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ABSTRACT
Achieving a high plateau capacity in hard carbon (HC) anodes is one of the most critical prerequisites for high-energy-density
sodium–ion batteries (SIBs), yet it is fundamentally limited by inaccessible closed pores formed during conventional high-
temperature annealing. Here, we propose a potentially scalable oxidation-reconfiguration strategy to unlock its latent capacity.
By coupling controlled oxidative etching with subsequent thermal reconstruction, an interconnected closed-pore network is
constructed. Oxidative pretreatment opens blocked channels and interconnects isolated voids, while reconstruction promotes void
fusion, generating accessible internal reservoirs for the nucleation and storage of quasi-metallic sodium clusters. This structural
evolution and storagemechanism are elucidated by total neutron scattering, SAXS, in situ techniques, and simulations. As a result,
the optimized ICP-HC anode delivers reversible capacity 437 mAh g−1 with an initial Coulombic efficiency of 91.5%. It achieves an
initial discharge plateau capacity of 399 mAh g−1 with fast kinetics (300 mAh g−1 at 2C), overcoming the capacity-rate trade-off.
Furthermore, an NVP//ICP-HC full cell shows excellent rate capability (96 mAh g−1 at 5C) and stable cycling (95% retention over
200 cycles at 1C). This work provides a scalable strategy for advanced carbon anodes in high-energy-density SIBs.
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Introduction

riven by the abundance of raw materials and cost-effectiveness,
odium–ion batteries (SIBs) are widely regarded as promising
andidates for grid-scale energy storage [1–3]. Among various
node materials, hard carbon (HC) stands out due to its compet-
tive specific capacity, structural stability, and ideal compatibility
ith sodium chemistry [4, 5]. Structurally, HC is a non-
raphitizable carbon consisting of turbostratic layers, graphitic
anodomains, and internal nanopores [6, 7]. Electrochemically,
ts sodium storage profile typically consists of a high-voltage
loping region and a low-voltage plateau region, corresponding to
urface-defect adsorption and bulk insertion/pore-filling mech-
nisms, respectively [8, 9]. Because the plateau region delivers
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capacity at a potential close to that of sodium metal, maximizing
this low-voltage contribution is the most crucial prerequisite for
achieving high-energy-density SIBs [10–13]. However, conven-
tional hard carbons generally suffer from an excessive sloping
capacity or an insufficient plateau region, severely constraining
their practical energy density.

According to the widely accepted pore-fillingmechanism [14–16],
the massive plateau capacity originates predominantly from the
dense accommodation of quasi-metallic sodium clusters within
the internal closed micropores. Principally, unlocking ultra-high
plateau capacity requires a massive volume of sodium-accessible
closed pores. To construct such architectures, conventional strate-
gies heavily rely on bottom-upprecursor engineering, introducing
lligence technologies or similar technologies.
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SCHEME 1 Schematic illustration of the material synthesis and structural evolution mechanisms. Comparison between the conventional direct
annealing route (top) and the proposed oxidation strategy (bottom).
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hemical activators or templating agents (e.g., ZnO, ZnAc2, MgO,
OH, and so forth [17–22].) into raw carbon precursors prior to
yrolysis to generate more closed pores in hard carbon. However,
hese precursor-dependent strategies typically involve complex,
ulti-step synthetic procedures and tedious washing processes,
hich severely hinder their scalable commercialization. Alter-
atively, for readily available hard carbons, directly elevating
he carbonization temperature is a more facile and scalable
pproach to heal surface defects, enrich the closed-pore volume,
nd thereby improve the initial Coulombic efficiency (ICE)
23–25]. However, a critical structural dilemma emerges at ultra-
igh temperatures: while extreme thermal treatment promotes
losed-pore formation, it concurrently induces extensive graphi-
ization and lattice densification [26–28]. This severe structural
hrinkage irreversibly pinches off the ion diffusion pathways
onnecting the external environment to the internal voids. Con-
equently, a vast number of these internal pores are transformed
nto electrochemically inactive dead pores that are entirely inac-
essible to sodium ions. This restricted internal accessibility not
nly leads to a pronounced degradation in overall capacity, but
lso inherently triggers sluggish ion diffusion kinetics [27–30].

