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ABSTRACT

The low-voltage plateau capacity of hard carbon (HC) anodes in sodium-ion batteries (SIBs) is a critical deter-
minant of the battery’s energy density, with its sodium storage mechanism heavily reliant on the closed pore
structure within the material. However, due to their inaccessibility to external environments, conventional char-
acterization techniques face challenges in directly probing internal structural information, resulting in ongoing
academic debates regarding the “pore filling” and “quasi-metallic Na cluster deposition” mechanisms for sodium
storage. This has emerged as a significant barrier to achieving rational design of HC materials. This review fo-
cuses on closed pores and provides a comprehensive examination of the evolving understanding of the sodium
storage mechanism, transitioning from indirect deduction to direct observation through advanced multimodal
in situ characterization techniques. It establishes that the dominant viewpoint posits sodium storage within
closed pores occurs primarily in the form of quasi-metallic clusters. The study synthesizes insights into the syn-
ergetic regulation of closed pore size, pore volume, and interlayer spacing on plateau capacity, offering rational
design strategies at three distinct levels: molecular engineering, carbonization process optimization, and micro-
structural synergy. Additionally, the research explores future directions, including multi-scale characterization
approaches, data-driven modeling, and interface coupling mechanisms, which hold promise for advancing the
development of high-performance hard carbon anodes.

Keywords: Sodium Ion Battery; Hard Carbon Anodes; Closed Pores; Quasi-Metallic Sodium; In Situ Character-
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Abbreviations: HC: Hard Carbon; SIBs: Sodium-Ion Batteries; EPR: Electron Paramagnetic Resonance; PDF: Pair
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Introduction

sign persists due to insufficient understanding of the sodium storage
mechanism within the low-voltage plateau region, which remains the

Sodium-ion batteries have demonstrated substantial industrial-

primary source of their elevated capacity. The sodium insertion pro-

ization potential in specific applications such as large-scale energy
storage systems and low-speed transportation due to their inher-
ent advantages including abundant sodium resource availability
(~2.64%) [1], wide geographic distribution, and minimal geograph-
ical constraints. Among various anode materials, hard carbon cur-
rently stands as the sole system achieving industrial application, with
companies like Kureha and China National Sodium Energy Technol-
ogy leading the establishment of a comprehensive industrial chain
[2,3]. However, the fundamental challenge in rationalizing HC de-

cess in HC exhibits two distinct regions: a high-potential region (>0.1
V) and a low-voltage plateau region (<0.1 V). The sloped region is
generally attributed to sodium ion adsorption at carbon layer defects
and open pore surfaces, while the plateau region displays a flat po-
tential characteristic closely aligned with the deposition potential of
metallic sodium. Extensive studies have consistently shown that the
high specific capacity of hard carbon is predominantly contributed by
the low-voltage plateau region, with its sodium storage mechanism
intricately linked to the unique closed pores within the material [4-6].
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However, a lack of consensus exists in academia regarding wheth-
er the sodium storage mechanism in this region follows a pore-filling
or quasi-metallic sodium cluster deposition pathway. Furthermore,
the isolation of closed pores from external environments complicates
direct structural analysis using conventional gas adsorption and dif-
fraction techniques, leaving researchers reliant on indirect inference
through electrochemical signals. This lack of clarity concerning the
structure-activity relationship remains a pivotal obstacle hindering
advancements in high-performance hard carbon anodes. In recent
years, advanced multimodal in situ characterization techniques (in
situ transmission electron microscopy, small-angle X-ray scattering,
and neutron scattering) have emerged to overcome the limitations of
traditional characterization methods. These cutting-edge tools now
enable real-time observation of closed pore evolution and sodium oc-
cupancy at atomic and nanoscale resolutions [7,8]. However, despite
their potential, these techniques still face significant challenges. For
instance, achieving a balance between spatial resolution and com-
patibility with realistic battery environments remains problematic.
Additionally, the use of electron beams or probes in such techniques
often disturbs sample structures, while idealized model systems de-
rived from laboratory conditions may not fully extrapolate to practi-
cal materials.

