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Hard carbon is recognized as a promising anode material for sodium-ion batteries, but its practical
application is constrained by low initial Coulombic efficiency (ICE), insufficient reversible capacity, and
poor rate performance, which are rooted in inadequate pseudo-graphitic domain structure and
uncontrolled sodium cluster formation. Herein, we propose a nanoconfinement strategy via graphene
orientation-guided graphitization to achieve high-rate performance of cellulose-derived hard carbon.
The oxygen-functional groups on graphene form a stable cross-linking structure with cellulose to
suppress disordered defects, while the sp3-hybridized carbon skeleton guides the directional
arrangement of carbon layers, synergistically constructing a confined structure with abundant pseudo-
graphitic domains and size-tunable closed pores. Benefiting from this optimized structure, the resultant
electrode achieves a high specific capacity of 323.9 mAh g%, an ICE of 89.9%, and excellent rate
performance (226.8 mAh gt at 3.0 A g~%). More importantly, sodium metal clusters are for the first time
observed via nanoconfinement induction with the filling stage achieving their controllable densification
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Introduction

Sodium-ion batteries (SIBs) are increasingly regarded as
a sustainable alternative to lithium-ion batteries, especially for
large-scale and grid-level energy storage systems.“” Among
various anode materials, hard carbon is widely recognized as
one of the most promising candidates for SIB anodes, with
several advantages such as high theoretical capacity, good
cycling stability, and relatively low cost.** However, hard carbon
features a structure consisting of irregular graphitic stacks with
long-range disorder and short-range order, accompanied by
a large number of edge defect sites and a randomly distributed
pore network. These structural characteristics directly give rise
to three critical issues: (i) low initial Coulombic efficiency (ICE)
stemming from irreversible side reactions at defective
surfaces,”® (ii) inadequate reversible capacity due to the insuf-
ficient pseudo-graphitic domains that fail to provide abundant
sodium storage sites,”'® and (iii) poor rate performance caused
by sluggish sodium ion diffusion within disordered
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sodium cluster densification. This work highlights

batteries in large-scale energy storage systems.

structures.”*™ The core cause of these issues is particularly
evident in the low-voltage plateau region (<0.1 V), which deter-
mines high capacity—where the sodium storage mechanism is
dominated by the formation of sodium metal clusters in
pseudo-graphitic domains and closed pores. The uncontrolled
formation and evolution of these clusters directly limit the
performance improvement of hard carbon.

As a widely available and low-cost biomass precursor of
cellulose, the as-obtained hard carbon exhibits an inadequate
pseudo-graphitic domain region and broad size distribution of
closed pores with disordered walls, resulting in a lack of effec-
tive spatial confinement during the sodium ion filling process
and uncontrolled sodium metal cluster storage.'*'® On one
hand, the sodium atoms are loosely packed within certain
regions of the pseudo-graphitic domains and the closed pores,
making it challenging to reduce atomic spacing (e.g., the Na
(111) interplanar spacing fails to reach the optimal densified
state). This results in a low sodium atomic density per unit pore
volume, rendering the low-voltage plateau capacity typically
below 200 mAh g '.*** On the other hand, the randomly
growing loose sodium clusters tend to aggregate across closed
pore wall and pseudo-graphitic domain region boundaries,
leading to incomplete decomposition of clusters during the
cycling process and continuous accumulation of irreversible
capacity loss and reduced ICE.">** Additionally, the abundant

© 2026 The Author(s). Published by the Royal Society of Chemistry
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pseudo-graphitic domains form continuous interconnected
sodium-ion transport channels, significantly lowering ion
migration energy barriers, accelerating transport kinetics, and
boosting hard carbon electrode structural integrity.>*?>* Thus,
forcing sodium atoms to stack tightly in a limited space through
spatial confinement and suppressing side reactions and struc-
tural damage caused by the disordered growth of clusters serve
to increase sodium storage capacity. Accordingly, engineering
controllable pseudo-graphitic domain regions and closed-pore
structures is the core for realizing high-rate hard carbon elec-
trodes with densified sodium cluster storage.