o fundamentally overcome this permeability-capacity trade-
ff, we propose a scalable oxidation-reconfiguration strategy to
nlock the latent plateau capacity of hard carbons. This metic-
lously designed two-step process involves a controlled oxidative
tching at a critical thermodynamic threshold (400◦C, the critical
emperature just before HC combustion, Figure S1) to selectively
emove highly disordered domains and open originally blocked
icropores, creating an interconnected pore network, followed
y a high-temperature annealing step (1600◦C) for carbon layers
earrangement to achieve closed-pore structural reconfiguration
Scheme 1). The defects and open channels introduced during the
of 13
initial oxidation act as structural directors, effectively lowering
the energy barrier for graphitization during the subsequent
annealing. Unlike direct high-temperature annealing, which
isolates pores and blocks ion diffusion channel, this unique
synergistic strategy drives the coalescence of small, dispersed
voids into expanded, interconnected closed pores while success-
fully preserving the highly interconnected ion-diffusion network.
This architecturally optimized hard carbon with interconnected
closed-pore (denoted as ICP-HC) not only effectively shields the
co-intercalation of electrolyte solvent molecules to ensure high
initial reversibility but also provides abundant accessible internal
volume for sodium cluster nucleation. As a result, ICP-HC
exhibits a remarkable reversible capacity of 437 mAh g−1 with a
high ICEof 91.5%.Most notably, it delivers anultra-high discharge
plateau capacity of 399 mAh g−1. The practical viability of this
material is further validated in a full-cell configuration paired
with a Na3V2(PO4)3 (NVP) cathode, yielding excellent high-rate
performance (96 mAh g−1 at 5C based on NVP) and durable
cycling stability (95% capacity retention over 200 cycles at 1C).
This work provides deep insights into the correlation between
internal pore interconnectivity and microscopic electrochemical
kinetics, offering a highly practical pathway for the precise struc-
tural engineering of next-generation ultra-high-capacity hard
carbon anodes.

2 Results and Discussion

2.1 Chemical andMicrostructural Evolution of
Hard Carbon

To evaluate the effect ofO2 andhigh-temperature annealing, com-
prehensive physiochemical techniques were employed, including
Advanced Materials, 2026

ive C
om

m
ons L

icense



FIGURE 1 Structural characterization of the hard carbons. (a) High-resolution XPSO 1s spectra. (b) Raman spectra with calculated ratios. (c) XRD
patterns. (d) The corresponding evolution of microcrystalline parameters derived from peak fitting. (e) Differential neutron pair distribution function
(DNPDF) curves revealing the local atomic coordination. (f) Electron energy loss spectroscopy (EELS) of the carbon K-edge (left) and the corresponding
quantitative ratio of (right), reflecting the hybridization content. (g) Pressure-dependent electronic conductivity of ICP-HC and ISO-HC powders.
(h) Illustration of structural evolution of the carbon skeleton.
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canning electron microscopy (SEM), X-ray photoelectron spec-
roscopy (XPS), Raman spectroscopy, X-ray diffraction (XRD),
eutron Pair Distribution Function (NPDF), electron energy loss
pectroscopy (EELS).

EM images reveal that no obviousmorphology changes observed
or all the treated HCs (O-HC, ISO-HC, and ICP-HC), with
etaining the irregular block-like morphology of pristine HC,
uggesting that neither the low-temperature oxidation nor the
igh-temperature annealing significantly alters the macroscopic
exture of the hard carbon particles (Figure S2). High-resolution
PS O 1s spectra (Figure 1a) shows that C─O bond locating at
533.0 eV and total oxygen content, increased to 48.02% and
.04% inO-HC, proving the graft of oxygen functionalities afterO2
dvanced Materials, 2026
treatment (Figures S3 and S4; Table S1). And the area ratio of D-
band (1350 cm−1) andG-band (1580 cm−1) in Raman spectroscopy,
denoted as AD/AG, increased significantly from 2.64 (HC) to 3.06
(O-HC) signaling a rise in lattice disorder, which indicates O2 acts
as a defect-activator (Figure 1b; Tables S2 and S3). Furthermore,
the diffraction peak at∼23◦ in XRD patterns (Figure 1c), assigned
to (002) peak, shift to higher angle, accompanied by lateral
crystallite size increase, which implies a preferential etching
mechanism, where oxygen selectively consumed the highly
unstable, high-energy amorphous carbon regions, leaving behind
a relatively ordered carbon skeleton (Figure S6).

Subsequent annealing at 1600◦C (yielding ICP-HC) effectively
eliminated these metastable oxygen species after oxygen
3 of 13
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reatment, achieving a deoxygenated surface state like the
irectly annealed counterpart (ISO-HC). Crucially, this oxidation
trategy proved superior to direct annealing in optimizing the
arbon lattice. TheAD/AG ratio of ICP-HC decreased dramatically
o 2.21, which is lower than that of ISO-HC (2.27) (Figures 1b and
5), suggesting that the defects created by oxidation effectively
owered the energy barrier for graphitization, facilitating an
rdering process. XRD results further highlight it: unlike ISO-
C, showing a normal graphitization shift to higher angles,
CP-HC exhibits a distinct shift of the (002) peak to a lower
ngle with a broadened FWHM compared to O-HC (Figures 1c
nd S6). Fitted parameters further reveal that ICP-HC possesses
longer La but smaller Lc compared to ISO-HC, hinting at

he formation of expanded, fused voids within the turbostratic
omains (Figure 1d and Table S4).