As a result, there is an urgent need to systematically unravel the
comprehensive relationship chain governing closed pore formation,
evolution, and sodium storage. Therefore, this article takes closed
pores as the core theme, systematically reviews the current research
progress from three dimensions (cognitive evolution and characteri-
zation technology innovation of sodium storage mechanism, forma-
tion and structure-activity regulation of closed pores, and rational
design strategies). Finally, key challenges and future directions are
discussed, and some guidance for the design of carbon materials are
also provided.

Cognitive Evolution of Sodium Storage Mechanism
in Plateau Regions

Sodium Storage Mechanism

In the study of hard carbon anodes in sodium ion batteries, the
electrochemical behavior within the low-voltage plateau region has
been identified as a critical factor influencing energy density [9]. This
understanding begins with a clear distinction between intercalation
and filling processes and is progressively refined through iterative ad-
vancements in characterization techniques. Over time, this cognitive
framework evolves into a more sophisticated multivariate model de-
pendent on precursor materials.

Evolution of Sodium Storage Mechanism in the Plateau Re-
gion: In 2000, Stevens and Dahn first proposed an “intercalation-fill-
ing” model based on glucose pyrolysis of hard carbon, combining
wide-angle and small-angle X-ray scattering to classify the plateau
region as the physical filling of sodium within nanopores [10,11].

However, the chemical state of sodium in the pores cannot be directly
determined by scattering techniques. In 2012, Cao, et al. [12] chal-
lenged this paradigm by proposing that the low-voltage plateau re-
gion corresponds to sodium intercalation between graphite-like lay-
ers, thereby questioning the pore filling hypothesis. Three years later,
Bommier and Ji incorporated electron paramagnetic resonance (EPR)
technology to demonstrate a linear correlation between ramp capac-
ity and carbon defects, as revealed through spin state analysis. This
breakthrough established a three-stage mechanism involving defect
adsorption, intercalation, and pore surface adsorption [13]. In 2016,
two pivotal experiments redirected academic research toward under-
standing closed pore filling mechanisms. Zhang, et al. [14] discovered
that ultra-high temperature carbonized PAN fibers exhibited only a
plateau region without a slope region during charge and discharge
cycling, with no observable shifts in XRD interlayer spacing peaks
throughout the process.

If intercalation were a universal mechanism within the plateau
region, detectable responses in interlayer spacing would be expected.
Concurrently, Li, et al. [15] confirmed that the Nals binding energy
reversibly approached the characteristic value of metallic sodium
during the plateau region, while the carbon interlayer spacing re-
mained constant. These findings established the pore filling mech-
anism, and identified closed pores as the true active sites. In 2020,
Auy, et al. [16] conducted ex situ 23Na solid-state nuclear magnetic
resonance (ssNMR) and pair distribution function (PDF) analyses,
observing a continuous chemical shift of sodium within closed pores
from approximately 600 ppm to about 1100 ppm as the filling depth
increased. This indicated that sodium undergoes a gradual metalliza-
tion process in the pores rather than a sudden phase transition from
ionic to metallic state. This discovery provided a direct spectroscopic
criterion for determining the chemical state of sodium stored within
closed pores. Subsequently, reviews [17,18] and in situ nuclear mag-
netic resonance studies by Wang, et al. [19] further confirmed that
quasi-metallic sodium is the primary sodium storage form in the
low-voltage plateau region (Figure 1b).

The current academic consensus on precursor-dependent hybrid
models posits that hard carbon with a high degree of graphitization
and low closed porosity predominantly follows intercalation mecha-
nisms, while hard carbon with a high closed pore rate and low graph-
itization degree is dominated by pore filling [20,21]. Eren, et al. [22]
proposed a three-stage adsorption-accumulation-filling model for so-
dium storage in hard carbon, subdividing the plateau region into two
sub-stages: the initial formation of quasi-metallic monolayers and the
subsequent filling of multilayer clusters (Figure 1d). In 2026, Umemo-
to, et al. [23] quantitatively elucidated the sequential mechanism of
surface adsorption, intercalation into interlayers, and nanopore fill-
ing for commercial hard carbon using operando small-angle neutron
scattering (SANS) and wide-angle neutron scattering (WANS) tech-
niques combined (Figure 1e).
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Figure 1: Timeline of multimodal in situ characterization techniques and the cognitive evolution of sodium storage mechanisms in closed pores.
a)  Operando ?Na ssNMR spectra recorded during discharge, revealing the gradual positive shift of Na resonance from the sloping to the
plateau region and indicating progressive metallization of sodium [30];

