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A B S T R A C T

The conversion of agricultural residues into high-value-added biomass-derived hard carbon anodes for sodium- 
ion batteries not only achieves the valorization of agricultural resources but also shows considerable potential for 
addressing the global energy crisis and mitigating environmental pollution. However, the practical application of 
biomass-derived hard carbons is hindered by persistent challenges such as low specific capacity, low initial 
Coulombic efficiency, and poor cycling stability, stemming from an unclear structure-performance relationship 
between modification strategies and electrochemical behavior. This review summarizes established models 
describing sodium storage mechanisms in hard carbons, with particular emphasis on active storage sites such as 
nanopores, graphitic layers, and defect sites. Addressing the practical issues associated with biomass-derived 
hard carbons, several sodium storage mechanism models are discussed in detail, including the “insertion- 
filling”, “adsorption-filling”, “adsorption-insertion”, and multistage mechanisms. Furthermore, relevant char
acterization analyses are integrated to elucidate the structure-performance relationship between hard carbon 
materials and sodium storage behavior. From a materials perspective, this review systematically outlines the 
preparation strategies, precursor selection, and the correlation between modification approaches and sodium 
storage mechanisms. Representative performance-enhancement strategies, including heteroatom doping, inter
facial engineering, and morphology regulation, are explicitly summarized. Ultimately, in-depth investigation of 
these critical issues is expected to optimize the electrochemical performance of biomass-derived hard carbons 
and promote their practical application in sodium-ion batteries.

1. Introduction

Agricultural residues represent an abundant yet underutilized feed
stock; their conversion into value-added carbon materials offers a direct 
route for waste reduction and advancing biomanufacturing (Fig. 1) 
(Table 1). Concurrently, the accelerating energy transition—enabled by 
the widespread deployment of electrochemical energy storage tech
nologies—ensures a stable supply from intermittent sources and sup
ports the energy demands of transportation and industry (Dhawale et al., 
2023; Maka and Chaudhary, 2024; Su et al., 2024). This growing 
adoption, however, has placed considerable pressure on the sustain
ability and supply of battery materials, propelling sodium-ion batteries 
(SIBs) and carbon-based anodes to the forefront of research (Palomares 
et al., 2012; Wang et al., 2018a; Yang et al., 2021a, 2021b).

With escalating demand, the performance requirements for SIBs 
have become increasingly stringent. A SIB consists of a cathode, anode, 

electrolyte, and separator. Among these, the anode material is a critical 
component whose performance directly determines the full-cell elec
trochemical characteristics and largely dictates the system's economic 
viability. Therefore, developing high-performance SIB anodes has 
become a research priority. Current studies on sodium-storage anodes 
mainly focus on hard carbons, soft carbons (Jiang et al., 2021; Wang 
et al., 2018b), titanium-based compounds (Liang et al., 2018; Zhang 
et al., 2018), alloy-type materials (Liu et al., 2014; Qian et al., 2012), 
and metal compounds (Zhao et al., 2018, 2017). Among these, hard 
carbons stand out due to their low cost, structural diversity, good elec
trical conductivity, high sodium storage capacity, minimal volume 
change upon sodiation, environmental friendliness, and low redox po
tential (Alvin et al., 2021; Yabuuchi et al., 2014; Yan et al., 2021; Youn 
et al., 2021; Zhu et al., 2017). Based on precursors, hard carbons are 
classified into three types: biomass-derived, organic polymer-derived 
(Beda et al., 2018; Kamiyama et al., 2019; Zhang et al., 2021a, 2017), 
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Fig. 1. Schematic illustration of representative processing routes for converting various biomass feedstocks (e.g., oil-tea camellia shells, bamboo, xylose) into hard 
carbon materials, including (a) catalytic hydrothermal pretreatment(Li et al., 2025a), (b) acid treatment modification(Xu et al., 2023b), (c) enzyme-assisted doping 
(Chen et al., 2026), and (d) hydrothermal coupled metal ion modification(Zhou et al., 2025).
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and fossil fuel-derived (e.g., from coal, petroleum pitch, and coal tar 
pitch) (Daher et al., 2020; Li et al., 2016b; Lu et al., 2018). 
Biomass-derived hard carbons, prepared from agricultural and forestry 
wastes (e.g., straw, nutshells, pulp, and grains), have attracted consid
erable attention for SIB anodes due to their renewability, low cost, and 
eco-friendliness (Li et al., 2015; Lu et al., 2023a; Thompson et al., 2021; 
Wu et al., 2022b; Zheng et al., 2019). However, they face challenges 
related to ambiguous sodium storage mechanisms and an unclear 
structure–activity relationship between modification strategies and 
electrochemical performance (Gao, 2021; He et al., 2019; Kulova and 
Skundin, 2022; Lu et al., 2022; Xiao et al., 2018; Xie et al., 2019a; Yu 
et al., 2022a). These issues hinder performance enhancement. To over
come these limitations, it is essential to design, synthesize, and optimize 
hard carbon structures through in-depth investigation of the structur
e–activity relationship linking modification strategies and electro
chemical outcomes.

Existing reviews largely compile preparation methods and electro
chemical performance, lacking systematic analysis of this structur
e–activity relationship. In particular, the intrinsic links between 
precursor components and sodium storage mechanisms remain unex
plored. To fill this gap, this review adopts a raw materi
al–process–performance tripartite perspective. First, we critically 
compare the applicability conditions of four sodium storage mecha
nisms. Next, we correlate cellulose-rich, lignin-rich, and hemicellulose- 
rich precursors with closed-pore development, interlayer spacing, defect 
density, and plateau/slope capacity distribution. Then, we summarize 
the processing rules for heteroatom doping, interfacial engineering, and 
morphology regulation. Finally, we introduce a practical evaluation 
framework for full cells. This review aims to provide theoretical guid
ance for the rational design and performance optimization of biomass- 
derived hard carbon.

2. Sodium storage active sites in hard carbon

Although this review focuses on biomass-derived hard carbon, its 
sodium storage behavior fundamentally follows the general mechanisms 
of hard carbon materials. Accordingly, this section and Section 3 first 
systematically introduce the sodium storage active sites and mechanism 
models applicable to all hard carbons, laying a theoretical foundation for 
the subsequent discussion of biomass precursor characteristics and 

modification strategies.
Research has revealed that hard carbon typically comprises highly 

disordered graphene-like nanosheets, a high defect concentration, and 
abundant heteroatoms, resulting in structural heterogeneity and 
complexity (Xie et al., 2021). As an SIB anode material, its unique 
microstructure can be categorized from the perspective of Na⁺ storage 
into nanopores, graphitic layers, and defect sites (Fig. 2), each exhibiting 
distinct Na⁺ storage mechanisms. Therefore, understanding this complex 
structure is crucial for developing high-performance hard carbon 
anodes.

2.1. Nanopores for sodium storage

Nanopores are generally considered to store sodium ions via 
adsorption and filling mechanisms. According to the International Union 
of Pure and Applied Chemistry (IUPAC), these pores are classified into 
micropores (<2 nm), mesopores (2–50 nm), and macropores (>50 nm). 
In addition to conventional open pores in porous carbons, closed pores 
formed by folded and curved carbon layers are also widely accepted to 
exist within hard carbon materials. Open pores store sodium ions 
through surface adsorption, whereas closed pores store sodium ions via a 
filling mechanism. The controversies regarding the specific sodium 
storage mechanisms will be discussed below.

Stevens and Dahn (Stevens and Dahn, 2000a) first proposed the 
widely recognized "house-of-cards" model in 2000. This model posits 
that hard carbon is composed of numerous tiny, curved graphene 
nanosheets. These nanosheets stack in parallel to form graphitic 
microcrystallites with short-range order, which are then randomly ar
ranged over long distances. Owing to the varying orientations of these 
graphitic microcrystallites, abundant nanopores are generated during 
this disordered stacking process. These nanopores are further catego
rized into open pores and closed pores (Fig. 3).

2.1.1. Adsorption mechanism in open-pore materials
Hard carbon materials typically feature abundant pore structures, 

which provide numerous active sites for sodium storage and facilitate 
ion migration and diffusion. Consequently, whether they are micropo
rous carbons prepared by activation methods or mesoporous/macro
porous carbons synthesized via template strategies, these materials 
generally exhibit high reversible capacity and excellent rate 

Table 1 
Summary table of the raw material–process–performance relationship for biomass-derived hard carbon anodes in sodium-ion batteries.

Precursor Synthesis method Modification method Reversible capacity 
(mAh g¡1)

ICE Ref.

Waste wood One-step heat treatment method Regulated pore structure 350.7 mAh g− 1 at 0.05 C 94.9% (You et al., 2024)
Chitosan powder Flash joule heating Structural controls 187.9 mAh g− 1 at 1 A g− 1 

after 2000 cycles
​ (Yuan et al., 

2024b)
Natural bamboo Deep eutectic solvent cell-shearing Regulated pore structure 422 mAh g− 1 at 30 mA g− 1 85.2% (Lan et al., 2025)
​ Van soest method Regulated pore structure 350 mAh g− 1 at 20 mA g− 1 90.3% (Wang et al., 

2024b)
Glucose hydrothermal method Pre-desolvation on the nanopore ​ 98.21% (Lu et al., 2024)
​ MgO-template Synthesis Regulated pore structure ​ 88% (Kamiyama et al., 

2021)
Bamboo powder Acid treatment in different steps Adjusting the components of precursors 108.8 mAh g− 1 at 8 A g− 1 ​ (Wu et al., 2024a)
Sucrose Temperature-controlled strategy Balance graphitic nanodomains and 

heteroatom doping content
315 mAh g− 1 at 0.2 A g− 1 98.82% (Wang et al., 

2024a)
Pinenut One-step pyrolysis Regulated pore structure 278 mAh g− 1 at 0.2 A g− 1 85% (Zhang et al., 

2024c)
Cellulose Temperature carbonized Regulated structure ​ ​ (Sun et al., 2020)
Bagasse High-temperature thermal decomposition Regulated structure ​ 91.5% (Hu et al., 2020)
Potassium-rich 

primitive gourd
Heating methods Balances degree of graphitization and 

pore channel structure
​ 90.7% (LeGe et al., 2025)

Kapok fiber Cross-linking carboxyl group in 2,6-pyridi
nedicarboxylic acid

N doping 401.7 mAh g− 1 at 0.05 A g− 1 ​ (Zhang et al., 
2024b)

​ Coulomb adsorption of methylene N/S doping ​ 99.44% (Zhang et al., 
2025c)

Bamboo fibers High-temperature carbonization Regulated pore structure 346 mAh g− 1 at 50 A g− 1 ​ (Huang et al., 
2024)
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performance (Liu et al., 2016; Wenzel et al., 2011). However, due to 
their large specific surface area, the electrolyte decomposes on open 
pore surfaces during charge/discharge processes, forming a solid elec
trolyte interphase (SEI) film and causing irreversible Na⁺ loss. As a 
result, these materials often show a low initial Coulombic efficiency 
(ICE) (Ren et al., 2025).