In this work, we propose a strategy of graphene orientation-
induced graphitization confinement, which utilizes the differ-
ences in the roles of acidified graphene at different carboniza-
tion stages to achieve confined orientation graphitization. The
aim is to construct high-rate performance hard carbon with
densified sodium metal clusters and high ICE. On one hand, the
oxygen functional groups on graphene form a stable cross-
linked structure with cellulose molecules, suppressing the
generation of disordered defects in the low-temperature stage.
On the other hand, the acidified graphene with an sp*-hybrid-
ized skeleton guides the directional arrangement of carbon
layers, forming ordered channels with stable interlayer spacing
and providing molecular-scale guide rails for the rapid trans-
port of sodium ions. Meanwhile, the cross-linked network of
graphene and cellulose is accompanied by gas release during
carbonization, evolving into rigid closed-pore cages wrapped by
directional pseudo-graphitic layers (with closed pore sizes
concentrated at 0.54 nm). This spatial confinement forces
sodium atoms to stack tightly within the pores. When di-
scharged to the plateau region of the optimized hard carbon,
the characteristic peaks of sodium metal clusters (23.5°, 31°)
shift to higher angles, corresponding to the contraction of the
Na (111) interplanar spacing, directly confirming the densified
clusters. Benefiting from the nanoconfinement structure, the
obtained electrode achieves an ICE of 89.9% and a specific
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capacity of 323.9 mAh g, with a low-voltage plateau capacity of
216.4 mAh ¢!, and the capacity retention is still 80.2% after
1000 cycles, which is obviously better than that of cellulose-
derived hard carbon. The proposed graphene-induced
confined structure provides new insights into the densified
sodium clusters of hard carbon anodes and is expected to offer
strong support for the application of sodium-ion batteries in the
field of large-scale energy storage.

Results and discussion

In this work, we employed acidified graphene as a structural
target to mediate the formation of confined-structure type hard
carbon around the pseudo-graphitic domains during the pyro-
Iytic transformation of cellulose precursors. As shown in Fig. 1,
based on the graphene orientation-induced graphitization
nanoconfinement strategy, the oxygen-functional groups on
acidified graphene form a stable cross-linking structure with
cellulose molecules due to the hydrogen bonds and covalent
bonds, inhibiting the generation of disordered defects before
high-temperature carbonization. The sp®-hybridized carbon
skeleton of graphene can provide nucleation centers for the
graphitization of cellulose-derived carbon, induce the ordered
arrangement of carbon atoms and promote the formation of
a local confined structure around the pseudo-graphitic domains
in the high-temperature carbonization process. The obtained
hard carbon increases the proportion of short-range ordered
structures and closed pore volume, which enables densified
sodium cluster storage via its confined structure. As a proof of
concept, different contents of graphene (0.5%, 1%, and 2%)
have been used for incorporation into cellulose and carbon-
ization at 1300 °C for 2 h, which have been assigned as HC-G-
0.5, HC-G-1 and HC-G-2. Cellulose without added graphene in
the same carbonization process was named hard carbon (HC),
and the hard carbon obtained directly with 1% graphene was
named HC@G to verify the graphene orientation-induced
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Fig.1 Schematic images of uncontrolled sodium cluster storage by regular strategy type hard carbon and densified sodium cluster storage by

confined-structure type hard carbon.
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graphitization (more details in the Experimental section).
Furthermore, the graphene adheres to the surface of large-sized
cellulose and forms a highly cross-linked composite hard
carbon precursor through mutual interweaving. During the
high-temperature carbonization process, accompanied by gas
release, it is further transformed into closed-pore walls, forming
a critical confined structure for sodium ion transport in the low-
voltage plateau region.