b)  DFT-calculated charge density difference, Bader charge transfer, and density of states of Na adsorbed on graphene, confirming the formation
of quasi-ionic bonds and the presence of free electrons at the Fermi level [19];

c¢)  Multi-frequency EPR spectra deconvoluted into three components (C1, C2, and C3), identifying Na* intercalation, quasi-metallic Na clusters,
and Na*-solvent co-intercalation, respectively, with the corresponding spin counts as a function of discharge depth [36];

d)  Operando SAXS analysis showing the variation of relative electron density contrast (Ap) across the plateau region, together with the three-
stage “adsorption-accumulation-filling” model comprising the slope, early-plateau, and late-plateau stages [22];

e)  Simultaneous operando SANS and WANS measurements revealing the sequential Na storage process: initial surface adsorption, subsequent
intercalation into graphene layers, and final nanopore filling [23].
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Innovation in Characterization Technology: The breakthrough
in characterization technology often drives the innovation of sodium
storage cognition. Small-angle X-ray scattering (SAXS) defines the
physical boundaries of the problem, EPR introduces independent in-
formation in the spin dimension, and solid-state nuclear magnetic res-
onance provides a direct criterion for chemical states. The following
sections elaborate on the key characterization methods for construct-
ing the closed pore sodium storage cognitive system layer by layer,
based on the chronological development of these technologies. The
introduction of SAXS technology has enabled the first-time achieve-
ment of intuitive and quantitative observations of closed pores, there-
by revealing the positive correlation between closed pore volume and
plateau capacity. This advancement has successfully transformed the
ambiguous electrochemical phenomenon into a well-defined physical
filling process within the pores [24]. Subsequently, helium pycnome-
try is introduced as a complementary approach to indirectly estimate
closed pore volume by comparing the difference between true den-
sity and apparent density [25]. Through the integration of multiple
methods, quantitative insights into the evolution of electron density
during the pore-filling process [26] and spatially resolved imaging of
electrode-scale pore filling were obtained [27].

However, SAXS fitting relies on an idealized pore model, which
deviates from vacuum pores and complicates the identification of ful-
ly saturated filled pores [7]. The introduction of 23Na solid-state nu-
clear magnetic resonance (ssNMR) has fundamentally elucidated the
steady-state chemical nature of sodium [28,29]. In 2016, Stratford, et
al. [30] firstly employed in situ 23Na ssNMR to observe the reversible
appearance of peaks with partial metallic characteristics within the
low-voltage plateau region (Figure 1a). This observation strongly sug-
gests the presence of closed pores containing steady-state quasi-me-
tallic sodium [19]. Subsequently, Gotoh [31] identified that quasi-me-
tallic sodium clusters are located at ppm ranging from 700 to 1100,
while the Knight shift for bulk metallic sodium is approximately 1130
ppm. These findings have provided a clear spectroscopic resolution
to the debate regarding the chemical state of sodium in the plateau
region. In 2025, GabrijelCi¢, et al. [32] advanced the field by employ-
ing time-resolved 23Na ssNMR, confirming that the adsorption of ion
states on pore walls and quasi-metallic clustering within pore cavi-
ties are two distinct processes characterized by completely different
relaxation times. The study quantitatively presented the fluctuation
of these processes with discharge depth on a time-resolved chemical
shift map, offering deeper insights into the dynamic behavior of sodi-
um during battery operation.