his structural enhancement is further corroborated by Neutron
air Distribution Function (NPDF) analysis and Electron Energy
oss Spectroscopy (EELS). NPDF analysis (Figure 1e; Figures
7 and S8) confirms that the local atomic coordination remains
obust, with sharp peaks at 1.42 Å (nearest-neighbor C-C), 2.46
(second-neighbor in-plane distance), and 2.84 Å (inter-layer
istance). Notably, the intensity of these peaks increased slightly
fter oxidation and further intensified after reconfiguration (ICP-
C > ISO-HC), evidencing a robust restoration of short-range
rdering and the formation of a coherent carbon lattice. TheEELS
pectra (Figure 1f and Table S5) display characteristic peaks at
285 and ∼292 eV, attributed to sp2 and sp3 hybridization, respec-
ively. ICP-HCexhibits the highest intensity ratio of Iπ∗

/I(π∗+σ∗), an
ndicative for degree of graphitization, indicating a maximized-
ybridized carbon content and the formation of an extended
elocalized-electron system. Bridging the microscopic ordering
ith macroscopic performance, pressure-dependent conductiv-
ty measurements demonstrate that ICP-HC possesses superior
acroscopic electronic conductivity across the entire pressure
ange (Figure 1g). As schematically illustrated in Figure 1h,
he oxidation-reconfiguration strategy fundamentally transforms
he initial turbostratic matrix. Consistent with the previously
bserved increases in La and graphitization degree, the selec-
ive elimination of disordered domains leaves behind intact,
ighly effective electron transport channels. Consequently, this
ntrinsically optimized carbon framework maintains exceptional
onductivity, establishing a robust physical foundation and the
ecessary electronic transmission channel for high-performance,
igh-rate SIBs.

.2 Evolution of Pore Architecture

he evolutions of the pore architecture were systematically
racked via gas absorption isotherms, small-angle X-ray scattering
SAXS), and high-resolution transmission electron microscopy
HRTEM). Figure 2a displays the N2 adsorption-desorption
sotherms. Pristine HC exhibits a non-porous nature with negligi-
le N2 adsorption. Upon oxidation, the O-HC sample transforms
nto a highly porous architecture with a typical Type-I isotherm
31, 32], confirming that the oxidative etching selectively removes
isordered carbon domains and effectively unlocks the originally
locked micropores. Subsequently, following high-temperature
nnealing, the N2 uptake of ICP-HC drops precipitously to
level comparable to that of the directly annealed ISO-HC.
of 13
This drastic reduction demonstrates that the thermally driven
carbon layers rearrangement promotes the re-closure of surface
openings, effectively isolating the internal voids from the external
environment. Despite this surface closure, the internal pore
structure of ICP-HC differs fundamentally from that of ISO-HC.
As revealed by the CO2 adsorption isotherms (Figure 2b), ICP-HC
retains a significantly higher adsorption capacity than ISO-HC.
Pore size distribution analysis (Figure 2c) further clarifies that
this enhanced capacity stems from a massive abundance of
ultra-micropores (0.4–0.8 nm). Collectively, these results clearly
demonstrate that the oxidation-reconfiguration process not only
expands the internal volume of the closed-pore architecture
but also successfully unlocks their accessibility, allowing probe
molecules and subsequently sodium ions to readily penetrate the
carbon framework.