Gas (e.g., N₂, CO₂) adsorption/desorption remains the conventional 
method for characterizing the pore characteristics of carbon materials, 
with specific surface area (SBET) and pore volume (Vt) as two key 

parameters. However, due to the structural complexity of porous carbon 
materials, even carbons with identical SBET and Vt values can exhibit 
different porosity characteristics (Yang et al., 2020; Yu et al., 2018). 
Therefore, analyzing adsorption/desorption isotherms together with 
SBET and Vt values is necessary to obtain comprehensive porosity in
formation. Additionally, scanning electron microscopy/high-resolution 
transmission electron microscopy (SEM/HRTEM) can be used for 
porosity analysis; porous carbons with low tap density typically exhibit 
loose morphologies and interconnected porosity (Yu et al., 2018). 

Fig. 2. Sodium storage active sites in hard carbon anode materials. (a) Microstructure of sodium storage sites(Morikawa et al., 2019); (b) Schematic illustration of 
open and closed pores in hard carbon(Kitsu Iglesias et al., 2023); (c) Sodium storage sites present in hard carbon(Cui et al., 2025b); (d) Schematic diagram of active 
sites for sodium storage in hard carbon and the possible corresponding sodium storage mechanisms(Sun et al., 2022).

Fig. 3. Schematic illustration of the nanopore fabrication process in hard carbon materials. (a) Nanopore evolution mechanism in hard carbon materials synthesized 
via the ZnO template method(Ren et al., 2025); (b) Nanopore evolution mechanism in bamboo-derived biomass hard carbon materials(Sun et al., 2025c).
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SEM/HRTEM observations complement structural data from other 
characterization techniques, thereby validating conclusive structural 
analyses of hard carbon materials.

2.1.2. Filling mechanism in closed-pore materials
Closed pores are formed by folded and curved carbon layers. In 

contrast to the adsorption-controlled process occurring on open pore 
surfaces, the Na+ storage process within closed pores is considered to be 
a diffusion-dominated mechanism(Au et al., 2020) (Fig. 4). As the py
rolysis temperature increases from 1000 to 1900 ℃, the low-voltage 
plateau capacity reaches a maximum at 1500 ℃ and then decreases. 
The authors attributed this phenomenon to the reduction in graphitic 
interlayer spacing, which diminishes the diffusion pathways available 
for Na+ to enter the closed pores.

Among the characterization techniques for closed pores, small-angle 
X-ray scattering (SAXS) can detect closed pores within carbon materials 
and is therefore regarded as a powerful complementary technique to gas 
adsorption characterization(Saurel et al., 2018). By fitting the charac
teristic length scale to variations in scattering power between the me
dium and the pores, the radius of spherical closed pores can be inferred 
(Dou et al., 2019). SAXS analysis is sensitive to micropores and internal 
closed pores, enabling precise analysis of carbon structures. However, 
this technique is limited to the determination of average pore size, 
making it difficult to quantitatively analyze other important textural 
properties such as pore size distribution, pore volume, and surface area, 
which require specially designed and intensity-calibrated instruments. 

Consequently, true (skeletal) density measurement is widely employed 
to calculate the total volume of closed pores, complementing SAXS. 
Helium (He), as the analysis gas, can access almost all open pores except 
closed pores, allowing the true (skeletal) density value (ρ) to be deter
mined using Archimedes' principle (Li et al., 2019b).

Currently, an in-depth understanding of the sodium storage process 
within nanopores is still in its infancy. The characterization of closed 
pores is crucial, yet it remains challenging to distinguish them from their 
open pore counterparts. A consensus on the sodium storage character
istics of open and closed pores has not yet been reached. Beyond 
developing advanced characterization techniques, this debate has also 
propelled the exploration of model carbon materials.

2.2. Graphitic layers for sodium storage

Graphite has a unique layered structure with an interlayer spacing of 
0.335 nm, composed of stacked two-dimensional graphene sheets. 
However, the large ionic radius of Na⁺ hinders its insertion between 
graphene layers to form intercalation compounds analogous to Li⁺ 
(forming NaC₆₄) (Fig. 5a), resulting in a theoretical capacity of only 35 
mAh g⁻¹ (Luo et al., 2021; Wang et al., 2022; Zhang et al., 2021b; Zhao 
et al., 2020). Interlayer spacing and stacking misalignment are widely 
recognized as critical factors determining the feasibility of sodium 
storage between carbon layers (Fig. 5b). Cao et al. (Cao et al., 2012) 
simulated the energy cost of Na⁺/Li⁺ insertion into carbon as a function 
of interlayer distance. Their results indicate that the energy required for 

Fig. 4. Sodium storage mechanisms in closed/open pores and their regulation. (a) Schematic illustration of the microstructure of hard carbons synthesized at 
different pyrolysis temperatures and the corresponding sodium storage behavior within closed pores(Kitsu Iglesias et al., 2023); (b) Schematic diagram illustrating 
the closed pore formation mechanism during the pyrolysis of zinc gluconate(Qiu et al., 2024); (c) Schematic illustration of pore structure regulation in porous carbons 
(Li et al., 2019b).
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Na⁺ insertion decreases with increasing interlayer spacing. When the 
spacing reaches 0.37 nm, the insertion energy barrier becomes suffi
ciently low, facilitating Na⁺ intercalation. Notably, if the interlayer 
spacing of parallel graphene layers in hard carbon falls within 
0.37–0.4 nm, Na⁺ can form intercalation compounds similar to Li⁺-gra
phite, exhibiting good sodium storage capability (Fig. 5c). When the 
spacing is below 0.36 nm, Na⁺ insertion becomes highly difficult; above 
0.4 nm, a pseudocapacitive effect emerges, and the storage mechanism 
shifts from intercalation to adsorption. Increasing the carbonization 
temperature, extending the holding time, and reducing the heating rate 
provide carbon atoms with sufficient energy and time for rearrange
ment, thereby enhancing the graphitization degree of hard carbon (Sun 
et al., 2019). Thus, the interlayer spacing can be controlled by modu
lating these carbonization parameters.

X-ray diffraction (XRD) is currently the most direct tool for analyzing 
the interlayer and microcrystalline structures of carbon materials. Car
bons with different graphitization degrees and crystallinities yield 
distinctive XRD patterns (Tsai et al., 2015). Based on the interlayer 
spacing d₀₀₂, the carbon phase of hard carbon can be classified into three 
types (Sun et al., 2019): highly disordered phase (d₀₀₂ > 0.4 nm), 
quasi-graphitic phase (0.36 nm < d₀₀₂ < 0.40 nm), and graphitic-like 
phase (d₀₀₂ < 0.36 nm). High-resolution transmission electron micro
scopy (HRTEM) can be used for qualitative analysis of the crystal 
structure of hard carbon (Dou et al., 2019), while total neutron scat
tering coupled with pair distribution function (PDF) analysis is an 
advanced method for estimating crystalline domain or microcrystallite 
sizes. Due to the different physical principles underlying these tech
niques, calculated values generally show slight variations.

Fig. 5. Relationship between the structural characteristics of graphitic layer sodium storage sites and sodium storage performance. (a) Schematic diagram illustrating 
the bonding associated with the insertion of electropositive alkali metal ions into graphitic layers(Li et al., 2019a); (b) Correlation between reversible capacity and 
both closed porosity and the interlayer spacing (d002)(Escamilla-Pérez et al., 2023); (c) Structural differences between graphite and hard carbon(Xiao et al., 2019).
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The graphitic microcrystalline structure (including interlayer 
spacing and microcrystallite size) is the most critical structural param
eter determining the sodium storage performance of hard carbon. 
However, its characterization remains challenging. HRTEM can observe 
the degree of crystalline order but cannot provide quantitative infor
mation. XRD is the most commonly used method for analyzing interlayer 
spacing and microcrystalline structure, but the broad (002) diffraction 
peak of highly disordered hard carbon makes it difficult to accurately 
determine the peak position and estimate the interlayer spacing. The 
complex and heterogeneous microstructure of non-graphitic carbons, 
together with the coexistence of diverse microcrystalline regions, com
plicates the elucidation of the sodium storage mechanism. Furthermore, 
defect sites and nanopores also participate in sodium storage, adding 
further complexity. Therefore, more refined characterization tech
niques, fuller utilization of simulation methods, and the development of 
model hard carbons with uniform, controllable, and pore/defect-free 
microcrystalline structures will be essential for exploring the influence 
of microcrystalline structure on the sodium storage process.

2.3. Defect sites for sodium storage

Defects are intrinsic to hard carbon, including edge defects, vacancy 
defects, and heteroatom defects (Fig. 6a). Intrinsic defects (e.g., edge 
and vacancy defects) primarily modulate the local electronic structure, 
providing additional adsorption sites for Na⁺ and contributing to high 
slope capacity. Moreover, their reversible adsorption/desorption 
behavior enables fast sodium storage kinetics, thereby enhancing rate 
performance (Li et al., 2018; Yuan et al., 2024a). In contrast, extrinsic 
defects (e.g., heteroatom doping with O, N, S, P) (Fig. 6b) introduce 
strong electronegative centers to increase Na⁺ binding energy, expand 
the interlayer spacing, or induce additional intrinsic defects, synergis
tically improving reversible capacity and cycling stability (Ni et al., 
2019; Zhang et al., 2023). Thus, the synergy between intrinsic and 
extrinsic defects is key to enhancing the overall electrochemical per
formance of hard carbon (Gan et al., 2025).

Raman spectroscopy is used to characterize structural irregularities 
and defect content in hard carbon (Dou et al., 2019; Ferrari, 2007; 
Ferrari and Basko, 2013). The Raman spectrum typically shows a D-band 
(defect band, ~1350 cm⁻¹) and a G-band (graphite band, ~1580 cm⁻¹). 

The D-band arises from vibrations of sp²-hybridized carbon atoms in 
aromatic rings, while the G-band corresponds to bond stretching of all 
sp² atom pairs in both rings and chains. A 2D peak often appears at 
~2700 cm⁻¹ , indicating highly graphitized and ordered structures 
(Fig. 6c). The intensity ratio of the D-band to the G-band (ID/IG or 
ID/(ID+IG)) is commonly used to evaluate disorder degree and defect 
concentration. Furthermore, ratios among deconvoluted components (e. 
g., D1, D2, D3, D4, G) provide additional insights into the nature of 
structural defects.

Accurate defect analysis in hard carbon remains challenging due to 
the multitude of influencing factors. The complexity of structural defects 
and the difficulty in precisely determining their configurations further 
complicate the elucidation of charge storage mechanisms. Future 
research should enhance defect analysis accuracy through theoretical 
calculations, thereby establishing clearer correlations between defects 
and sodium storage mechanisms in hard carbon.

3. Sodium storage mechanism in HC

Understanding of the microstructure of hard carbon has evolved 
from Franklin's initial classification to the "house-of-cards" model and 
subsequently to fullerene-like structures (Ban et al., 1975; Franklin, 
1951; Harris and Tsang, 1997; Stevens and Dahn, 2000a; Terzyk et al., 
2007; Townsend et al., 1992). These early models laid the foundation for 
comprehending the complex structure of hard carbon, with the 
"house-of-cards" model directly prompting in-depth explorations of so
dium storage mechanisms.

To date, the sodium storage mechanism of hard carbon remains 
controversial, with debate centered on the origin of capacity in the low- 
voltage plateau region (<0.1 V vs. Na⁺/Na) and the high-voltage slope 
region (>0.1 V vs. Na⁺/Na) (Chen et al., 2022; Ding et al., 2017; Kitsu 
Iglesias et al., 2023; Xue et al., 2025). Four main models have been 
proposed (Fig. 7): (1) the "insertion-filling" mechanism, (2) the 
"adsorption-filling" mechanism, (3) the "adsorption-insertion" mecha
nism, and (4) the multistage mechanism. Each model is supported by 
evidence, yet contradictions persist. This section systematically com
pares and critically evaluates them, aiming to determine under which 
conditions each mechanism dominates.