The Operando Raman study published by Weaving, et al. [33] in
2020 showed that the reversible redshift of the G band in the slope
region is due to the charge transfer from the embedded sodium to the
m* antibonding orbitals in the carbon layer, weakening the C-C bond.
Upon entering the plateau region, the displacement of the G band
ceases, signifying that intercalation reaches saturation before plateau

formation. The disappearance of the D band in the deep discharge
state is not indicative of structural ordering but rather reflects the
filling of the conduction band empty states required for the D-band
double resonance process, driven by an upward shift in the Fermi
level [34]. This suggests that changes in the D band correspond to
variations in electronic occupancy rather than structural rearrange-
ment. Yun, et al. [35] provided XPS evidence supporting the following
findings. The Nals binding energy of graphitized carbon nanosheets
reversibly shifts toward lower values within the low-voltage plateau
region (~0.1 V), approaching the characteristic value associated with
metallic sodium. Raman and XPS together offer a synergistic view of
sodium’s electronic trajectory as it transitions from an ionic to a qua-
si-metallic state, observed through phonon and core energy windows.
XANES, EPR, and electron tomography form a multi-dimensional ver-
ification framework that bridges electronic states and spatial mor-
phology, advancing our understanding of closed-pore sodium storage
from indirect deduction to direct visualization.

XANES can distinguish oxidation states and coordination environ-
ments by detecting the energy shift of the sodium K-edge. Multi-fre-
quency EPR provides independent paramagnetic evidence for multi-
step electronic state transitions of sodium (Figure 1c), corresponding
to interlayer-embedded sodium (wide signal ~12 mT), quasi-metal
clusters (narrow signal ~0.55 mT), and solvent-co-embedded species
(extremely narrow signal) [36]. In 2025, two notable advancements
have push closed-pore sodium storage toward direct visualization.
Sun, et al. [37] utilized HAADF-STEM electron tomography to re-
construct the spatial distribution of closed pores in a sub-volume of
23.9 x 29.6 x 33.1 nm3 and employed low-dose aberration-corrected
TEM to directly capture the deposition morphology of sodium clus-
ters within closed pores. In the same year, Zhang, et al. [34] redefined
the decisive role of solvation structure in closed-pore sodium storage
through multi-modal in situ characterization. However, these three
characterization techniques emphasize different aspects: spatial res-
olution, statistical representativeness, and in situ testing capabilities.
This inherent trade-off makes it challenging for any single method to
independently construct a complete physical image of closed-pore so-
dium storage. As such, multi-dimensional complementarity emerges
as an inevitable choice for unraveling the mechanism behind sodium
storage.

Formation Mechanism and Structure-Activity Regulation
of Closed Pores

Formation and Classification of Closed Pores: Closed pores are
structural features formed during the pyrolysis process [32], where in-
terconnected open pores undergo continuous cross-linking, bending,
and folding of graphene layers, ultimately becoming isolated from ex-
ternal access (Figure 2a). During the low-temperature pyrolysis stage,
chemical bonds within the precursor are cleaved to generate free rad-
icals, releasing volatile products such as H2, CH4, and CO, which result
in significant weight loss. Simultaneously, non-carbon substances are
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removed, and initial open pores are formed [38]. Due to the thermo-
setting cross-linked skeleton of the hard carbon precursor, it does not
undergo macroscopic melting during subsequent high-temperature
treatment, but mainly grows microcrystals, suppressing the complete
collapse of the pore structure [25]. The formation of graphite micro-
crystals signifies the onset of graphitization, characterized by a reduc-
tion in interlayer spacing and an increase in interlayer bonding forc-
es. As temperatures rise further, carbon nanosheets shared between
adjacent pores rotate and stack, facilitating the merging of small-
sized pores. Concurrently, graphite microcrystals continuously wrap
around and shrink open pores, gradually closing them while leaving
only a very small entrance, ultimately transforming into closed pores
[5,7]. This process involves not only physical pore formation but also
chemical bond rearrangement.

