ICE, designing hierarchical
pore structures to mitigate volume changes, and combining marine-
derived HCs with conductive additives or protective coatings to further
enhance cycle stability. Life-cycle assessments and techno-economic
analyses are also essential to evaluate the sustainability of scaling up
marine biomass utilization for industrial sodium-ion battery applications

3.4 Industrial wastes

Common industrial waste precursors for HC synthesis include
petroleum derivatives, coal tar [34], various discarded resins (such as
phenolic and epoxy) [85], pulp, and cardboard from paper processing
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waste [86]. Compared with agricultural residues and marine biomass,
HC derived from industrial waste generally exhibits higher carbon
yield, more uniform composition, and superior specific capacity.
Moreover, the conversion of such wastes into functional carbon
electrodes contributes to both resource recycling and environmental
sustainability. Typically, industrial-waste-derived HCs present
a disordered layered-porous composite structure, which is favorable
for Na* adsorption and intercalation.

For instance, Xu ef al. [87] developed coal-derived HC via a
low-temperature dry-ice-assisted ball milling strategy (Figure 12(a)),
producing uniform nanoparticles with surface etching and abundant
defects. As shown in Figure 12(b), the use of dry ice as the grinding
medium resulted in a defect-rich surface and an enlarged interlayer
spacing of 0.375 nm. The material exhibited a first reversible capacity
0f308.1 mAh-g! at 30 mA-g™! and retained 78% of its capacity after
500 cycles at 300 mA-g !, with excellent rate performance (Figure 12(c)).
Kinetic analysis indicated that the enhanced slope capacity and rate
performance were closely related to the high defect density, demonstrating
the effectiveness of defect engineering in improving the sodium storage
properties of coal-based HCs.
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Similarly, Lv and co-workers [34] employed petroleum as a
precursor to synthesize amorphous carbon for sodium-ion batteries.
The resulting electrodes delivered excellent cycling stability and rate
performance, achieving a reversible capacity of 270.0 mAh-g! with
amaintained capacity of 252.0 mAh-g! at 100 mA-g! after 100 cycles.
Interestingly, the proportion of the plateau region gradually increased
with rising pyrolysis temperature, while the overall specific capacity
decreased. This phenomenon can be attributed to reduced surface
defects and decreased interlayer spacing at higher temperatures, which
diminish Na* storage sites but improve structural stability. Li ez al.
[48] prepared HC anodes using anthracite (PA) through a simple
pyrolysis and carbonization route. The PA-1200 electrode demonstrated
outstanding electrochemical performance, achieving a reversible
capacity 0f222.0 mAh-g™ at 0.2C with 89.0% retention after 600 cycles.
Furthermore, a pouch cell fabricated with the PA anode achieved an
actual energy density of 100.0 Wh-kg™! and stable cycling behavior,
highlighting its potential for practical large-scale applications.

Resin-based wastes have also been extensively investigated.
Phenolic resin, in particular, is a widely available industrial product
with high carbon yield, tunable structural design, and good thermal
stability, making it a promising precursor for SIB anodes [88]. Liu et al.
[85] synthesized HC materials from phenolic resin and optimized
electrode performance by controlling the thickness of a soft carbon
coating layer via asphalt addition. The resulting electrodes delivered
an ICE of 88.20% and a reversible capacity of 309.80 mAh-g! at
0.015 A-g”!, demonstrating both high initial efficiency and excellent
long-term cycling stability. In another study, Kamiyama et al. [89]
examined phenolic resin-derived HC prepared under different pyrolysis
temperatures. Their results revealed that the specific surface area
decreased with higher treatment temperatures, as open pores gradually
transformed into closed-pore structures. Under optimized conditions,
the electrode achieved an impressive initial capacity of 386.0 mAh-g™!
with an ICE of 85.0% at 0.01 A-g”!, illustrating the strong potential
of resin-based waste for HC fabrication.

Overall, HCs derived from industrial waste precursors exhibit
high carbonization efficiency, competitive specific capacities, and
stable structural frameworks, making them attractive candidates for
scalable anode production. However, several challenges remain.
Compared with agricultural or marine biomass, industrial waste
processing is often more costly, as additional purification steps are
required. For example, asphalt-based precursors typically demand

Table 2. Comparison of biomass-derived precursors for HC synthesis.

cross-linking agents, while resin-based materials can release toxic
volatile compounds (e.g., phenol) during pyrolysis, necessitating
specialized exhaust treatment. These extra steps increase process
complexity, preparation time, and overall costs. Therefore, future
research should aim to optimize green synthesis strategies, minimize
harmful byproducts, and improve ICE through defect engineering
and controlled pore structure design. By addressing these challenges,
industrial-waste-derived HC can serve as a reliable and sustainable
precursor for sodium-ion batteries.

3.5 Summary

Overall, biomass materials derived from agricultural and forestry
by-products remain the primary candidates for HC anode materials.
These sources are inexpensive, widely available, and relatively easy
to process, while providing high specific capacity and large surface
area, making them suitable for industrialization. However, they also
face challenges such as seasonal variation, unstable supply, low ICE,
and batch-to-batch inconsistency. Marine biomass, as an emerging
precursor, offers unique structural and chemical advantages, including
a natural abundance of heteroatoms (e.g., N, O, P, S) and porous
architectures that enhance Na* diffusion and conductivity. Nevertheless,
their large-scale application is limited by geographical distribution,
the need for pretreatment, and potential drawbacks such as reduced
ICE or material deformation caused by heteroatom doping. Industrial
waste-derived precursors, such as petroleum, coal tar, and resins,
provide high carbon yield, stable raw material supply, and tunable
structures, making them well-suited for controlled HC preparation.
Yet, the higher costs, complex processing steps, and environmental
concerns related to emissions and wastewater remain significant
barriers for sustainable large-scale production (Figure 13).