Fig. 6. Influence of defect sites on sodium storage mechanisms and their characterization. (a) Schematic illustration of the microstructure of hard carbon and the 
primary active centers responsible for Na+ adsorption(Wang et al., 2025a); (b) Schematic diagram illustrating defects in phosphorus and sulfur co-doped carbon(Yan 
et al., 2020); (c) Raman spectra of graphene-based materials with different degrees of structural order(Wu et al., 2018b).
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3.1. "Insertion-filling" mechanism

The core proposition of this mechanism is that slope region capacity 
arises from reversible Na⁺ intercalation between graphitic-like layers, 
while plateau region capacity originates from Na⁺ filling into open pores. 
Stevens and Dahn first proposed this model in 2000 (Stevens and Dahn, 
2000a, b) based on in-situ SAXS and XRD studies of glucose-derived hard 
carbon. Evidence included a decrease in (002) peak intensity upon 
discharge and reduced nanopore scattering intensity in the low-voltage 
plateau region (Stevens and Dahn, 2001). Subsequently, Komaba et al. 
(Komaba et al., 2011) reproduced these phenomena in various hard 
carbons: ex-situ XRD showed gradual interlayer expansion from 2.0 V to 
0.2 V; SAXS revealed a reversible decrease in scattering intensity at 
0.03–0.07 Å⁻¹ in the plateau region; and Raman spectroscopy exhibited 
a red shift of the G-band in the slope region. These results were widely 
interpreted as direct evidence for intercalation (slope region) and 
open-pore filling (plateau region). Thereafter, similar trends were 
observed in nut shell-, cellulose-, and phenolic resin-derived hard car
bons by Dahbi, Morita et al. (Dahbi et al., 2017), further consolidating 
this mechanism.

However, both core assumptions of this model have faced serious 
experimental challenges, fundamentally questioning its universality.

First, it attributes the entire slope capacity to intercalation. Yet many 
studies show that for defect-rich hard carbons (e.g., low-temperature 
pyrolyzed biomass), the slope capacity far exceeds the theoretical 
intercalation limit. For instance, in hard carbons rich in heteroatoms and 
edge defects, slope capacity can exceed 200 mAh g⁻¹ , while pure 
intercalation typically contributes below 100 mAh g⁻¹ . This discrepancy 
indicates that defect adsorption makes a non-negligible contribution to 
the slope region.

Second, it assumes that plateau capacity depends on open-pore 
filling. However, Li et al. (Li et al., 2016a) found a critical counterex
ample: as carbonization temperature increased from 1000 ◦C to 1600 ◦C, 
the open-pore specific surface area dropped from 538 m² g⁻¹ to 14 m² 
g⁻¹ , yet the plateau capacity increased significantly. If plateau capacity 
were solely due to open-pore filling, a decrease would be expected. This 
counterexample cannot be explained by the original "open-pore filling" 
model, but instead gave rise to the later "closed-pore filling" model.

Synthesizing the available evidence, we consider that the "insertion- 
filling" mechanism has strong explanatory power for carbon materials 
treated at high temperatures (>2000 ◦C), with few defects and struc
tures approaching graphitization (e.g., high-temperature carbonized 
glucose- or pitch-derived carbons). Its advantages include direct support 
from in-situ SAXS and XRD evidence, as well as simplicity and 

Fig. 7. Schematic diagram of sodium storage mechanism models for hard carbon(Zhou et al., 2024).
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intuitiveness. However, for typical hard carbons (obtained by low-to- 
medium temperature pyrolysis, with high defect density and rich in 
closed pores), its applicability is limited—it underestimates defect ad
sorption's contribution to the slope region and fails to account for closed- 
pore-dominated plateau capacity. Consequently, subsequent studies 
have made important modifications to this model, either attributing the 
slope region to adsorption rather than intercalation, or ascribing the 
plateau region to closed-pore filling rather than open-pore filling.

3.2. "Adsorption-filling" mechanism

The core proposition of this mechanism contrasts with that of the 
"insertion-filling" mechanism: slope region capacity arises from Na⁺ 
adsorption at defect sites and on graphene surfaces, while plateau region 
capacity originates from Na⁺ filling into nanopores. However, two sub- 
versions must be distinguished: early studies attributed the plateau re
gion to open-pore filling, but subsequent evidence pointed to closed- 
pore filling, which has become the mainstream view.

Zhang et al. (Zhang et al., 2015) found that as the carbonization 
temperature of PAN-derived CNF films increased to 2000 ◦C, the carbon 
interlayer spacing gradually decreased, while surface defects and het
eroatoms significantly diminished. In-situ XRD showed no shift of the 
(002) peak, ruling out Na⁺ intercalation. Under these conditions, the 
slope region almost completely disappeared, leaving only a single 
low-voltage plateau region. The authors therefore attributed the slope 
region to Na⁺ adsorption on graphene surfaces or at defect sites, rather 
than to interlayer intercalation. Notably, the decrease in interlayer 
spacing and the disappearance of the slope region are concomitant 
phenomena of high-temperature carbonization; the former is not the 
direct cause of the latter.

To explain the critical counterexample of open-pore filling 
mentioned in Section 3.1, Li et al. (Li et al., 2016a) proposed a "close
d-pore filling" model: plateau capacity originates from closed nanopores 

surrounded by parallel carbon layers, not from open pores (Fig. 8a). 
HRTEM showed that the number of closed pores increased after 
high-temperature carbonization, consistent with the increasing plateau 
capacity. Subsequently, Bai et al. (Bai et al., 2018) demonstrated 
through sulfur-filling experiments on micropores (Fig. 8b) that blocking 
micropores with sulfur eliminated the plateau capacity, indirectly sup
porting the pore-filling mechanism. More direct evidence came from 
operando SAXS by Kitsu Iglesias et al. (Kitsu Iglesias et al., 2023): in the 
plateau region, the scattering intensity of closed pores decreased 
significantly, indicating Na⁺ entry into closed pores; in the slope region, 
the intensity changed only slightly, indicating that closed-pore filling 
occurs mainly in the plateau region (Fig. 8c).

Although the closed-pore filling model has become the mainstream 
explanation, several key issues remain unresolved: (i) Limitations of 
characterization techniques: HRTEM cannot clearly distinguish open 
from closed pores, and SAXS can only indirectly infer changes in closed- 
pore volume (Fig. 8d); atomic-scale techniques for directly observing 
sodium filling in closed pores are lacking. (ii) Lack of quantitative 
relationship: A reliable linear relationship between closed-pore volume 
and plateau capacity has not yet been established. In some studies, 
closed-pore volume increases while plateau capacity saturates, sug
gesting other limiting factors (e.g., pore entrance size, internal pore 
environment). (iii) Unclear processing rules for closed-pore formation: 
The relationships between closed-pore number/size and pyrolysis tem
perature/precursor type remain unsystematic, making "on-demand 
design" of closed-pore structures impossible.

3.3. "Adsorption-insertion" mechanism

The core proposition of this mechanism is that slope region capacity 
arises from Na+ adsorption at defect sites and on graphene surfaces, 
while plateau region capacity originates from Na⁺ intercalation between 
carbon layers. In contrast to the "adsorption-filling" mechanism, the 

Fig. 8. Characterization of the relationship between closed pores and plateau capacity within the "adsorption-filling" mechanism. (a) Nitrogen adsorption-desorption 
isotherms depicting porosity evolution in hard carbon and the corresponding changes in plateau capacity for hard carbons prepared at different carbonization 
temperatures(Li et al., 2016a); (b) Schematic illustration of the sodium storage mechanism in hard carbon(Bai et al., 2018); (c) SAXS patterns of hard carbon in the 
slope capacity region and plateau capacity region(Kitsu Iglesias et al., 2023); (d) Ex-situ SAXS analysis and effective skeletal density measurements of carbon 
materials(Xie et al., 2019b).
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plateau region is attributed to intercalation rather than pore filling.
Cao et al. (Cao et al., 2012) first proposed this model in 2012, finding 

that the CV curve of polyaniline-derived hollow carbon nanowires in the 
low-voltage region (0–0.2 V) closely resembled the intercalation peaks 
of Li⁺ in graphite, suggesting that Na⁺ also undergoes intercalation in the 
plateau region. Subsequently, Ding et al. (Ding et al., 2013) observed 
interlayer spacing expansion within the plateau region of peat 
moss-derived hard carbon using ex-situ XRD, supporting the intercala
tion hypothesis. More systematic evidence came from Bommier et al. 
(Bommier et al., 2015): they found a strong linear relationship between 
slope capacity and defect concentration (ID/IG), supporting an adsorp
tion origin, while ex-situ XRD in the plateau region revealed reversible 
interlayer expansion/contraction, supporting intercalation. GITT mea
surements also showed a sharp drop in the diffusion coefficient in the 
plateau region (approximately 0.1–0.03 V), consistent with an interca
lation process (Alvin et al., 2020). Sun et al. (Sun et al., 2019) further 
proposed an "extended adsorption-intercalation" model (Fig. 9), identi
fying the interlayer spacing d₀₀₂ as the key parameter determining 
plateau capacity.

Although the "adsorption-insertion" mechanism is supported by 
substantial evidence, two anomalies severely challenge its core 
assumptions.

Anomaly 1: Low-temperature hard carbon exhibits a large interlayer 
spacing but lacks a plateau region. If the plateau region originated from 
intercalation, a larger spacing should favor intercalation and thus in
crease plateau capacity. However, in hard carbons prepared at low py
rolysis temperatures (<800 ◦C), even with interlayer spacing above 
0.40 nm, the charge/discharge curves show almost no plateau region 
(only a slope region). This contradicts the intercalation model entirely.

Anomaly 2: Interlayer spacing decreases upon high-temperature 
carbonization, yet plateau capacity increases. As the pyrolysis temper
ature rises from 1000 ◦C to 1600 ◦C, d₀₀₂ drops from ~0.40 nm to 
0.38 nm or less. Intuitively, intercalation should become more difficult 
and plateau capacity should decrease. However, cotton-derived hard 
carbon (Li et al., 2016a) and phenolic resin-derived hard carbon (Jin 
et al., 2018) show that plateau capacity increases significantly as 
interlayer spacing decreases. This counterexample directly challenges 
the view that the plateau region mainly originates from intercalation.

These two anomalies together point to an alternative explanation: 
the plateau region likely arises primarily from closed-pore filling rather 
than intercalation. Closed pores develop more fully during high- 

temperature carbonization, consistent with the increasing plateau ca
pacity; low-temperature hard carbon, despite its large interlayer 
spacing, has not yet formed closed pores, hence no plateau region.