The bending of the carbon layer on the pore wall introduces to-
pological defects such as pentagonal and seven-membered rings, im-
parting unique local curvature and electronic density of states dis-

tributions to the closed pore walls. Properly sized closed pores can
effectively accommodate sodium clusters, thereby enhancing the
sodium storage performance of hard carbon. Additionally, pore walls
with a lower degree of graphitization provide active sites for sodium
ion adsorption. However, it should be noted that excessively high heat
treatment temperatures may lead to complete pore closure, dimin-
ishing accessible diffusion channels for sodium ions. Gan, et al. [5]
categorized closed pores into three levels based on their accessibility.
Quasi-closed pores (0.35-0.5 nm) allow solvent penetration but con-
tribute limited plateau capacity while being prone to SEI film growth,
which results in irreversible sodium ion consumption. While, closed
pores (<0.35 nm) repel solvents and only permit Na* entry, efficiently
contributing reversible capacity and improving initial Coulombic effi-
ciency (ICE). Fully closed pores are completely sealed, preventing Na*
ingress and ceasing capacity contribution (Figure 2b). The 0.35 nm
threshold aligns precisely with the size of the solvation shell of Na+,
revealing that pore size acts as a selective checkpoint for ion desolva-
tion kinetics [25].
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a)  Formation of closed pores [5];
b)  Three classifications of closed pores [5];
c¢)  Closed pore sodium storage mechanism [32];
d)  Closed pore characteristic parameters [6].
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The Synergistic Effect of Closed Pore Size and Pore Volume:
At the microdynamic level, multiple independent studies [5,39] have
reached a consensus on the two-step mechanism of pore filling: the
first stage involves ion monolayer adsorption onto the pore wall,
where capacity is proportional to the specific surface area within the
pore, and the physical image closely resembles BET monolayer cov-
erage. The second stage entails the adsorbed sodium ions acquiring
electrons (Figure 2c), partially shedding their solvation shell, migrat-
ing toward the interior of the pore cavity, and aggregating into qua-
si-metallic sodium clusters, forming a physical image similar to the
transition from BET multilayer adsorption to capillary condensation
[32]. The critical entrance size for sodium atom nucleation is 0.63 nm,
with the minimum critical nucleus containing a single sodium atom;
conversely, the maximum pore size that can accommodate mature
and stable clusters reaches 1.98 nm, equivalent to six layers of sodium
atoms. In summary, whether closed pores can effectively enhance the
capacity of hard carbon plateaus depends on the synergistic optimi-
zation of pore size and pore volume. Pore size determines the ther-
modynamic stability of sodium clusters within the pore, while pore
volume dictates the theoretical upper limit of total capacity.

Experimental data reveal a clear optimal window for both param-
eters: the optimal closed-pore size is 1-2 nm, with a corresponding
pore volume range of 0.01-0.21 cm3-g-1 and an interlayer spacing of
0.37-0.39 nm [6] (Figure 2d). When the pore size falls below 1 nm,
the confined space becomes insufficient to support the nucleation of
multi-atomic quasi-metallic sodium clusters, leaving the sodium stor-
age mechanism restricted to monolayer ion adsorption on the pore
wall. Conversely, when the pore size exceeds 2 nm, the confinement
effect weakens, causing the thermodynamic stability of sodium clus-
ters to shift toward bulk metallic sodium and increasing the risk of
irreversible dendritic deposition. Regarding pore volume variation,
Gabrijelcic, et al. [32] demonstrated a volcano-shaped relationship
between plateau capacity and closed-pore volume using carboniza-
tion temperature as a variable. Only single-layer adsorption occurs
at 900 °C, while the optimal range is achieved at 1400 °C, quasi-me-
tallic sodium clusters form, and capacity peaks. Beyond 1600 °C, pore
merging and rupture lead to a decline in capacity.

Precursor Dependence

The structure-activity relationship of closed pores exhibits signif-
icant precursor dependence, with their morphology, chemical activi-
ty, and connectivity partially constrained by the precursor molecular
skeleton prior to carbonization [40,41]. For instance, biomass pre-
cursors naturally possess a hierarchical pore structure and abundant
oxygen-containing functional groups. However, their closed pores
tend to shrink from the original initial micropores [42,43]. While
this pathway utilizes cheap and renewable raw materials, it faces
challenges in achieving consistent structural uniformity. Phenolic
resin stands out as a notable precursor due to its ability to form high-
ly curved carbon layers through synergistic rearrangement of local
chemical bonds during pyrolysis. This process generates a large num-
ber of ideal closed pores (<0.4 nm) without the pore-forming agents,
which makes it the closest analog to model carbon. Polyacrylonitrile
represents the third pathway, undergoing stepwise thermochemical
reactions such as cyclization and dehydrogenation to form a dense
turbine-layered carbon structure.