To probe the evolution of closed pores, SAXS analysis and ab
initio 3D shape reconstruction was performed based on the
SAXS profiles. The scattering intensity in the low-q region (q =
0.5∼1 nm−1) increases significantly due to oxidation (Figure 2d),
an indicative of enlarged pores with oxygen treatment. Such
behaviors provide strong evidence for the precise etching of
disordered carbon species by oxygen, perfectly aligning with the
previously discussed structural evolutionwhere the carbon lattice
exhibits enhanced short-range ordering following the oxygen
treatment. Upon high-temperature annealing, the low-q region
scattering intensity of ICP-HC further intensifies compared to
ISO-HC, and the pair distance distribution function P(r) peak
shifts toward a larger radius and the peak shifts to even larger
radii compared to ISO-HC, serving as compelling evidence for
pore expansion. By fitting the high-q scattering regions (q =
3∼6 nm−1) according to the Porod power-law equation (I(𝑞) ∝
𝑞−𝐷p ) [33], the Porod exponents (Dp) were extracted to assess
the interfacial roughness (Figures 2e and S9). The obtained Dp
values forHC,O-HC, ISO-HC, and ICP-HCare 2.33, 3.09, 2.81, and
2.87, respectively. All these values are strictly below 4, confirming
that the internal pores possess distinct fractal characteristics with
rough interfaces rather than ideal sharp boundaries [34, 35].
While the final high-temperature annealing process reconstructs
the pore walls and yields comparable interfacial roughness for
both ICP-HC and ISO-HC, their global pore network connectivity
exhibits a stark contrast. To compare this macroscopic intercon-
nectivity, the amphiphilic factor (fa) was calculated (Figure 2e and
Table S8), where a larger fa value theoretically signifies a more
disordered and highly interconnected pore network [36]. Direct
high-temperature annealing severely limits the extension of the
pores, resulting in a significantly depressed fa value of 0.186 for the
control ISO-HC. This low value is highly indicative of structural
shrinkage and the formation of isolated, inaccessible voids. In
striking contrast, the engineered ICP-HCmaintains a remarkably
high fa value of 0.559, which perfectly inherits the highly pene-
trated network created during the preceding oxidation stage (O-
HC, fa = 0.563). Furthermore, ab initio 3D shape reconstruction
visually validates this topology [37–40], unlike the ISO-HC, the
ICP-HCmodel displays distinct volumetric expansion with fused
internal voids (Figures 2f and S10), thereby verifying a substantial
improvement in the pore network interconnectivity. Collectively,
this structural synergy unequivocally demonstrates that the
oxidation-reconfiguration strategy not only constructs stable frac-
tal pore interfaces but, fundamentally, prevents the detrimental
isolation of closed pores, realizing an internally interconnected
Advanced Materials, 2026
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FIGURE 2 Evolution of pore architecture. (a) N2 adsorption–desorption isotherms at 77 K. (b) CO2 adsorption isotherms at 273 K. (c) Pore size
distributions calculated using the DFT model. (d) SAXS profiles and pair distance distribution functions derived from SAXS data. (e) Evolution of the
amphiphilic factor (fa) and Porod fractal dimensions, illustrating the degree of pore interconnectivity/disorder and interfacial roughness, respectively.
(f) Ab initio 3D shape reconstructions of the scattering bodies (pores) for HC, O-HC, ISO-HC, and ICP-HC, visually demonstrating volumetric expansion
and pore interconnection. High-resolution TEM (HRTEM) images with corresponding line intensity profiles (insets) for (g) ISO-HC and (h) ICP-
HC, revealing the distinct local graphitic stacking and closed-pore morphology. (i, j) Schematic illustration of the divergent pore structure evolution
mechanisms.
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losed-pore network. HRTEM imaging further corroborates this
tructural optimization. As shown in Figures 2g and S11, ISO-
C exhibits a densely packed house-of-cardsmicrostructure with
hort, highly tortuous graphene layers. These sparse and narrow
oids severely restrict the space available for sodium cluster
ucleation. Conversely, driven by the oxidation-reconfiguration
rocess, ICP-HC (Figure 2h) displays significantly enhanced con-
dvanced Materials, 2026
tinuity and extended graphitic fringes. Crucially, interconnected
closed nanopores encapsulated by continuous, curved graphene-
like shells are clearly observed. These enlarged pores, originating
from micropore coalescence, provide ample reservoirs for quasi-
metallic sodium storage, perfectly matching the expanded pore
size evidenced by SAXS. Furthermore, Figure 2i,j elucidates
the underlying reconstruction mechanism. While conventional
5 of 13
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nnealing causes severe densification and pore isolation (ISO-
C), oxidation-reconfiguration selectively removes amorphous
ottlenecks. This targeted pruning drives the carbon layers
o rearrange and fuse into an interconnected closed-pore net-
ork (ICP-HC), successfully unlocking dead pores to drive
igh-performance sodium storage. Collectively, this structural
ynergy demonstrates that our strategy fundamentally prevents
losed-pore isolation. This highly accessible architecture ensures
apid sodium–ion transport kinetics and massive sodium cluster
ccommodation, thereby maximizing the overall pore utilization
fficiency.

.3 Electrochemical Sodium-Storage
erformance

he sodium storage behaviors of the hard carbon anodes were
valuated via half-cell with the configuration of Na | HC.
alvanostatic charge-discharge curves for HC and O-HC show
hat HC-based cells exhibit typical hard carbon behavior with
ixed slope and plateau capacities, while cells with O-HC display
slope-dominated curve (Figure S12). This distinctive behavior
onfirms that the low-temperature oxidation introduces abun-
ant surface defects and unlocks closed-pores, which enhance
urface adsorption (slope region) and disrupt the closed-pore
tructure essential for plateau sodium storage. After annealing,
oth ISO-HC and ICP-HC exhibit two distinct characteristic
egions: a sloping region and a plateau region. The optimized
CP-HC anode delivers a remarkable reversible specific capacity
f 437 mAh g−1 with high initial Coulombic efficiency (ICE)
f 91.5%, significantly outperforming the ISO-HC sample (300
Ah g−1 and 90.3%, respectively) (Figure 3a; Figures S13 and
14). Notably, Using 0.15 V versus Na/Na+ as the boundary
etween the sloping and plateau regions [17, 18, 41], ICP-HC
elivers an ultra-high discharge plateau capacity of 399 mAh
−1, representing a substantial increase of ∼157 mAh g−1 over
SO-HC, with similar slope capacity, originating from the inter-
onnected closed pores, which serve as primary reservoirs for
ense sodium clustering. To verify the effect of oxidative etching,
he differential capacity (dQ/dV) plots display that ICP-HC pos-
esses a lower average plateau potential compared to ISO-HC, a
eature critical for maximizing the energy density of full batteries
Figure 3b).