The "adsorption-insertion" mechanism has the broadest explanatory 
scope among single-mechanism models. However, the above anomalies 
indicate that it significantly overestimates intercalation's contribution to 
the plateau region and underestimates that of closed-pore filling. In fact, 
the positive correlation between plateau capacity and closed-pore vol
ume with increasing temperature is much stronger than its negative 
correlation with interlayer spacing. Therefore, we consider the pure 
"adsorption-insertion" model more suitable for specific hard carbons 
processed at medium carbonization temperatures (1000–1500 ◦C), with 
d₀₀₂ > 0.38 nm and limited closed-pore development. For most typical 
hard carbons (especially biomass-derived, high-temperature carbonized 
samples), the plateau region is dominated by closed-pore filling, not 
intercalation. This is precisely why the multistage mechanism proposes 
that intercalation and filling jointly contribute to the plateau region.

3.4. Multistage mechanism

The three mechanisms introduced in the previous sections each 
emphasize different sodium storage processes, yet contradictions exist 
among them (Table 2). Recently, mounting evidence indicates that so
dium storage in hard carbon is not a single process but rather the syn
ergistic contribution of adsorption, intercalation, and filling across 
different voltage ranges and structural units, giving rise to the "multi
stage mechanism."

The most compelling evidence for the multistage mechanism comes 
from GITT measurements of the Na⁺ diffusion coefficient as a function of 
voltage (Bommier et al., 2015; Jian et al., 2017; Li et al., 2017). Bom
mier et al. first reported that in glucose-derived hard carbon, the 
diffusion coefficient decreases slowly in the slope region (>0.1 V) 
(adsorption process), drops sharply in the initial plateau region 
(0.1–0.03 V) (intercalation process), and then unexpectedly rebounds at 
the end of the plateau region (<0.03 V) (closed-pore filling process). 
This three-stage variation has been reproduced in numerous subsequent 
studies (Alvira et al., 2023) (Fig. 10a).

Based on these findings, Jin et al. (Jin et al., 2018) proposed a 
"three-phase structure" model (Fig. 10b) and, according to the diffusion 
coefficient variation (Fig. 10c), subdivided the capacity into: (i) 
adsorption capacity (1.0–0.1 V): from Na⁺ adsorption at defect sites, 

Fig. 9. Extended model of the "adsorption-insertion" sodium storage mechanism(Sun et al., 2019).
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edges, and surfaces; (ii) intercalation capacity (0.1–0.03 V): from Na⁺ 
insertion between graphitic-like layers; (iii) filling capacity (0.03–0 V): 
from Na⁺ closed-pore filling. By processing the crosslinking degree of 

phenolic resin and the carbonization temperature (Fig. 10d), they found 
that with increasing temperature, adsorption capacity gradually 
decreased (due to defect reduction), intercalation capacity first 

Table 2 
Summary comparison of the four sodium storage mechanisms.

Sodium 
storage 
mechanism

Origin of 
slope region

Origin of 
plateau region

Key experimental 
evidence

Limitations Characteristics of 
applicable carbon 
materials 
(pyrolysis temperature / 
precursor)

Ref.

Insertion- 
filling

Intercalation Open-pore 
filling

In-situ SAXS (decreased 
scattering intensity in 
plateau region); in-situ XRD 
((002) peak shift)

Ignores contribution of defects to 
slope region; cannot explain 
counterexample of decreased open 
pores but increased plateau capacity

High-temperature 
carbonization (>2000 ℃) / 
graphitizable precursors 
(pitch, aromatic polymers)

(Komaba et al., 
2011; Stevens and 
Dahn, 2000a, 
2001)

Adsorption- 
filling

Adsorption Closed-pore 
filling

Operando SAXS (decreased 
closed-pore scattering in 
plateau region); sulfur 
filling experiments 
(disappearance of plateau)

Lack of direct characterization 
techniques for closed pores; no 
bidirectional linear relationship 
between closed-pore volume and 
plateau capacity

Medium-temperature 
carbonization (800–1200 ℃) 
/ biomass or heteroatom- 
containing polymers

(Bai et al., 2018; 
Kitsu Iglesias 
et al., 2023; Li 
et al., 2016a)

Adsorption- 
insertion

Adsorption Intercalation GITT (decreased diffusion 
coefficient in plateau 
region); ex-situ XRD 
(reversible interlayer 
expansion)

Cannot explain absence of plateau in 
low-temperature hard carbon (large 
interlayer spacing) nor increased 
plateau in high-temperature hard 
carbon (decreased interlayer 
spacing)

Medium-temperature 
carbonization (1000–1500 
℃) / precursors with 
interlayer spacing d002 

> 0.38 nm and few closed 
pores

(Alvin et al., 
2020; Bommier 
et al., 2015; Cao 
et al., 2012)

Multistage Adsorption Intercalation 
and closed-pore 
filling

GITT three-stage diffusion 
coefficient (slow, then sharp 
drop, then rebound); 
combined SAXS and NMR

Unclear state of sodium in final 
stage (metallic/quasi-metallic/ 
ionic); difficulty in quantitative 
decoupling of intercalation and 
filling contributions

Wide temperature range 
(800–1600 ℃) / various 
precursors (especially 
suitable for biomass and 
resins)

(Jin et al., 2018; 
Kitsu Iglesias 
et al., 2023; 
Vasileiadis et al., 
2023)

Fig. 10. X-ray diffraction and other characterizations of the "multistage mechanism." (a) DNa+ values calculated from GITT measurements during sodiation(Alvira 
et al., 2023); (b) Adsorption/intercalation/filling contributions in hard carbon at different carbonization temperatures(Jin et al., 2018); (c) Variation of sodium ion 
diffusion coefficient in hard carbon electrodes with voltage and the corresponding sodium storage mechanisms(Jin et al., 2018); (d) X-ray diffraction patterns of hard 
carbon carbonized at different temperatures(Jin et al., 2018).
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increased and then decreased (as interlayer spacing first increased then 
decreased), and filling capacity continuously increased (due to 
closed-pore development). The superposition of these three contribu
tions successfully explained the non-monotonic trend of plateau capac
ity with temperature. Furthermore, in-situ XRD, ex-situ Raman 
spectroscopy, SAXS analysis, and DFT calculations (Kitsu Iglesias et al., 
2023) have confirmed this mechanism.

Synthesizing the available evidence, we consider the multistage 
mechanism to be the model that most closely approximates the actual 
sodium storage process under current knowledge, for the following 
reasons: (i) Strongest explanatory power: it simultaneously accounts for 
multiple cross-scale phenomena, including the absence of a plateau re
gion in low-temperature hard carbon, the decrease in interlayer spacing 
but increase in plateau capacity in high-temperature hard carbon, the 
three-stage variation of the GITT diffusion coefficient, and the changes 
in SAXS closed-pore scattering. (ii) Complete chain of evidence: it has 
been cross-validated by independent techniques including GITT, in-situ 
XRD, SAXS, Raman spectroscopy, NMR, and DFT calculations. (iii) 
Unification of controversies: it incorporates three seemingly opposing 
models—"insertion-filling," "adsorption-filling," and "adsorption- 
insertion"—as special cases within a general framework. When closed 
pores are absent, the multistage mechanism degenerates into 
adsorption-insertion; when intercalation contribution is negligible, it 
degenerates into adsorption-filling; and when open-pore filling is 
considered, it partially approaches insertion-filling.

As shown in Table 2, biomass-derived hard carbon does not possess a 
fundamentally different sodium storage mechanism from other hard 
carbons (e.g., polymer-based or fossil-based); the sodium storage 
behavior of all hard carbons can be uniformly described by the four 
mechanisms presented in this section, especially the multistage mech
anism. The fundamental differences lie not at the mechanistic level but 
at the structural level: the unique cellulose/lignin/hemicellulose ratios, 
natural nanostructures, and heteroatom contents of biomass precursors 
affect the degree of closed-pore development, defect density, and 
graphitic interlayer spacing and orientation, thereby altering the rela
tive proportions of adsorption, intercalation, and closed-pore filling 
contributions, manifested as different distributions of plateau/slope 
capacity.

After nearly two decades of debate, the four sodium storage mech
anisms have evolved from being "mutually exclusive" to "complemen
tary." The multistage mechanism, as a unifying framework, is supported 
by the majority of current evidence. However, its core bottleneck—the 
inability to quantitatively decouple the contributions of intercalation 
and filling—still constrains the transition from "mechanism description" 
to "material design." Future breakthroughs may come from the following 
directions: (i) In-situ cryo-electron microscopy: directly observing the 
atomic arrangement of sodium within closed pores to clarify its 
metallic/quasi-metallic/ionic state. (ii) Combined operando techniques: 
simultaneously acquiring SAXS (to monitor closed-pore filling) and XRD 
(to monitor intercalation), coupled with machine learning to decouple 
the two contributions. (iii) Model hard carbon systems: designing model 
materials with a single variable, such as varying only closed-pore vol
ume or only interlayer spacing, thereby systematically verifying the 
quantitative relationships of each mechanism.

We anticipate that the comparative framework provided in this re
view will help researchers rapidly identify the most appropriate sodium 
storage mechanism for their specific material systems and offer theo
retical guidance for the rational design of high-performance biomass- 
derived hard carbon anodes.

4. Structure-activity relationship between hard carbon 
precursor characteristics and sodium storage strategies

Hard carbon materials possess abundant interwoven and stacked 
graphitic microcrystallite layers, micropores, and defects, with these 
microstructural features primarily determined by their precursors. 

Owing to variations in the initial microstructures of different biomass 
sources, biomass-derived hard carbons from distinct precursors exhibit 
different electrochemical performances. Cellulose mainly contributes to 
plateau capacity; untreated lignin primarily contributes to slope ca
pacity, whereas purified lignin after washing optimization predomi
nantly contributes to plateau capacity. Additionally, the removal of 
hemicellulose can also enhance plateau capacity (Fig. 11).

4.1. Cellulose-rich biomass-derived hard carbon materials

For cellulose-rich biomass-derived hard carbon materials, high- 
temperature carbonization (>1000 ◦C) drives the cellulose-derived 
graphitic-like layers to undergo curling, folding, and cross-linking. 
Owing to the oxygen-rich nature of cellulose precursors, cross-linked 
structures readily form, promoting the formation of closed pores at 
high temperatures rather than fully graphitized structures (Cui et al., 
2025a) (Fig. 12a). Moreover, cellulose-based materials consist of 
microfibers assembled via hydrogen bonds and van der Waals forces; 
upon carbonization, this architecture provides a spatial pore structure. 
Huang et al. (Huang et al., 2024) proposed a "deconstruction engi
neering" strategy, in which the disordered lignin and hemicellulose 
components in bamboo fibers were selectively etched away with NaOH, 
thereby enriching the cellulose content (Fig. 12g). Untreated lignin-rich 
precursors tend to form disordered carbon structures, whereas the 
abundant oxygen-containing functional groups in cellulose-rich pre
cursors induce strong cross-linking, bending, and folding of carbon 
layers during pyrolysis, ultimately forming curved/coiled "pseudo-gra
phitic domains." These curved pseudo-graphitic sheets interconnect to 
form the "pore walls" of closed pores, effectively promoting closed-pore 
formation and increasing the plateau capacity by approximately 53% 
(from 166 to 254 mAh g⁻¹), confirming cellulose as a key component for 
constructing hard carbon with high closed-pore volume. Consequently, 
its sodium storage behavior mainly manifests as a closed-pore filling 
process in the low-voltage plateau region.