The SEM images demonstrate that cellulose remains fibrous
after pyrolysis while graphene is attached to cellulose in a flake-
like form (Fig. S1 and S2, SI) due to hydrogen bonding and
cross-linking interactions. As shown in Fig. S3, SI, the as-
prepared hard carbon series has blurred lattice fringes and
enhanced pseudo-graphitic domains and closed pore structure.
As the amount of graphene increases, more short-range pseudo-
graphitic domains are formed, with their thickness increasing
accordingly. The abundant pseudo-graphitic domains can form
closed pores with a house-of-cards feature, providing additional
sodium ion storage for hard carbon, while excessively thick
pseudo-graphitic domains hinder the transport of sodium ions
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in the hard carbon.”®?* It is worth noting that the HC-G-1
sample exhibits a structure where short-range graphitic layers
are encapsulated by surrounding curved pseudo-graphitic
domains, forming a confined structure of closed pores (rigid
nanocages) embedded in the carbon matrix (Fig. 2a-d). More
importantly, the unique structure created by the graphene
orientation-induced strategy can both suppress excessive defect
sites and provide a favorable pathway for the insertion of
sodium ions. This is distinctly different from the HC@G
sample, in which graphene simply overlaps the hard carbon
surface (Fig. S4, SI). Additionally, compared to the other
samples, the HC-G-2 sample has the thickest pseudo-graphitic
domain region with a highly developed closed-pore region. As
indicated in Fig. 2e, S3 and S5, SI, the XRD patterns of all
samples show two peaks at =23° and 44°, corresponding to the
(002) and (100) crystal planes of the hard carbon. The graphene-
added samples all exhibit a sharp peak at 26.5° corresponding
to the graphene (002) crystal plane, and the intensity gradually
increases with increasing amount of graphene. In addition to
this change, the (002) peak of the hard carbon is also red
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Fig. 2 Structural characterization of the graphene orientation-induced cellulose-derived hard carbon series. (a—d) The TEM images of the HC-
G-1 sample with different magnifications (the yellow section indicates embedded graphene in the carbon matrix, the green section represents
enlarged interlayer distance, and the red section corresponds to rigid nanocages). (e and f) The X-ray diffraction (XRD) patterns and Raman
spectra of HC, HC-G-0.5, HC-G-1, and HC-G-2 samples. (g and h) The N, adsorption/desorption isotherms and pore size distribution of HC,
HC-G-0.5, HC-G-1and HC-G-2 samples. (i and j) The small angle X-ray scattering (SAXS) profiles and fitted closed-pore size distribution of HC,

HC-G-0.5, HC-G-1 and HC-G-2 samples.
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shifted, which is related to the high interlayer spacing of HC,
HC-G-0.5, HC-G-1 and HC-G-2 calculated by Bragg's formula as
0.374, 0.386, 0.395 and 0.398 nm (Table S1, SI). Meanwhile,
high-resolution transmission electron microscopy further
verifies the expansion of the interlayer spacing in hard carbon.
The directional arrangement between interlayers enables pre-
confinement of sodium ions via interactions between w-elec-
trons and sodium ions, guiding their directional migration
along channels to closed pores and preventing random accu-
mulation in disordered carbon layers that would form loose
clusters.” In addition, we also analyzed the surface functional
groups of the hard carbon precursor by Fourier-transform
infrared spectroscopy. The results showed that the vibration
peak of -C=0 increased with the increase of graphene (Fig. S6,
SI), indicating that cross-linking reactions might have formed
between graphene and cellulose through hydrogen bonds and
covalent bonds.”® Raman spectroscopy reveals two broad peaks
in all samples at 1350 cm™ " and 1580 cm ™", corresponding to
the D-band and G-band of the as-prepared hard carbon series,
respectively.” The HC, HC-G-0.5, and HC-G-1 samples exhibit
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slight differences in the intensity between the D and G peaks
(Fig. 2f), whereas the HC-G-2 sample shows an over-intense G
peak and an under-intense D peak. Based on the common
Raman vibrational modes of carbon materials, HC, HC-G-0.5,
and HC-G-1 were fitted to four peaks (Fig. S7 and S8, SI). The
ratio of the D peak (corresponding to the defective sp* structure)
to the G peak (corresponding to ordered sp” carbon), denoted as
Ip/Ig, is commonly used to evaluate the graphitization degree of
carbon materials. The Ip/Ig values for HC, HC-G-0.5, HC-G-1,
and HC-G-2 are 1.25, 1.21, 1.19, and 0.25, respectively.
Notably, the Ip/I; ratio of all samples decreases with increasing
graphene addition. This result indicates that a moderate
amount of graphene can regulate hard carbon to achieve
a suitable graphitization degree, while excessive addition of HC-
G-2 sample leads to over-graphitization of the hard carbon.
The pore structure of the obtained hard carbon series was
characterized by nitrogen adsorption-desorption isotherms
curves and small-angle X-ray scattering (SAXS). The nitrogen
adsorption-desorption isothermal curves were typical of type IV
for all samples in Fig. 2g. The specific surface areas of the HC,
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Fig. 3 Electrochemical performance of the graphene orientation-induced cellulose-derived hard carbon series. (a) The first discharge/charge
curves for different samples in half cells at a current density of 0.05 A g~2, (b) slope and plateau capacity of the second discharge at a current
density of 0.05 A g%, and (c) rate performance of the HC, HC-G-0.5, HC-G-1, HC-G-2, and HC@G electrodes. (d) Plateau capacity of the HC,
HC-G-0.5, HC-G-1, HC-G-2, and HC@G electrodes from 0.05 to 5 A g%, (e) Relationship between the closed pore volume and plateau capacity,
(f) relationship between Ip/Ig and slope capacity, (g) cycling performance of the HC and HC-G-1 electrodes at a current density of 2.0 Ag™?, and
(h) comparison of ICE, rate performance, cycle number, and capacity retention of HC-G-1 with highly relevant BHC5, HC-DB-6, and RHC hard