o systematically elucidate the sodium storage kinetics, galvano-
tatic intermittent titration technique (GITT) and variable-rate
yclic voltammetry (CV) measurements were conducted. Based
n the GITT profiles, the calculated sodium ion diffusion coef-
icients (DNa+) reveal distinct kinetic behaviors across the slope
nd plateau regions (Figure 3c). Notably, ICP-HC displays a
ignificantly elevated DNa+ in the slope region, reflecting its
ccelerated sodium adsorption kinetics. Moreover, the potential
t which DNa+ reaches its local minimum representing the
inetic bottleneck of sodium diffusion is significantly delayed
o a lower potential for ICP-HC (0.0139 V) compared to ISO-
C (0.0433 V). This downward shift indicates smoother mass
ransport and reduced diffusion resistance at the deep sodiation
tage. CV curves recorded at varying scan rates from 0.2 to
.2 mV s−1 further support the improved kinetic response of
CP-HC (Figure S15). Compared with ISO-HC, ICP-HC exhibits
igher peak current and a larger apparent capacitive contribu-
of 13
tion derived from CV current separation, indicating a greater
fast-response (Figure 3d) [41–47]. Collectively, these findings
demonstrate that the oxidation-reconfiguration strategy effec-
tively enhances ion accessibility within the interconnected closed
pores, providing abundant active sites for pseudo-capacitive
storage and facilitating rapid bulk ion diffusion, thereby ensuring
superior overall rate kinetics. Benefiting from these kinetic
advantages, the ICP-HC anode exhibits exceptional rate capa-
bility (Figures 3e and S16). ICP-HC-based cells deliver higher
reversible capacities than ISO-HC at all rates. Furthermore, long-
term cycling tests demonstrate the superiority of ICP-HC with
retaining 93% of its initial capacity after 120 cycles at 0.1 C
(Figure 3f) and 93% retention after150 cycles at 2 C current density
(Figure S17).

To evaluate the full-cell applicability of ICP-HC, sodium–ion full
cellswere assembled using ICP-HCas the anode andNa3V2(PO4)3
(NVP) as the cathode denoted as NVP//ICP-HC (Figure 3g;
Figures S18 and S19). Owing to the low-potential plateau of ICP-
HC, the NVP//ICP-HC full cell exhibits a flat discharge plateau at
approximately 3.3 V within 2.0–3.8 V and maintains well-defined
voltage profiles from 0.1C to 5C (Figure 3h). Even at 5C, the cell
delivers a reversible capacity of 96 mAh g−1 (based on the NVP
cathode) and retains 95% of its initial capacity after 200 cycles at
1C, demonstrating favorable rate capability and cycling stability.

To quantify the full-cell-level benefit of ICP-HC, NVP//ISO-
HC control cells were assembled under the same N/P ratio
and testing conditions. NVP//ICP-HC achieves a higher energy
density than NVP//ISO-HC, corresponding to an enhancement
of approximately 12.7% (Figure S20 and Table S9). In addition,
an anode mass normalized theoretical energy density analysis
was performed by coupling the hard carbon anode profiles
with an idealized 3.4 V NVP cathode plateau. This analysis
further confirms that the enlarged low-voltage plateau of ICP-HC
can more effectively contribute to full-cell output (Figure S21).
Overall, these results demonstrate that the interconnected closed-
pore architecture of ICP-HC can translate its enlarged low-voltage
capacity and improved ion accessibility into enhanced full-cell
output.

2.4 Elucidation of the Sodium Storage
Mechanism

To uncover the origin of the improved performance of ICP-
HC, comprehensive operando/in situ techniques were employed,
including operando XRD, operando Raman spectroscopy and in
situ electrochemical impedance spectroscopy (EIS).