4.2. Lignin-rich biomass-derived hard carbon materials

For lignin-rich biomass-derived hard carbon materials, untreated 
lignin-derived carbon contains abundant impurities, surface defects, and 
a high specific surface area, providing numerous adsorption sites and 
thus a high slope capacity. Removing impurities and reducing the spe
cific surface area via water washing decreases surface adsorption sites, 
lowering the proportion of slope capacity. Simultaneously, the internal 
graphitic-like structures and closed pores become more favorable for 
sodium insertion and filling, thereby significantly enhancing plateau 
capacity (Dayarathne et al., 2025; Matei Ghimbeu et al., 2019) 
(Fig. 12b-d). Sun et al. (Sun et al., 2025b) investigated industrial hard
wood lignin and found that after treatment at 1500 ◦C, it tends to form 
short-range ordered turbostratic graphitic domains and a high concen
tration of closed nanopores (Fig. 12e,f). Based on these findings, the 
authors proposed an "adsorption-insertion-filling" mechanism: 
benefiting from the closed-pore structure derived from precursor 
transformation, the optimized hard carbon exhibits exceptional Na⁺ 
filling behavior in the low-potential plateau region (<0.1 V), achieving 
synergistic enhancement of reversible capacity (338 mAh g⁻¹) and initial 
Coulombic efficiency (87%).

Compared with cellulose-rich biomass-derived hard carbon, lignin- 
rich hard carbon, owing to its aromatic-ring-rich precursor, tends to 
form relatively straight but highly disordered layer-stacked "turbostratic 
graphitic domains" during pyrolysis. Such structures possess a wider 
interlayer spacing (typically > 0.37 nm) and abundant edge defects, 
providing rapid intercalation and adsorption sites for Na⁺. Consequently, 
its sodium storage behavior is more focused on adsorption and inter
calation in the high-voltage slope region, typically exhibiting high slope 
capacity and excellent rate performance. In brief, cellulose-derived 
"pseudo-graphitic" structures emphasize closed-pore formation, 
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whereas lignin-derived "turbostratic graphitic" structures emphasize 
interlayer spacing expansion and provision of adsorption sites. Under
standing this microstructural difference is fundamental for precisely 
processing the plateau/slope capacity and electrochemical behavior of 
biomass-derived hard carbon.

4.3. Hemicellulose-rich biomass-derived hard carbon materials

In contrast to cellulose-rich and lignin-rich biomass-derived hard 
carbons, hemicellulose-rich counterparts often exhibit low initial 
Coulombic efficiency and poor cycling performance (Dou et al., 2017). 
Owing to its poor thermal stability, hemicellulose preferentially de
composes and carbonizes during the low-temperature stage (200–400 
◦C), forming oxygen-lean, ordered carbon structures that act as "barriers, 
" blocking cross-linking reactions between cellulose- and lignin-derived 
oxygen-rich carbon domains. Lacking cross-linking constraints, the 
carbon layers readily rearrange and slide at high temperatures, ulti
mately forming long-range ordered graphite-like structures with narrow 
interlayer spacing and minimal closed porosity—both unfavorable for 
sodium storage. Fu et al. (Fu et al., 2025) proposed a structural regu
lation strategy based on hemicellulose removal, noting that hemicellu
lose hinders the formation of C(O)O cross-linking bonds at high 
temperatures, which are critical for inducing closed pores. After hemi
cellulose removal by alkali treatment, the precursor retained more 
oxygen-containing functional groups during the 400–600 ◦C stage and 
formed a stable cross-linked network. Subsequent high-temperature 
decomposition (600–700 ◦C) generated pores in situ, which ultimately 
evolved into closed pores. SAXS and true density measurements 
confirmed that the optimized sample (TC-10%) possessed the largest 
closed-pore volume, corresponding to significantly enhanced plateau 
capacity (174 mAh g⁻¹) and excellent initial Coulombic efficiency 
(80.5%) (Fig. 12h).

Therefore, based on the microstructure of hard carbon, the rational 
selection and processing of precursors constitute a key strategy for 
enhancing the sodium storage performance and overall electrochemical 
properties of hard carbon materials. The intrinsic relationship between 
these microstructural characteristics and the sodium storage mecha
nisms underpins the understanding of the sodium storage behavior in 
hard carbon and serves as the foundation for material modification.

5. Heteroatom doping

Heteroatom doping significantly influences the sodium storage per
formance of hard carbon materials. Introducing heteroatoms creates 
additional defects and active sites, enhances electronic conductivity, 
strengthens Na⁺ adsorption, induces more defects, and moderately ex
pands the interlayer spacing of graphitic microcrystallites, thereby 
effectively improving electrochemical performance.

However, current research mainly consists of case reports on single- 
element doping, lacking cross-comparisons and systematic summaries of 
the mechanisms of different dopant elements. This section first con
denses the core parameters and effects of representative N, P, and S 
doping studies in a summary table (Table 3), then provides a categorized 
review of the unique mechanisms, key contradictions, and synergistic 
rules for each element, aiming to rationalize the selection of doping 
strategies.

5.1. N doping

Nitrogen doping is the most widely adopted strategy for modifying 
hard carbon, and its benefits for sodium storage mainly arise from two 
mechanisms. First, pyridinic N and pyrrolic N, as the primary active 
configurations, introduce abundant defect sites by inducing local 
distortion of the carbon skeleton, significantly enhancing Na⁺ adsorption 
capacity in the slope region (Patel et al., 2024) (Fig. 13a). Second, the 
incorporation of N atoms moderately expands the interlayer spacing of 
graphitic microcrystallites, reducing the diffusion energy barrier for Na⁺ 
intercalation (Agrawal et al., 2019). However, recent studies show that 
the specific effect of N doping highly depends on the synergistic pro
cessing of doping timing and nitrogen configuration.

Based on this understanding, Zhang et al. (Zhang et al., 2024b) 
proposed a "pre-crosslinking-assisted pyrolysis" strategy (one-step 
method): introducing a nitrogen-containing crosslinker before carbon
ization allows nitrogen atoms to participate in carbon skeleton con
struction at the early pyrolysis stage (Fig. 13b, c). This pathway is 
dominated by defect generation; the high proportion of pyr
idinic/pyrrolic nitrogen effectively enhances slope adsorption capacity, 
albeit with limited contribution to the plateau region. To address the 
long-standing challenge of balancing high graphitization degree with 
abundant active sites, Huang et al. (Huang et al., 2025) proposed a 

Fig. 11. Schematic diagram illustrating the structure-activity relationship between the compositional characteristics of biomass-derived hard carbon precursors and 
their sodium storage performance.
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Fig. 12. Preparation of hard carbon from precursors with varying cellulose/lignin/hemicellulose ratios and the corresponding sodium storage mechanisms. (a) 
Schematic illustration of the fabrication process and microstructural evolution of bamboo fiber-derived hard carbon(Cui et al#, 2025a); (b-d) Chemical structures of 
lignin monomers from different sources and the typical inter-unit linkages(Dayarathne et al#, 2025); (e-f) Schematic diagram of the preparation process for 
lignin-derived hard carbon and its sodium storage mechanism(Sun et al#, 2025b); (g) Preparation process of bamboo-based hard carbon(Huang et al#, 2024); (h) 
Schematic illustration of the processing mechanism of hemicellulose removal on closed pore formation(Fu et al#, 2025).
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"high-temperature carbonization–secondary reconstruction" strategy 
(post-treatment method): first constructing a stable carbon skeleton at 
high temperature, then introducing a nitrogen source for surface and 
near-surface doping (Fig. 13d). In this pathway, local distortion induced 
by N atoms on the existing skeleton promotes closed-pore formation, 
while surface-enriched pyridinic/pyrrolic nitrogen modulates SEI 
composition via Na–N interactions, inducing a stable interface layer rich 
in Na₃N, thereby synergistically enhancing both plateau capacity and 
initial Coulombic efficiency.

The above comparison reveals a key rule: the beneficial effect of N 
doping depends not simply on the total doping amount but jointly on 
doping timing and nitrogen configuration. The one-step method favors 
maximizing defect adsorption, whereas the post-treatment method op
timizes closed-pore structures and interfacial chemistry on a stable 
carbon skeleton. The core challenge of N doping lies in the uncontrol
lable loss and configuration transformation of nitrogen species during 
high-temperature carbonization, which hinders precise pre-design of 
active site density and type. Future research should focus on strategies 

Table 3 
Summary of representative heteroatom doping strategies, structural effects, and electrochemical performance in hard carbon materials.

Doping 
Element

Precursor / Strategy Key Structural Modifications Electrochemical Highlights Ref.

N 2,6-Pyridinedicarboxylic acid, pre- 
crosslinking-assisted pyrolysis

Increased pyridinic/pyrrolic N, d002 = 0.387 nm, 
increased defect sites

High slope capacity: 401.7 mAh g− 1 at 
0.05 A g− 1

(Zhang et al., 
2024b)

Melamine post-treatment, 1300 ℃ carbon 
skeleton

d002 = 0.393 nm, increased closed pores, Na3N- 
rich SEI film

High plateau capacity and ICE: 350.1 mAh 
g− 1, ICE 90.1%

(Huang et al., 
2025)

P the oxygen-free liquid-phase precursor 
bubbling method

30 wt% P, P–(C3) protrusion structure, d002 

= 0.385 nm, metallic-like conductivity
Ultra-high rate: 397.1 mAh g− 1 at 10 A g− 1 (Yan et al., 

2021)
Solution plasma treatment of 
triphenylphosphine

4 P, increased topological defects, surface- 
capacitance dominated

Extremely long cycle life: 83 mAh g− 1 after 
40,000 cycles at 100 A g− 1

(Kim et al., 
2020)

S In-situ gas-phase etching with sulfur vapor 89.9% thiophenic S, interconnected microporous 
network

Excellent rate performance: 373.5 mAh g− 1 

at 7 A g− 1
(Sun et al., 
2025a)

CVD surface sulfurization C–S–C surface bonding, Na+ adsorption energy 
tuned from − 1.39 eV to − 1.15 eV

ICE enhancement: from 52% to 73% (de Tomas et al., 
2023)

N/P Interfacial polymerization Low specific surface area, synergistic interlayer 
expansion and defects

144 mAh g− 1 at 10 A g− 1 (Wu et al., 
2022a, 2024b)

N/O Ammonia modification of Xanthium 
sibiricum

Increased pyridinic/pyrrolic N and C––O 
functional groups

96.8% capacity retention after 2000 cycles (Zhang et al., 
2019)

N/S KNO3 combustion activation and N- 
allylthiourea treatment

2D porous carbon sheets, high specific surface 
area

143.1 mAh g− 1 at 5 A g− 1 (Zhang et al., 
2024a)

Fig. 13. Mechanisms of N doping on the structural modulation of hard carbon. (a) Structure-activity relationship between pyridinic N/pyrrolic N configurations and 
sodium storage mechanisms(Patel et al., 2024); (b) Synthesis process of nitrogen-rich hard carbon via the "pre-crosslinking-assisted pyrolysis" strategy(Zhang et al., 
2024b); (c) Structural evolution mechanism during the pyrolysis of 2,6-pyridinedicarboxylic acid and kapok cellulose(Zhang et al., 2024b); (d) N doping process 
using African rosewood as the hard carbon precursor(Huang et al., 2025).
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for targeted stabilization of nitrogen configurations to achieve a tran
sition from "empirical doping" to "on-demand design."