The closed pores in this case primarily originate from the voids
formed between layers after thermal decomposition of heteroatoms,
characterized by higher residual defect concentrations and more
complex pore size distributions [14]. These three precursors corre-
spond to distinct closed-pore generation logics, with key parameters
such as pore wall chemical activity, pore size geometry, and inter-pore
spatial connectivity partially determined during precursor selection

(7.
Rational Design Strategy for Closed Pores

Building on the understanding of the structure-activity relation-
ship outlined above, researchers have developed multi-level strat-
egies for closed-pore engineering, spanning precursor molecule
design, carbonization process optimization, and collaborative regula-
tion of microstructure parameters. These efforts aim to maximize pla-
teau capacity while balancing considerations of ICE performance and
rate performance [5,7,44]. Table 1 provides a comparative analysis of
sodium storage performance for representative hard carbon anodes
across six strategy categories: cross-linking, pore-forming agents, he-
teroatom doping, pre-carbonization/oxidation, Flash Joule heating,
and chemical vapor deposition (CVD).
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Table 1: Comparison of sodium storage performance of hard carbon anodes under different closed-pore engineering strategies.

Treatment Precursor Current Density (mA g7) Reversible Capacity (mAh g7) ICE Ref.
Cross-Jinking Corn starch 30 384.9 85.2 [47]
Switchgrass 100 313.4 84.8 [46]

Bamboo 30 339.2 86.3 [50]

Pore-forming agents Elastomer SBS 50 391 77.4 [53]
Camellia shell 50 340 73 [51]

Resin 25 328 71 [54]

Heteroatom doping Resorcinol-formaldehyde resin 50 367.9 76 [44]
Corn starch 30 341.3 86.9 [55]

Pitch 20 416.1 89.7 [48]

Pre-carbonization Mangosteen shell 20 308 81.8 [42]
Tannin extract 30 360.96 82.08 [61]

Pre-oxidation Cellulose 20 426.8 74.8 [45]
Flash joule heating Microcrystalline cellulose 25 377 93.3 [62]
CVD Resin 10 335 94 [64]

Precursor Molecular Engineering

The precursor molecular structure serves as the foundation for
closed pore regulation, encompassing three principal pathways:
crosslinking, pore-forming agents, and heteroatom doping. These
strategies collectively influence the skeleton construction of the car-
bon materials, pore cavity formation, and modulation of the carbon
layer microenvironment prior to carbonization.

Cross-Linking: The degree of cross-linking in the precursor di-
rectly governs the evolution pathway of the pore structure during the
carbonization process. Insufficient cross-linking leads to excessive
skeleton shrinkage, hindering the formation of closed pores. Con-
versely, excessive cross-linking impedes the growth of graphite mi-
crocrystals. Oxidative pretreatment introduces additional carbonyl
and carboxyl crosslinking sites in cellulose, thereby enhancing the
closed pore rate and interlayer spacing [45]. Hydrothermal treatment
leverages the dissolution and repolymerization effects of subcritical
water to reconstruct carbon precursors with uniform cross-linking
density [46]. Notably, two independent studies from 2024 achieved
precise control over closed pore volume and plateau capacity through
starch cross-linking regulation [47] and a phosphorus/oxygen dou-
ble cross-linking strategy [48], respectively. Among these, the phos-
phorus/oxygen double cross-linked asphalt-derived hard carbon ex-
hibited a reversible capacity of 416.1 mAh-g-1 and an ICE (inherent
crystalline electrolyte) efficiency of 89.7%. Liu, et al. [49] elucidated
the chemical-mechanical coupling mechanism of pore closure during
carbonization by examining the connectivity, spatial uniformity, and
rheological evolution of cross-linked networks from a molecular to-
pology perspective.