Operando XRD results for initial cycle reveal that both ISO-HC
and ICP-HC shared high consistency in the long-range structural
response and no distinct shift was observed for (002) peak during
the overall discharge/charge process, indicating that no obvious
sodium intercalation reaction occurred (Figure 4a,b; Figures
S22 and 23). And operando Raman spectroscopy also displays
similar identical spectral evolution for both ISO-HC and ICP-HC,
indicating analogous sodium storage mechanisms (Figures 4c–f
and S23). Specifically, during the initial sodiation stage (sloping
region), the D-band (∼1350 cm−1) intensity decreases markedly,
reflecting the preferential interaction of Na+ with high-energy
Advanced Materials, 2026
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FIGURE 3 Electrochemical sodium storage performance and kinetic analysis of the hard carbon anodes. (a) Galvanostatic charge–discharge
(GCD) profiles of ISO-HC and ICP-HC at a current density of 20 mA g−1, the insets display the quantitative comparison of capacity contributions (slope
vs. plateau). (b) Differential capacity plots derived from the initial GCD curves, highlighting the lower plateau potential of ICP-HC. (c) Galvanostatic
intermittent titration technique (GITT) calculated sodium ion diffusion coefficients. (d) Capacitive contribution at various scan rates ranging from 0.2
to 1.2 mV s−1. (e) Rate capabilities evaluated at current densities from 0.1C to 5C. (f) Long-term cycling stability and Coulombic efficiency over 120
cycles in half-cell. (g) The schematic illustration of the full-cell configuration, where the ICP-HC anode is coupled with the Na3V2(PO4)3 cathode.
(h) Charge/discharge curves of NVP//ICP-HC SIBs at various current densities. (i) Cycling performance of NVP//ICP-HC SIBs at a current density of
1C.
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efect sites. Concurrently, the G-band undergoes a pronounced
edshift from ∼1580 to ∼1540 cm−1, which is attributed to charge
ransfer into the antibonding orbitals of the carbon lattice [48].
otably, the G-band position remains essentially constant below
.1 V, indicating saturation of electronic structuremodulation and
transition of the Na storage mechanism from defect adsorp-
ion to pore filling. In this low-voltage region, sodium clusters
ccumulate within closed micropores, consistent with the widely
eported pore-fillingmechanism in hard carbon anodes [14, 15, 28,
8]. Upon desodiation, the reversible recovery of both theG-band
osition and D-band intensity confirms that this adsorption-
illing process does not induce irreversible damage to the carbon
ramework.

o describe the kinetic evolution of these electrochemical
rocesses, in situ EIS tests were performed, and the results
dvanced Materials, 2026
are shown in Figure S24, the highly consistent impedance
evolution trends observed for both ICP-HC and ISO-HC con-
firm that they share an identical fundamental sodium storage
mechanism. Furthermore, model-independent distribution of
relaxation times (DRT) analysis [49–52], transforming impedance
spectra into discrete relaxation processes, were further employed.
The DRT heatmaps reveal a stark contrast in transport kinetics
(Figure 4g,h and Table S6). For ISO-HC, distinct high-intensity
zones dominate themedium-frequency (τ3-τ4) and low-frequency
(τ5) ranges during the plateau stage, signifying severe kinetic
barriers associated with charge transfer and restricted Na+ dif-
fusion into isolated voids. In sharp contrast, ICP-HC exhibits a
significantly suppressed impedance response in these identical
regions. This kinetic enhancement intrinsically stems from the
highly interconnected and accessible pore network, which effec-
tively eliminates diffusion bottlenecks and provides smoothed
7 of 13
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FIGURE 4 Operando spectroscopic and structural investigation of the sodium storage mechanism. Operando XRD patterns and corresponding
GCDprofiles for (a) ISO-HC and (b) ICP-HC.OperandoRaman spectra and correspondingGCDprofiles for (c, d) ISO-HC and (e, f) ICP-HC. Distribution
of relaxation times (DRT) heatmaps for (g) ISO-HC and (h) ICP-HC. Quantitative validation of pore filling: SAXS curves of pristine, fully sodiated
(0.005 V), and desodiated (2.5 V) states for (i) ISO-HC and (j) ICP-HC. Inserts are digital photographs of the corresponding chemical titration with
ethanol/phenolphthalein. (k) Comparison of the fitted scattering length density (SLD) of pores in the fully sodiated state. (l) Schematic illustration of
the proposed sodium storage mechanism.
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athways for rapid sodium insertion into the deep internal voids
Figure S25 and Table S7).

urthermore, to quantitatively assess pore utilization efficiency
nd the physicochemical state of the stored sodium, chemi-
al titration coupled with ex situ small-angle X-ray scattering
ere employed. The SAXS profiles (Figure 4i,j) of both fully
esodiated HCs (charged to 2.5 V) perfectly overlap with their
ristine states, reaffirming the structural robustness of the car-
on frameworks. Upon full sodiation (0.005 V), a pronounced
of 13
structural evolution is observed, manifested by a substantial
decrease in the low-q scattering intensity. This behavior originates
from the reduced electron density contrast (Δρ) between the
carbon matrix and the internal pores, indicating effective Na
infiltration. By extracting the pore scattering length density
(SLD) through model fitting [15], the profound impact of pore
accessibility is explicitly revealed. The ISO-HC sample exhibits
only a modest SLD increase, indicative of partial pore filling and
severe underutilization caused by restricted internal accessibility.
Conversely, the pore SLD of the fully sodiated ICP-HC sharply
Advanced Materials, 2026
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FIGURE 5 DFT and MLIP theoretical simulations. Optimized structural models of sodiated: (a) ISO-HC and (b) ICP-HC. (c) Formation energy
and (d) simulated voltage plateau profiles versus Na cluster size. Quantitative Bader charge analysis showing the electronic state transition of Na atoms
during the progressive pore-filling process for the (e–h) ISO-HC and (i–l) ICP-HC models.
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ncreases to approach the theoretical value of metallic sodium
Figure 4k). This atomic-scale evidence unambiguously proves
hat the expanded fused voids are highly accessible and densely
ccupied by sodium.