5.1.1. P doping
Unlike N doping, which primarily modifies the carbon skeleton 

through electronic effects, P doping is distinguished by its pronounced 
geometric distortion effect. The significantly longer P–C bond 
(compared to C–C) causes the substitutional P–(C₃) configuration to 
form local "protrusion" structures on the carbon plane, thereby 
geometrically expanding the interlayer spacing of graphitic micro
crystallites (Wu et al., 2018a). Concurrently, the valence electronic 
structure of P atoms effectively increases the density of states near the 
Fermi level, transitioning the material from semiconducting to highly 
conductive or even metallic-like behavior. This dual geometric and 
electronic amplification makes P doping a powerful strategy for 
enhancing the rate performance of hard carbon.

A cross-comparison of two representative P doping pathways further 
reveals their structure–activity differences. The high-content bulk 
doping pathway (Yan et al., 2021) focuses on intrinsically reconstructing 
the conductive network of the carbon skeleton (Fig. 14a, b). By uni
formly embedding an ultra-high proportion of P under oxygen-free 
conditions, the carbon matrix acquires metallic-like conductivity, the 
interlayer spacing is significantly expanded, and the sodium storage 
kinetics shift from diffusion-controlled to surface-capacitive mecha
nisms, thereby maintaining considerable capacity even at ultra-high 
current densities. The plasma-assisted doping pathway (Kim et al., 
2020) (Fig. 14c) places greater emphasis on defect engineering and the 
construction of surface active sites. Leveraging the synergistic effect of 
topological defects induced by high-energy plasma on the carbon sur
face together with moderate P doping, the sodium storage behavior 
becomes almost completely dominated by fast surface-capacitive pro
cesses, resulting in an extremely long cycle life.

The above comparison indicates that the beneficial mechanism of P 
doping strongly depends on doping content and distribution depth: high- 

content bulk doping reshapes the conductive network, making it suit
able for ultra-high rate scenarios; low-content surface doping optimizes 
the capacitive contribution, making it suitable for ultra-long cycle life 
requirements. However, the large-scale application of P doping still 
faces a key bottleneck: the P–C bond is highly sensitive to oxygen, 
readily oxidizing to form electrochemically inert POₓ species that not 
only consume active P sites but may also block ion transport channels. 
Achieving a high proportion of substitutional P doping under a 
controlled atmosphere while suppressing inert phase formation is 
therefore a key future research direction.

5.1.2. S doping
Unlike N and P doping, which primarily affect the electronic struc

ture of the carbon skeleton, S doping exhibits a unique dual phys
ical–chemical functionality. At the physical level, the decomposition 
and release of sulfur species at high temperatures generate a gas-phase 
etching effect, constructing microporous–mesoporous composite net
works within the carbon matrix (Fig. 15a, b), shortening Na⁺ diffusion 
paths and improving kinetic behavior. At the chemical level, the thio
phenic sulfur configuration (C–S–C) modulates the local electronic 
density of states, significantly influencing the adsorption strength of Na⁺ 
at defect sites and thereby tuning the reversibility of sodium storage.

Comparing bulk doping and surface modification pathways clearly 
reveals the differentiated mechanisms of S doping. The bulk etching- 
doping pathway is characterized by the in-situ release of sulfur vapor 
during pyrolysis (Sun et al., 2025a). As sulfur species escape, they 
simultaneously create pores and achieve thiophenic doping; the result
ing hierarchical pore system substantially enhances ion transport effi
ciency, and the sodium storage behavior transitions from bulk 
diffusion-controlled to fast surface-capacitance-dominated, thereby 
delivering outstanding rate performance (Fig. 15c). In contrast, the 
surface sulfurization pathway employs post-treatment techniques such 
as chemical vapor deposition (de Tomas et al., 2023) to form stable 
C–S–C covalent bonds on the surface of pre-carbonized hard carbon 

Fig. 14. Fabrication processes and theoretical structures of P-doped hard carbon. (a-b) Schematic diagram of the apparatus for synthesizing hard carbon via the 
oxygen-free liquid-phase precursor bubbling method and the corresponding rational structure based on theoretical calculations(Yan et al., 2021); (c) Fabrication 
process of the solution plasma process (SPP)(Kim et al., 2020).
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without disrupting the bulk graphitic microstructure (Fig. 15d). The 
core value of this pathway lies in its precise thermodynamic modulation 
of Na⁺ adsorption energy at edges and defect sites—by destabilizing 
strong adsorption sites, it converts a portion of irreversibly trapped Na⁺ 
into a reversibly de/intercalatable state, thereby significantly enhancing 
the initial Coulombic efficiency while maintaining a relatively high 
capacity.

The main challenges currently facing S doping are as follows. In bulk 
doping, the synergistic control between sulfur content and closed-pore 
development remains immature; excessive sulfur release may lead to 
over-development of open pores, compromising the initial Coulombic 
efficiency. Surface sulfurization, in contrast, requires a more delicate 
balance between passivating strong adsorption sites and retaining suf
ficient active sites. Achieving targeted processing of sulfur doping 
location and configuration according to the desired performance is 
therefore a core objective for future research in this direction.

5.2. Multi-element doping

Building on single-element doping, co-doping with two or more 
heteroatoms aims to overcome the performance ceiling of single- 
element doping through synergistic effects among different elements. 
Typical combinations include N/P, N/S, and N/O (Fig. 16).

Comparing different co-doping systems, the strength of the syner
gistic effect strongly depends on the compatibility of the elemental 
combination and the preparation process. N/P co-doping excels at 
balancing capacity and rate capability, while N/S co-doping offers ad
vantages in constructing hierarchical pore structures and modulating 
surface chemistry. However, multi-element doping is not simply a per
formance enhancer. When multiple heteroatoms coexist, they may 
compete for limited doping sites or interfere with each other's electronic 
structure processing, causing actual results to deviate from expectations. 
Furthermore, introducing multi-element precursors often significantly 
increases process complexity and cost.

In summary, by rationally introducing multiple heteroatoms (e.g., N, 
P, S) and precisely processing their proportions and distributions, syn
ergistic optimization can be achieved among key performance indicators 
including discharge capacity, rate capability, cycling stability, and 
initial Coulombic efficiency (ICE) (Fig. 17). However, its potential lim
itations remain: the synergistic mechanisms are unclear, competitive 
relationships among elements are difficult to predict, and the feasibility 
of process scale-up is questionable. Future research should shift from 
"trial-and-error combinations" to "on-demand design"—deducing func
tional combinations from target sodium storage behavior and then 
precisely screening element pairs and their ratios. Only then can multi- 
element doping truly move toward rational design.

6. Interfacial engineering

6.1. Surface coating

Interfacial engineering involves forming an SEI layer on the elec
trode surface to prevent further electrolyte decomposition, enhance 
interfacial stability, and protect the electrode material from damage, 
thereby improving the cycling performance of sodium-ion batteries.

Lu et al. (Lu et al., 2019) effectively enhanced the initial Coulombic 
efficiency, reversible capacity, and cycling stability of hard carbon an
odes in sodium-ion batteries using an ALD-Al₂O₃ coating method 
(Fig. 18a). Compared to bare electrodes, the non-conductive Al₂O₃ 
deposited film induced the formation of an SEI layer with more organic 
components, preventing electrolyte penetration and reducing side re
actions, thus achieving stable cycling performance. Moreover, the Al₂O₃ 
film effectively lowered interfacial resistance, allowing more sodium 
ions to intercalate into the graphene layers and resulting in a significant 
increase in plateau capacity. This aligns well with the "adsorptio
n-insertion" mechanism (Cao et al., 2012), where slope capacity is 
attributed to Na⁺ adsorption at defects and pores, and plateau capacity is 
associated with Na⁺ intercalation into the carbon layers.

Fig. 15. Mechanisms of S doping on electrochemical performance. (a) Crystal structure models of different S doping configurations(Hong et al#, 2018); (b) Hard 
carbon structures derived from different sulfur sources(Hong et al#, 2018); (c) Schematic illustration of porous carbon preparation via in-situ gas-phase etching(Sun 
et al#, 2025a); (d) Atomic-scale mechanism of S doping-induced transition of Na+ storage from irreversible to reversible behavior(de Tomas et al#, 2023).
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Yu et al. (Yu et al., 2022b) modified the hard carbon surface using 2, 
2-dimethylvinylboronic acid (DEBA) (Fig. 18b). DEBA contains car
bon–carbon double bonds and B-OH functional groups. During 
liquid-phase coating, the B-OH groups react with –COOH and –OH 
groups on the hard carbon, forming stable chemical bonds that tightly 
adhere to the carbon surface. This prevents excessive electrolyte 
decomposition, thereby enhancing sodium storage performance.

Material compositing primarily improves battery electrochemical 
performance by modifying the interfacial properties of electrode mate
rials. Specifically, composites can enhance sodium storage mechanisms 
and diffusion kinetics, thus boosting overall battery performance. Li 
et al. (Li et al., 2024) synthesized a hard carbon/soft carbon composite 
using a layer-by-layer and confinement effect strategy (Fig. 18c). The 
resulting composite featured a comprehensive conductive network, high 
defect density, and sufficient interlayer spacing, leading to outstanding 
specific capacity and excellent rate performance.

6.2. Functional group processing

The grafting of functional groups can promote both diffusion- 
controlled processes and surface-limited capacitive processes.

The sol-gel method can effectively control the microstructure and 

surface functional groups of materials, thereby significantly improving 
the cycling stability and rate performance of sodium-ion batteries. 
Zhang et al. (Zhang et al., 2020) synthesized nanoscale porous carbon 
spheres via the sol-gel method using resorcinol (Fig. 19a). The prepared 
electrode retained a capacity of 232.6 mAh g⁻¹ after 100 cycles at 
200 mA g⁻¹ , and the KFSI-DME electrolyte system effectively increased 
the initial Coulombic efficiency to 68.2%. Chen et al. (Chen et al., 2017) 
developed nitrogen-rich, micro-crosslinked, hierarchically porous 
microsphere hard carbon from chitin using the sol-gel method 
(Fig. 19b). This structure facilitated sodium ion de/intercalation and 
improved rate performance, as evidenced by a discharge capacity of 156 
mAh g⁻¹ maintained at 18 C, demonstrating excellent cycling stability 
and rate capability.

Pre-oxidation treatment introduces specific functional groups onto 
the material surface and forms a stable SEI layer, thereby not only 
enhancing the structural stability and electrochemical performance of 
electrode materials for sodium-ion batteries but also further optimizing 
overall battery performance by modulating the electronic and phase 
structures of the material. Chen et al. (Chen et al., 2024) performed 
glucose grafting and carbonization on the surface of pristine powdered 
pitch (Fig. 19c). After carbonization, the glucose molecules formed a 
thin, low-defect carbon layer that reduced the specific surface area, 

Fig. 16. Preparation processes for multi-element doped hard carbon. (a-b) Fabrication process of N/P dual-doped hard carbon precursors(Wu et al., 2022a; Wu et al., 
2024b); (c-d) Fabrication process of N/O dual-doped hard carbon precursors(Shi et al., 2022; Zhang et al., 2019); (e-f) Fabrication process of N/S dual-doped hard 
carbon precursors and the novel combustion activation strategy(Pei et al., 2020; Zhang et al., 2024a).
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Fig. 17. (a) Structural changes in hard carbon under different heteroatom doping configurations (Chen et al., 2018); (b) Influence patterns of heteroatom doping on 
electrochemical performance. The four performance dimensions are normalized to 100% based on the optimal values across all doping systems: capacity normalized 
to 401.7 mAh g− 1; cycling stability normalized to 96.8% capacity retention after 2000 cycles; initial Coulombic efficiency normalized to 90.1%; rate capability 
normalized to 397.1 mAh g− 1 at 10 A g− 1; plateau capacity normalized to 350.1 mAh g− 1.