Pore Forming Agent: Pore-forming agents not only augment
pore volume but also enhance the overall degree of disorder in the
material, furnishing a structural basis for the transition from open to
closed pores. Based on their chemical properties, these agents can
be categorized into three types: gas-phase, inorganic, and organic.
Gas-phase pore-forming agents such as CO2, NH3, or water vapor, are
incorporated into micropores through carbon gasification reactions
during carbonization, followed by pore closure at elevated tempera-
tures. Among these, CO2 activation has demonstrated a preference
for increasing the proportion of closed pores [50]. Inorganic template
agents like ZnO and KOH are dispersed within the precursor matrix,
of which ZnO is subsequently reduced to metallic Zn via carbothermal
reduction at temperatures exceeding 907 °C and evaporates, leaving
behind uniform cavities [51]. Organic template agents including car-
bon quantum dots [52] and block copolymers [53] occupy spatial po-
sitions during the early stages of carbonization and thermally decom-
pose later, enabling precise control over closed pore size.

Heteroatom Doping: The incorporation of heteroatoms such as
phosphorus (P), sulfur (S), and nitrogen (N) into carbon layers not
only alters their electronic structure but also significantly influenc-
es the formation mechanism of closed pores [54,55]. For instance,
Ando, et al. [44] demonstrated that P-doped hard carbon can form
sodium clusters with quasi-metallic characteristics even at relatively
low carbonization temperatures of 1100 °C. This material exhibits a
notably higher plateau capacity compared with the undoped counter-
parts. The larger covalent radius of phosphorus atoms facilitates an
expansion of the local carbon interlayer spacing, thereby substantial-
ly reducing the energy barrier for sodium ion migration from the in-
terlayer to the closed pore structure. Additionally, Yadav & Dutta [56]
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conducted a comprehensive review on the synergistic regulatory ef-
fects of metal single-atom doping on both the electronic structure and
closed pore characteristics in hard carbons. Furthermore, heteroatom
dual-doping can effectively enhance electrochemical performance.

Pretreatment and Carbonization Process Optimiza-
tion: The regulation of carbonization process is essentially seeking
precise matching between thermodynamic driving force and dynamic
path, which constitutes the core step toward attaining optimal closed
pores. The following discussion will address this topic from three dis-
tinct angles: pre-carbonization and oxidation treatment, temperature
rise rate regulation, and microstructure synergy.

Pre Carbonization and Oxidation: Introducing a low-tempera-
ture pre-carbonization stage prior to high-temperature carbonization
serves to eliminate most volatile substances in advance. This prevents
uncontrolled pore structure expansion and rupture that could occur
during the intense release phase at higher temperatures. Lan, et al.
[42] employed mangosteen shell as a precursor to elucidate the reg-
ulatory mechanism of pre-carbonization temperature on biomass
thermochemical competitive reactions. Their findings revealed that
pre-carbonization at 500 °C promotes the formation of oxygen-con-
taining polycyclic aromatic hydrocarbons, leading to the subsequent
development of rich closed pores and enlarged carbon interlayer
spacing after high-temperature carbonization. In contrast, pre-car-
bonization at 400 °C tends to produce open pores, while a tempera-
ture of 600 °C results in numerous open pores and micropores. Ox-
idation treatment plays a crucial role in adjusting the quantity and
primary types of defects and functional groups, thereby influencing
the activation level and pyrolysis process of the crosslinking system
[57].

For precursors with low softening points such as asphalt, oxi-
dation stabilization is a critical step to prevent melting and merging
during high-temperature carbonization [58-60]. By integrating oxida-
tion stabilization, low-temperature pre-carbonization, and high-tem-
perature carbonization into a three-step strategy, the cross-linking
state, volatile matter release rhythm, and carbon layer rearrangement
process can be systematically regulated. This approach ultimately re-
sults in a significant improvement in the retention rate of closed pore
volume [61].