his maximized pore utilization is further corroborated by chem-
cal titration (insets in Figure 4i,j, the electrodes contain the
ame mass of active material), which visually and quantitatively
onfirms that ICP-HC accommodates a substantially larger mass
dvanced Materials, 2026
of electrochemically active sodium at 0.005 V than ISO-HC. The
strong congruence between the elevated SLD values and the titra-
tion results demonstrates that the interconnected closed pores
in ICP-HC function not merely as isolated voids, but as highly
accessible reservoirs for the dense accumulation of multilayer
quasi-metallic sodium clusters. As conceptually summarized
in the proposed sodium storage mechanism (Figure 4l), while
both ISO-HC and ICP-HC undergo similar surface adsorption
(I) and pseudo-adsorption (II) stages within the high-voltage
9 of 13
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FIGURE 6 Proof-of-concept upgrading of spent hard-carbon anodes by the oxidation–reconfiguration strategy. (a) Schematic of spent-HC
upgradation through oxidation–reconfiguration method. (b) Optical image of spent-HC. (c) Initial charge–discharge curves for spent-HC and upgraded
spent-HC.
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loping region, their low-voltage pore-filling behaviors (III)
iverge drastically. Unlike the restricted ce between the elng″
tate in ISO-HC caused by isolated dead pores, the intercon-
ected closed pore network of ICP-HC permits massive and
ontinuous sodium cluster accommodation (more pores filling).
onsequently, the oxidation-reconfiguration strategy successfully
ompletely unlocks the internal pore volume, simultaneously
aximizing the pore utilization efficiency and lowering the
ucleation barrier for sodium clustering, thereby fundamentally
ccounting for the ultra-high plateau capacity and excellent rate
erformance of ICP-HC.

o theoretically elucidate the thermodynamic origins of the
ltra-high plateau capacity and the atomistic mechanism of Na
torage, density functional theory (DFT) coupled with machine
earning interatomic potentials (MLIP) was employed [53–56]. To
onstruct the fine-tuning dataset, a variable number of Na atoms
ere randomly inserted into ISO-HC and ICP-HC structures. Ini-
ial structural relaxations were performed using the pre-trained
ACE-OMAT-0 [57] model, and all intermediate configurations
rom the relaxation trajectories were collected. From this pool,
7 representative structures were selected using farthest-point
0 of 13
sampling [58] based on NEP [59] descriptors. These structures
were partitioned into training, validation, and test sets in an 8:1:1
ratio. Density Functional Theory (DFT) calculations were carried
out using the ABACUS [56] software package. To facilitate model
convergence and reduce learning complexity, configurations
exhibiting any force component exceeding 50 eV/Åwere excluded
from the dataset. The model was subsequently fine-tuned on this
curated dataset for 30 epochs. The performance of the fine-tuned
model across the training, validation, and test sets is illustrated in
Figure S26. Furthermore, Capped carbon nanotube models were
constructed to represent the closed-pore architectures of ISO-
HC and ICP-HC as shown in Figure S27. Both models possess
an identical diameter of 13.6 Å, but the ICP-HC model extends
to ∼18.5 Å in length, nearly twice that of the ISO-HC model
(∼10 Å). This specific geometric design explicitly simulates the
structural evolution induced by the oxidation-reconfiguration
strategy; wherein adjacent isolated voids progressively merge
into an expanded, unified closed pore. To maintain a consistent
defect density, one and two single-vacancy defects were incorpo-
rated into the ISO-HC and ICP-HC models, respectively, which
subsequently reconstructed into stable pentagon-nonagon pairs
following DFT relaxation.
Advanced Materials, 2026
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ollowing the progressive random insertion and global optimiza-
ion of Na atoms, Unlike the confined ISO-HC model where
evere steric hindrance restricts Na clustering (Figure 5a), the
nterconnected pore network of ICP-HC (Figure 5b) facilitates
he continuous accommodation of large, densely packed quasi-
etallic Na clusters. Furthermore, the formation energies and
orresponding voltage profiles were extracted to evaluate the
odiation thermodynamics (Figure 5c,d). Strikingly, the expanded
CP-HC model exhibits a much earlier onset of the low-voltage
lateau region. The simulated sodiation potential of ICP-HC
rops to approximately 0.1 V upon the insertion ofmerely 9 equiv-
lent Na atoms, whereas the confined ISO-HC model requires 17
quivalentNa atoms to reach this critical threshold. Furthermore,
he voltage profile of ICP-HC remains consistently lower through-
ut the entire pore-filling process, thermodynamically validating
ts capability to deliver a significantly higher plateau capacity.
he atomistic Na-filling behavior elucidates this enhancement:
a atoms initially adsorb at high-curvature capped regions and
efect sites before aggregating into clusters. In the ICP-HCmodel,
he expanded internal volume between the dual defect sites
ccommodates the simultaneous growth and eventual merging
f multiple Na clusters. This spatial advantage fundamentally
itigates steric hindrance, facilitating the formation of larger,
ensely packed Na clusters. Additionally, the reduced ratio of
igh-curvature surface area to total volume in ICP-HCminimizes
igh-energy binding sites, further promoting a faster transition
nto the plateau region.