Fig. 18. Schematic diagrams of surface coating processes. (a) Schematic illustration of the effect of ALD-Al2O3 coating on hard carbon(Lu et al., 2019); (b) Schematic 
diagram of the surface modification process for hard carbon using 2,2-dimethylvinylboronic acid (DEBA)(Yu et al., 2022b); (c) Schematic illustration of the synthesis 
process for hard carbon/soft carbon-based hollow carbon spheres(Li et al., 2024).
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adjusted the pore structure, and enhanced sodium ion transport, 
resulting in high specific capacity and high initial Coulombic efficiency. 
Ji et al. (Ji et al., 2025) introduced abundant oxygen-containing groups 
as cross-linking active sites through an air oxidation process to obtain a 
stable carbon precursor (Fig. 19d). Subsequent high-temperature 
carbonization produced hard carbon with a high degree of disorder 
and moderate interlayer spacing. The optimized waste foam-derived 
hard carbon exhibited a reversible specific capacity of 308 mAh g⁻¹ at 
20 mA g⁻¹ , an initial Coulombic efficiency of 90.1%, and a capacity 

retention of 85% after 100 cycles, demonstrating excellent initial 
Coulombic efficiency and cycling stability.

7. Morphology regulation

The template method uses hard templates to prepare porous carbon 
materials with specific pore structures. Its advantage lies in the precise 
control over pore size and distribution, yielding porous carbon with high 
specific surface area and well-developed pore architecture, thereby 

Fig. 19. (a) Schematic illustration of the synthesis of nanoscale porous spherical carbon using the sol-gel method(Zhang et al., 2020); (b) Schematic diagram of the 
synthesis of nitrogen-rich microsphere hard carbon from chitin(Chen et al., 2017); (c) Process of glucose grafting and carbonization on the hard carbon surface to 
form a thin core-shell structure(Chen et al., 2024); (d) Schematic illustration of the synthesis of waste foam-derived carbon structure(Ji et al., 2025).

Fig. 20. (a) Schematic illustration of hard carbon synthesis via the template method(Igarashi et al., 2023); (b) Schematic diagram of atomic Zn modulating the 
morphological structure of hard carbon(Lu et al., 2023b); (c) Chemical reaction pathways during KOH activation(Chen et al., 2020); (d) Scheme for the production of 
porous carbon from biomass via H3PO4 activation(Liu et al., 2021a).
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enhancing the electrochemical performance of hard carbon materials.
Igarashi et al. (Igarashi et al., 2023) employed a template method to 

prepare hard carbon materials, using gluconate as the template carbon 
precursor. The process involved pre-carbonization at 600 ◦C, subsequent 
acid leaching, and final heating in an inert atmosphere to obtain hard 
carbon featuring graphitic-like domains and closed nanopores 
(Fig. 20a). The resulting hard carbon exhibited high discharge capacity 
and excellent cycling stability. Lu et al. (Lu et al., 2023b) used 2,4-dia
minophenol-formaldehyde resin (DAFR) as the carbon and nitrogen 
precursor, and zinc acetate as the zinc precursor, to synthesize Zn-HC 
material via a two-step method (Fig. 20b). The obtained material 
demonstrated excellent low-temperature performance at − 40 ◦C, and 
the assembled Zn-HC= |NVP full cell exhibited a high energy density 
(323 Wh kg⁻¹) and high power density (7.02 kW kg⁻¹).

The activation method enhances the pore structure and surface 
properties of hard carbon materials by increasing their specific surface 
area and porosity through chemical or physical means. It is also 
commonly employed to improve the performance of hard carbon ma
terials in electrochemical energy storage.

Chen et al. (Chen et al., 2020) investigated the chemical reaction 
pathways during biomass pyrolysis using KOH as an activator (Fig. 20c). 
Between 400 and 700 ◦C, KOH reacted with oxygen-containing species 
to form K₂CO₃, which further converted into K₂O at 800 ◦C. These pro
cesses increased the oxygen content and porosity of the biomass-derived 
hard carbon. The reactions of KOH with various intermediates promoted 
the formation of non-methoxylated phenols and hydrocarbons, while 
inhibiting the generation of acetic acid, oxygen-containing species, and 
methoxylated phenols, thereby significantly improving the quality of the 
bio-oil. Liu et al. (Liu et al., 2021a) summarized a strategy for converting 
wetland biomass into porous carbon via H₃PO₄ activation (Fig. 20d). 
During the impregnation stage, H₃PO₄ hydrolyzed the biomass, depo
lymerizing lignocellulose into low-molecular-weight sugar monomers 
and forming new polymeric phosphate structures through phosphory
lation. In the activation stage, H₃PO₄ acted as a dehydrating agent, 
promoting the carbonization and aromatization of lignocellulosic pre
cursors at relatively low temperatures. Depending on the heating tem
perature, H₃PO₄ species could transform into different polycondensed 
forms.

8. Discussion on the applicability of modification strategies

8.1. Applicability of modification strategies to biomass-derived hard 
carbon

Synthesizing Sections 5–7, the effects of the same modification 
method on model hard carbon versus real biomass-derived hard carbon 
exhibit significant differences. Therefore, discussing the applicability of 
modification strategies to biomass-derived hard carbon is crucial.

Among these, N doping has been validated in biomass-derived sys
tems to enhance slope capacity, initial Coulombic efficiency (ICE), and 
plateau capacity. This can be achieved by utilizing the intrinsic nitrogen- 
containing components of biomass or through post-treatment methods 
(e.g., ammonia or melamine thermal treatment) (Huang et al., 2025; Li 
et al., 2025b). In contrast, high-content P and S doping remain largely 
confined to model systems (e.g., triphenylphosphine-derived carbon) 
and exhibit low transferability to biomass-derived carbons, manifesting 
as low doping efficiency, susceptibility to oxidation forming inert 
POₓ/SOₓ species, and excessive pore formation that compromises ICE. 
Low-concentration surface doping is recommended to moderately 
improve rate performance (Liang et al., 2025; Liu et al., 2025b).

Furthermore, surface coating (e.g., ALD, CVD, liquid-phase coating) 
has been proven to enhance ICE and cycling stability in biomass-derived 
hard carbon. Mild liquid-phase or gas-phase methods should be priori
tized to construct uniform coating layers that accommodate the high 
specific surface area of biomass-derived hard carbon (Wang and Su, 
2021). Functional group processing (e.g., pre-oxidation treatment) has 

been validated in biomass cases (such as waste foam and bamboo fibers) 
to improve reversible capacity and ICE (Chen et al., 2024).

In terms of morphology regulation, activation methods (e.g., KOH, 
H₃PO₄) have been widely applied to biomass-derived hard carbon, 
enhancing specific surface area and rate performance. However, the 
activation degree must be controlled to avoid compromising ICE, mak
ing this the preferred approach for large-scale production (Hong et al., 
2014; Yanilmaz et al., 2025). The template method exhibits low trans
ferability to biomass-derived systems, primarily limited by poor 
compatibility between templates and biomass precursors and the pro
pensity for framework collapse. It is only applicable to biomass that has 
undergone pretreatment such as delignification, allowing precise con
trol of pore structures to improve rate performance, albeit at higher cost 
(Saikia et al., 2023).

8.2. Applicability of modification strategies to full cells

Significant progress has been made in evaluating modification stra
tegies for hard carbon anodes in half-cells. However, transitioning from 
half-cell to full-cell is not a simple performance translation. In half-cells, 
the sodium metal counter electrode provides an unlimited and contin
uously stable sodium source, masking the true effects of modification 
strategies on sodium consumption, interfacial stability, and anode- 
cathode compatibility. Therefore, whether modification strategies that 
perform well in half-cells remain effective in full-cells urgently requires 
systematic evaluation.

In terms of heteroatom doping, precise processing of surface defects 
and oxygen heteroatoms has demonstrated applicability in full-cells. Liu 
et al. used methane-assisted post-treatment to increase the half-cell ICE 
of commercial hard carbon from 80% to 90% and the reversible capacity 
from 270 to 310 mAh g⁻¹ , and assembled full-cells with a Na₃V₂(PO₄)₃ 
cathode to validate the strategy (Liu et al., 2025a). However, excessive 
doping can increase surface side reactions, leading to excessive sodium 
consumption in full-cells and reducing ICE and cycling stability. 
Therefore, heteroatom doping in full-cells should shift from "capacity 
maximization" to "sodium source optimization."

Furthermore, surface coating and SEI design exhibit particularly 
outstanding applicability to full-cells, significantly enhancing ICE and 
cycling stability. Zhang et al. constructed a phosphide layer on bamboo 
powder-derived hard carbon, inducing the formation of a Na₃P-rich SEI. 
Theoretical calculations indicated that Na₃P can reduce the solvent co
ordination number, achieving a lower desolvation energy barrier and 
faster Na⁺ diffusion. The full-cell assembled with this anode and a 
Na₃V₂(PO₄)₃ cathode delivered 78 mAh g⁻¹ at 10 C, and a pouch cell 
cycled stably for 1000 cycles at 0.5 C (Zhang et al., 2025a). Interfacial 
engineering is even more critical in full-cells than in half-cells because 
the electrolyte amount is limited and the cathode is sensitive; thus, a 
stable SEI is a prerequisite for long-term cycling (Pei et al., 2025).

Through morphology regulation strategies, precise construction of 
closed-pore structures can influence the output voltage and energy 
density of full-cells. Yan et al. adopted a synergistic strategy combining 
closed pores and interfacial engineering, using waste polyolefin-derived 
activated carbon as a precursor, and assembled a full-cell with an O3- 
NaNi₁/₃Fe₁/₃Mn₁/₃O₂ cathode, achieving an energy density as high as 
307.3 Wh kg⁻¹ (Yu et al., 2025). However, excessive pore formation via 
activation methods increases the proportion of open pores, reducing 
ICE. While the template method offers controllable pore structures, it 
suffers from high cost and process complexity. Therefore, morphology 
regulation targeting full-cells should pursue a high closed-pore volume 
while strictly controlling the proportion of open pores.