A comparative summary of the three types of biomass-derived
precursors is presented in Table 2, which highlights their distinctive
features, advantages and limitations.

In conclusion, biomass precursors from agricultural and forestry
by-products, marine biomass, and industrial wastes each present
distinctive advantages and challenges for HC synthesis. Agricultural
biomass offers the most promising large-scale pathway due to cost
and abundance, marine biomass provides unique heteroatom-doping
effects, and industrial wastes enable stable and controlled HC production
but raise environmental and cost concerns.

Precursor type

Typical sources

Structural features

Advantages

Challenges

Agricultural
and forestry
by-products

Straw, rice husks, corn cobs,
wood chips, fruit shells

Rich in cellulose/hemicellulose/ Abundant, low-cost,

lignin; porous and layered;
disordered carbon layers
after pyrolysis

geographically widespread;
simple preparation; good
capacity and surface area

Seasonal supply fluctuations;
precursor heterogeneity; low
ICE; batch-to-batch variability

Marine biomass

Fish, shrimp/crab shells,
algae, sponges

Naturally doped with
heteroatoms (N, O, P, S);
fibrous porous structure

Abundant in functional groups;
heteroatom doping enhances
conductivity and ion diffusion;
renewable and low-cost

Geographical constraints;
pretreatment required; high
surface area may lower ICE;
structural deformation upon
cycling

Industrial wastes

Petroleum, coal tar,
phenolic/epoxy resins,
pulp waste

Disordered layered—porous
composites; high carbon yield

High initial capacity;
controllable structure;
stable supply; suitable
for industrialization

Higher cost; complex processing
(e.g., gas treatment); potential
environmental concerns
(wastewater/emissions)
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Figure 13. A comparison of biomass-derived precursors.
4. Perspectives and conclusions
4.1 Conclusions

In this review, we have systematically summarized recent advances
in HC as anode materials for SIBs. We first introduced the fundamental
advantages of SIBs over lithium-ion systems, including lower cost,
resource abundance, and comparable theoretical capacity, followed by
a discussion of the critical role of anode materials. Particular attention
was devoted to HC, which remains the most promising anode candidate
for commercial SIBs due to its tunable structure, abundant precursor
sources, and relatively high electrochemical performance. We
highlighted the structural characteristics of HC and analyzed different
sodium storage models, including the intercalation—adsorption,
adsorption—intercalation, pore-filling, and combined models, to clarify
the complexity of Na™ storage mechanisms in carbonaceous materials.

A key focus of this review was the precursor-dependent synthesis
of HC. Different biomass-derived precursors lead to significant variations
in carbon microstructure, porosity, and heteroatom doping, thereby
strongly affecting electrochemical properties. Agricultural and forestry
by-products represent the most abundant and economically viable
sources, offering low-cost and scalable production. Marine biomass
introduces unique nitrogen-, oxygen-, and phosphorus-rich structures
that can enhance sodium storage kinetics, though geographical constraints
and pretreatment requirements limit large-scale application. Industrial
wastes, such as petroleum, coal tar, and phenolic resins, provide relatively
stable carbon yields and high initial specific capacities, but the associated
processing costs and environmental concerns (e.g., volatile emissions,
wastewater) remain non-negligible. Overall, the choice of precursor
not only governs the physicochemical properties of HC but also
determines its feasibility for practical deployment.

4.2 Opportunities and challenges

Despite substantial progress, the industrialization of HC still faces
several challenges:

1) Structural uniformity and reproducibility: The electrochemical
performance of HC is highly sensitive to precursor composition and
processing conditions. Agricultural and forestry precursors are

J. Met. Mater. Miner. 36(1). 2026

affected by seasonal and regional variations, resulting in batch-to-batch
inconsistencies. Controlling carbonization temperature, heating rate,
and activation parameters is essential to ensure reproducible material
properties.

2) Initial Coulombic efficiency and energy loss: Many biomass-
derived HCs exhibit relatively low ICE due to excessive surface area,
defects, and unstable SEI formation. This issue remains a bottleneck
for large-scale application, especially in full-cell configurations where
irreversible sodium consumption severely reduces energy density.

3) Scalability and cost: Although biomass resources are abundant,
the processing requirements (e.g., purification, heteroatom doping,
structural modification) often increase production costs. Industrial
wastes offer a stable supply but may involve energy-intensive treatments
and environmental management (e.g., exhaust gas purification).

4) Environmental and sustainability considerations: The
sustainability of HC production depends not only on precursor selection
but also on the carbonization and activation processes which may
generate secondary pollution. Developing green, low-energy processes
is crucial to balance performance with environmental responsibility.

Overall, biomass-derived HC represents a versatile and sustainable
pathway for the development of next-generation SIB anodes. Each
precursor type offers unique advantages and faces distinct challenges.
A holistic approach integrating precursor selection, structural
engineering, scalable synthesis, and environmental considerations
will be essential for advancing HC toward commercial application.
With continuous innovations in materials science, process optimization,
and device integration, HC is expected to play a pivotal role in enabling
cost-effective, sustainable, and high-performance sodium-ion batteries
in the near future.
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