o quantitatively monitor the electronic state transition of Na
uring cluster growth, Bader charge analysis was systematically
erformed (Figure 5e–l). At low sodiation stages, Na atoms pre-
ominantly exhibit Bader charges near+1e, characteristic of ionic
dsorption corresponding to the sloping capacity. As the internal
ore filling proceeds, the proportion of Na atoms displaying
uasi-metallic character (< +0.5e) substantially increases. When
omparing both models at an equivalent sodiation state (e.g.,
1 inserted Na atoms), the ICP-HC model yields 17.5 equivalent
etallic Na atoms, which is noticeably higher than the 15
toms observed in ISO-HC. This quantitative charge distribu-
ion reveals that metallic Na emerges earlier and forms more
xtensive clusters within the ICP-HC framework. Collectively,
hese theoretical findings provide compelling evidence that the
xpanded and fused closed-pore architecture, constructed via
he oxidation-reconfiguration strategy, intrinsically lowers the
ucleation barrier for quasi-metallic Na. This atomistic mecha-
ism underpins the ultra-high plateau capacity observed in the
lectrochemical evaluations.

.5 Practical Extensibility of the
xidation-Reconfiguration Strategy

o further verify its further practical application on spent-HC,
e performed a proof-of-concept experiment using spent-HC col-
ected from cylindrical cells after cycling. As shown in Figure 6a,
he spent-HC contains passivated surface and blocked pores after
epeated electrochemical operation. Through controlled oxida-
ive deblocking followed by high-temperature reconstruction,
he upgraded-HC recovers with cleaner surfaces and reconfig-
red closed-pore structure. After the oxidation-reconfiguration
reatment, the upgraded HC displays a pronounced low-voltage
dvanced Materials, 2026
plateau and delivers a reversible capacity of approximately 400
mAh g−1 (Figure 6c), suggesting that this strategy can effectively
improve electrochemical performance for spent hard-carbon
anodes [1, 2, 60–62].

3 Conclusions

In summary, we propose a potentially scalable oxidation-
reconfiguration strategy to unlock the latent capacity of hard
carbons. By precisely coupling mild oxidation (400◦C) with
high-temperature carbon layers rearrangement (1600◦C), we
engineered an interconnected closed-pore network. As corrobo-
rated by NPDF, operando techniques, SAXS, and DFT and MLIP
simulations, this tailored structure effectively eliminates isolated
voids to maximize internal pore accessibility. Consequently, it
smooths kinetic pathways and significantly lowers the nucle-
ation barrier for the dense accommodation of quasi-metallic
sodium clusters, fundamentally driving the superior storage
performance.

The optimized ICP-HC anode delivers a remarkable reversible
capacity of 437 mAh g−1 alongside a high initial Coulombic
efficiency of 91.5%. Most notably, by fundamentally breaking
the conventional trade-off between high plateau capacity and
sluggish kinetics, it simultaneously achieves an ultra-high dis-
charge plateau capacity of 399 mAh g−1 and exceptional rate
capability (300 mAh g−1 at 2C). The practical viability of this
strategy is further robustly validated in an NVP//ICP-HC full
cell, demonstrating outstanding rate performance (96 mAh g−1
at 5C based on NVP) and exceptional cycling stability with
95% capacity retention after 200 cycles at 1C. Furthermore, a
proof-of-concept spent-HC upgrading test suggests the practical
extensibility of this strategy, as the upgraded spent hard car-
bon improves a pronounced low-voltage plateau and reversible
capacity.

Ultimately, this study provides fundamental insights into precise
pore engineering and maximizing pores utilization efficiency.
By establishing a facile and universal pathway to upgrade com-
mercial carbons, this work breaks the capacity bottleneck of
carbonaceous anodes, propelling the development of high-energy
and long-life practical SIBs.
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