Through this discussion of the applicability of modification strategies 
to biomass-derived hard carbon and full-cells, this work not only iden
tifies directions for future research on modifying biomass-derived hard 
carbon but also lays a foundation for its application in full-cells and 
industrialization.
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9. Industrialization progress and challenges

With the accelerating industrialization of hard carbon anodes for 
sodium-ion batteries, companies are rapidly expanding production ca
pacity by leveraging their respective advantages in raw materials and 
processing technologies. Shengquan Group, relying on its integrated 
biorefinery advantages, has adopted a unique "biomass-resin" composite 
route. By extracting hemicellulose and lignin from agricultural and 
forestry residues such as corncobs and straw, the company produces 
furan/phenolic resins in-house as precursors, effectively addressing the 
challenge of poor consistency in biomass feedstocks. Its planned annual 
production capacity has reached the 100,000-ton scale (SECURITIES, 
2022). BTR has adopted a multi-technology roadmap in the sodium-ion 
battery field, focusing on coconut shell- and starch-based hard carbon. 
Its latest product, "Tanna 350," delivers a specific capacity of 350 mAh 
g⁻¹ with an initial Coulombic efficiency (ICE) approaching 90%, and the 
company plans to expand production to 50,000 tons per year by 2025 
(Materials, 2023). Kuraray has focused on overcoming the hygroscop
icity challenge of biomass-derived hard carbon (KURANODE™). Its 
products are compatible with water-based binders, significantly 
lowering the barrier to battery manufacturing. Stora Enso is committed 
to building a localized European supply chain, developing Lignode® 
hard carbon from lignin—a paper industry by-product—emphasizing 
low carbon footprint and sustainability, and actively advancing indus
trial collaborations with multiple battery manufacturers (Zlatev, 2024).

Addressing the structural stability of biomass and resin precursors 
during pyrolysis, cross-linking modification has become key. Taking 
relevant patents from BTR (e.g., involving maleic anhydride esterifica
tion cross-linking) as an example, a rigid three-dimensional network is 
constructed by introducing cross-linking agents that react with hydroxyl 
groups in the precursor. This process not only suppresses graphitization 
tendency and foaming at high temperatures, significantly improving 
carbon yield, but also ensures the stability of the turbostratic structure at 
the microscopic level, thereby enhancing sodium storage capacity. 
Furthermore, low ICE can be addressed through pore engineering and 
surface modification. Advanced patented technologies (e.g., CVD sur
face coating) tend to construct a "core–shell structure": an amorphous 
carbon coating is formed on the hard carbon surface via chemical vapor 
deposition, sealing open surface pores to block electrolyte side reactions 
while retaining the abundant internal closed-pore structure for sodium 
storage. When combined with acid washing purification and low-oxygen 
control processes (such as those in Kuraray's patents), the oxygen con
tent can be reduced below 0.25%, substantially lowering irreversible 
capacity loss and improving cycle life.

Despite rapid progress in the industrialization of hard carbon anodes 

for sodium-ion batteries, numerous challenges remain. Differences in 
the composition and structure of various biomass precursors (e.g., cel
lulose/lignin ratio) lead to variations in the electrochemical perfor
mance of the resulting hard carbons, causing significant product 
performance fluctuations and a lack of unified industrial performance 
standards. This situation also increases material processing costs and 
may involve environmentally unfriendly steps, undermining the low- 
cost and environmental advantages of sodium-ion batteries. Further
more, the industry still lacks dedicated reactors tailored to the specific 
pyrolysis kinetics of hard carbon. When existing reactors are used for 
processing precursor materials at the kiloton scale, tar and volatile re- 
deposition can cause surface pore blockage, compromising performance.

To promote the industrialization of biomass-derived hard carbon 
materials, additional practical performance metrics should be consid
ered, including mass loading, tap density, volumetric capacity, initial 
Coulombic efficiency, average Coulombic efficiency during long-term 
cycling, presodiation strategies, electrolyte dependence, binder 
compatibility, full-cell compatibility, and cost per kilowatt-hour 
(Table 4).

As shown in Table 4, biomass-derived hard carbon materials still face 
numerous challenges in transitioning from laboratory to industrializa
tion. Moreover, these challenges are not isolated performance short
comings but rather coupled systemic contradictions. The greatest 
limitation of current research is the excessive focus on pursuing a "local 
optimum" of a single metric while neglecting the comprehensive mate
rial performance required for industrialization. For example, high 
plateau capacity requires fully developed closed pores, which in turn 
demands that carbon layers curl and fold at high temperatures, often 
leading to complex particle morphologies and low tap density. Recently, 
researchers have begun to recognize this issue. Hu et al. (Hu et al., 2025) 
employed a mass-transfer-enhanced pre-oxidation strategy to process 
pitch-based hard carbon, successfully achieving a synergistic improve
ment in closed-pore ratio (30.29%) and high tap density (0.9 g cm⁻³). 
However, their work used carefully designed pitch precursors and 
pre-oxidation processes; the complex composition and batch-to-batch 
variations of biomass precursors challenge the direct transferability of 
this strategy.

Similar to tap density is the choice of electrolyte. Ether-based elec
trolytes exhibit significant advantages in low-temperature applications 
due to their high ionic conductivity and low desolvation energy (Deng 
et al., 2025). Although ester-based electrolytes are stable at high volt
ages, they suffer from sluggish interfacial ion diffusion and limited so
dium nucleation kinetics. Thus, electrolyte selection for industrial 
applications must balance both anode interfacial kinetics and cathode 
voltage windows.

Table 4 
Biomass-derived hard carbon anodes from laboratory to industrialization: key practical metrics, current status, and industrialization requirements.

Metric category Specific parameter Laboratory half-cell 
characteristics

Industrialization characteristics/ 
requirements

Ref.

Electrode engineering Mass loading 1–2 mg cm− 2 > 5 mg cm− 2 (Raj and Franco, 2025; Zheng et al., 2022)
Tap density 0.4–0.7 g cm− 3 > 0.9 g cm− 3 (Beda et al., 2021; Zhao et al., 2025)
Volumetric capacity 150–250 mAh cm− 3 > 300 mAh cm− 3 (Beda et al., 2021)

Electrochemical 
performance

ICE 60–80% > 85–90% (Beda et al., 2021; Liu et al., 2025a; Pei et al., 
2025)

Cycling stability 90–95% (after 500 cycles) > 92% (after 500 cycles) (Beda et al., 2021; Liu, 2025; Pei et al., 2025; 
Zhang et al., 2025b)

Electrolyte 
compatibility

Ester-based 
electrolyte

Low ICE, limited plateau High voltage stability, compatible with high- 
voltage cathodes

(Xu et al., 2023a; Yin et al., 2023)

Ether-based 
electrolyte

High ICE, high plateau 
capacity

Poor high-voltage stability (<4.0 V) (Xu et al., 2023a; Yin et al., 2023)

Presodiation Presodiation 
method

Electrochemical/chemical 
presodiation

Cathode sodium compensation agent (most 
readily industrializable)

(Wang et al., 2025b; Yuan et al., 2025)

Manufacturing process Electrode roll- 
pressability

Hard carbon particles prone 
to fracture

Maintain pore structure while being roll- 
pressable

(Beda et al., 2021; Raj and Franco, 2025)

Binder 
compatibility

Mainly PVDF (NMP) Mainly water-based binders (CMC/SBR) (Jiao et al., 2024; Muruganantham et al., 
2019)

Economics Cost per kWh ​ $90–125 per kWh (Dong, 2025)
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Furthermore, the most prominent challenge in industrialization is 
high cost. Although the cost of sodium-ion batteries has decreased in 
recent years, their cost of $90–125 per kWh is still not competitive with 
that of lithium-ion batteries ($75–105 per kWh). Therefore, actively 
developing biomass-derived hard carbon materials is of great signifi
cance for the industrialization of sodium-ion batteries and will also help 
them approach the target of $40 per kWh (Dong, 2025).

10. Conclusions and outlook

This review systematically examines the structure–activity relation
ship between modification strategies and electrochemical performance 
of agricultural/forestry biomass-derived hard carbon anodes. Hetero
atom doping (especially multi-element co-doping) tailors electronic 
structure and interlayer spacing, balancing capacity, rate capability, and 
cycling stability. Surface coating constructs a stable SEI layer, sup
pressing electrolyte decomposition and enhancing cycling stability. 
Morphology regulation optimizes pore architecture, improving ion 
transport and discharge capacity. These insights provide a roadmap for 
upgrading biomass residues into standardized hard carbon products.

Despite recent progress, research remains largely empirical. A pre
dictable, systematic framework is lacking. We propose a three-stage 
roadmap:

Phase I (1–2 years): Build a hard carbon Materials Genome database. 
Collect and publicly release data on precursor composition (cellulose/ 
lignin/hemicellulose ratios, ash, functional groups), processing param
eters (temperature, ramp rate, hold time, atmosphere, pretreatment), 
microstructural parameters (interlayer spacing, defect density, closed- 
pore volume, open-pore surface area), and electrochemical perfor
mance (slope/plateau capacity, ICE, rate capability, cycle decay). The 
database should contain 200–300 high-quality, multi-variable entries 
with full metadata.

Phase II (2–3 years): Apply machine learning to model structur
e–activity relationships. Use random forest, XGBoost, or graph neural 
networks for forward prediction of plateau/slope capacity and ICE from 
precursor and processing inputs. Employ Bayesian optimization or 
active learning for inverse design (e.g., targeting ICE >88% and plateau 
capacity >250 mAh g⁻¹). Deliver an open-source “hard carbon design 
toolkit” to reduce trial-and-error costs.

Phase III (ongoing): Decouple mechanisms via advanced in-situ 
characterization. Simultaneously acquire in-situ SAXS (closed-pore 
filling), in-situ XRD (interlayer spacing), and in-situ Raman (defect 
evolution) in the same cell to answer: (i) Does closed-pore filling 
contribute to the low-voltage plateau (<0.1 V)? (ii) Is there a clear 
voltage boundary between intercalation and filling? (iii) How does 
defect evolution affect slope capacity over time/voltage? This will 
establish a causal chain from structural evolution to sodium storage 
mechanism to electrochemical response.

From an industrial perspective, commercial standards are essential 
for large-scale adoption. For cellulose-based hard carbon, target 
benchmarks include reversible capacity > 300 mAh g⁻¹ , initial 
Coulombic efficiency (ICE) > 90%, and capacity retention > 90% after 
1000 cycles. Low-cost, energy-efficient modification strategies should 
avoid high temperatures, multi-step chemical treatments, or expensive 
precursors, instead leveraging the intrinsic advantages of biomass. 
Regional feedstock optimization is recommended: bamboo (cellulose- 
rich) for high capacity, coconut shells (lignin-rich) for high plateau ca
pacity, and straw/rice husks (defect-rich) for superior Na⁺ adsorption. 
Research must also bridge the gap between half-cell evaluations and 
commercial full-cell requirements.

The structure–activity framework should be extended to other 
disordered carbons (porous carbon, activated carbon, soft/hard carbon 
composites), moving from single-material optimization to synergistic 
design of carbon material systems for sodium storage.

Life cycle assessment (LCA) confirms clear environmental benefits of 
biomass-derived hard carbon over graphite: global warming potential 

(GWP) reduced by 21–30%, and acidification/human toxicity potentials 
reduced by > 90%. Using agricultural/forestry residues as precursors 
significantly lowers environmental burden compared to sucrose or 
fossil-based feedstocks. Pyrolysis dominates laboratory-scale energy 
consumption (98%), but industrial scale reduces GWP dramatically. A 
cycle life exceeding 2000 cycles makes the life-cycle impact comparable 
to lithium-ion batteries. Process optimization (pyrolysis parameters, 
waste heat recovery) and large-scale production are key to further 
enhancing sustainability (Liu et al., 2024, 2021b; Peters et al., 2016).

In summary, the future of biomass-derived hard carbon anodes lies in 
shifting from “performance enhancement” to “predictable design.” This 
will be achieved through a materials genome database, machine 
learning-driven modeling, in-situ characterization validation, low-cost 
industrialization, and cross-system verification of structure–activity 
relationships.
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