Heating Rate and New Carbonization Technology: The regu-
lation of heating rates fundamentally represents a dynamic interplay
between the kinetics of carbon layer rearrangement and the release
of volatile matter. When employing slow heating at 1-5 °C-min-1,
this process is found to be highly conducive to the ordered growth
of graphite microcrystals while simultaneously promoting the grad-
ual formation of closed pores, ultimately resulting in uniformly sized
closed pores. Conversely, rapid heating at 20 °C-min-1 accelerates the
release of volatile substances, leading to significant increases in pore
volume and a broader distribution of pore sizes. The setting of the
final carbonization temperature also needs to be balanced between

the plateau capacity and the initial coulombic efficiency (ICE). Typ-
ically, temperatures within the range of 1400-1600 °C are identified
as the sweet spot for optimizing both closed pore rates and pore size.
However, when the carbonization temperature exceeds 1800 °C, there
is a marked increase in graphitization, which unfortunately leads to
the merging or even collapse of closed pores. This adverse effect hin-
ders the penetration of electrolytes and sodium ions, thereby impair-
ing the overall performance of the material. Recent advancements in
carbonization technologies have introduced innovative solutions to
address these challenges.

Notably, Flash Joule heating has emerged as a groundbreaking
technique [62,63], capable of rapidly heating precursors to tempera-
tures as high as 3000 °C before implementing swift cooling within
seconds. This approach effectively suppresses excessive graphitiza-
tion and prevents the coalescence of closed pores by leveraging an
extremely narrow heat treatment window. Complementary to this,
chemical vapor deposition has been employed to construct amor-
phous carbon layers in situ on the surface of hard carbons. This meth-
od selectively blocks micropores and transforms them into closed
pores, thereby significantly increasing the volume of closed pores, ap-
proximately nine times greater than before. Simultaneously, organic
free radicals are utilized to repair surface defects, protect carbonyl
groups from reduction, and inhibit the formation of the solid-electro-
lyte interphase (SEI) on the inner walls of pores [64].

Collaborative Regulation of Microstructure: It is impera-
tive to recognize that the practical application of hard carbon anodes
should not be myopically focused solely on closed pore volume as a
singular metric. Rather, the effective utilization of hard carbon anodes
necessitates a holistic optimization strategy that considers and bal-
ances three critical factors: the configuration of closed pores, inter-
layer spacing, and defect concentration [6,65]. The interlayer spacing
dictates the smoothness of sodium ion transport channels. A mini-
mum interlayer spacing of approximately 0.37 nm is essential for ef-
fective sodium storage, with the optimal range lying between 0.37 nm
and 0.39 nm. When the interlayer spacing becomes too narrow (be-
low 0.36 nm), the energy barrier for sodium insertion significantly in-
creases, impairing the efficient transport of sodium ions into the pore
despite sufficient closed pore volume. While a controlled concentra-
tion of defects facilitates the initial capture and interlayer diffusion of
sodium ions, an excessive concentration can lead to irreversible sodi-
um binding and disrupt the orderly growth of graphite microcrystals
[13]. Ultimately, closed pores are the core carrier of plateau capacity,
but improving the reversible capacity of sodium ions also depends on
the synergistic effect of interlayer spacing and defect sites.

Summary and Outlook

In interpreting the sodium storage mechanism within the hard
carbon low-voltage plateau region, closed pores serve as the core el-
ement. This article takes the development of characterization tech-
nology as a clue to sort out the cognitive transition of sodium storage
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mechanism from indirect deduction by SAXS to direct visualization by
electron tomography imaging. It identifies and summarizes the regu-
latory principles governing key parameters such as closed pore size,
pore volume, and interlayer spacing in relation to plateau capacity.
But to achieve the key leap from empirical optimization to rational
design, it still relies on breakthroughs in multiple theoretical and
technological bottlenecks.

1) The development of multi-scale in situ dynamic characteri-
zation technologies is essential to monitor closed pore evolution
and sodium occupancy in real-time under actual electrochemical
conditions, thereby bridging the gap between idealized models
and practical material performance.

2) Integrating high-throughput computing and machine learn-
ing, a full chain data-driven prediction model of “precursor struc-
ture - carbonization process - closed pore parameters - electro-
chemical performance” would be also constructed, which breaks
through the efficiency bottleneck of traditional trial and error
methods.

3) Deepen the understanding of the coupling mechanism
among ion desolvation, interface SEI formation, and closed pore
inlet kinetics, this achieves synergistic enhancement of ICE, rate
capability, and plateau capacity. The refinement and intelligence
infusion into closed pore engineering will be pivotal in advancing
energy density practicalization within sodium-ion batteries.
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