carbon anodes.
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HC-G-0.5, HC-G-1 and HC-G-2 samples were 1.17, 3.62, 5.88 and
421 m” g™, respectively (Table S2, SI). The specific surface areas
of the HC, HC-G-0.5 and HC-G-1 samples gradually increased
with the addition of graphene. However, with the continued
addition of graphene, the specific surface area of the HC-G-2
sample is increased dramatically to 421 m® g ', which is
related to the high specific surface area of graphene and
exposed interfaces generated by the agglomeration of excess
graphene sheets. This phenomenon is consistent with the
findings reported in previous studies.’*** Moreover, the pore
size distribution also shows that the HC-G-2 sample has the
largest pore size of ~4 nm (Fig. 2h). Since nitrogen adsorption-
desorption isothermal curves can only assess open pore
structures,** the closed pore structure of the hard carbon was
further investigated by SAXS. All samples exhibited shoulder
peaks at 1-2 nm ' indicating the presence of a closed pore
structure (Fig. 2i). Among them, the HC-G-1 sample has the
highest intensity of shoulder peaks and closed pores. The
closed pore sizes were determined by analysing the fitted
shoulder peaks for several hard carbon series. As illustrated in
Fig. 2j, the closed pore sizes were found to be approximately
0.42 for HC, 0.47 for HC-G-0.5, 0.54 for HC-G-1, and 0.40 nm for
HC-G-2. A large closed pore size facilitates the acceleration of
sodium ion transport in the low-voltage plateau region espe-
cially at high current density, which is crucial for the
construction of high-rate hard carbon anodes.”**° Based on
these combined results, graphene with a characteristic long-
range structure can act as a target during the pyrolysis
process, which can directionally induce local graphitization of
hard carbon and form confined pseudo-graphitic domains
through a cross-linking mechanism mediated by hydrogen
bonds and oxygen-functional groups. This process significantly
increases the interlayer spacing of hard carbon, expands the
pseudo-graphitic domain regions, and reduces the defect
density simultaneously.

The electrochemical performance of as-prepared hard
carbon series was assessed at a current density of 0.05 A g,
consisting mainly of a slope region from 0.1 to 2.0 V and
a plateau region from 0.01to 0.1 V (Fig. 3a). The specific capacity
of the HC electrode was 286.2 mAh g™, with an ICE of only
83.4%, while the HC@G electrode shows a specific capacity of
288 mAh g ' and ICE of 88.8%. The specific capacities of the
HC-G-0.5, HC-G-1, and HC-G-2 electrodes are 302.6, 323.9 and
275.5 mAh g~ ! with corresponding ICE values of 85.8%, 89.9%
and 85.3%, respectively. These results indicate that the
graphene-induced local structure nucleation series are obvi-
ously superior to that obtained via mechanical mixing after
carbonization of the HC@G electrode. Furthermore, the HC-G-1
electrode shows the highest slope capacity of 107.5 mAh g~ ' and
plateau capacity of 216.4 mAh ¢! among the samples in Fig. 3b.
Notably, the HC-G-2 electrode did not exhibit the maximum ICE
of ~85.3%, which is mainly attributed to electrolyte decompo-
sition caused by its high specific surface area. Additionally, the
high content graphene of the HC-G-2 electrode induces exces-
sive pseudo-graphitic domains that can store more sodium
ions, but the large amount of graphene and reduced closed pore
size impede sodium ion transport,*”*® leading to a decline in

5620 | Chem. Sci, 2026, 17, 5616-5626
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sodium storage capacity and rate performance. As shown in
Fig. 3¢, S9 and $10, SI, compared to the other samples, the HC-
G-1 electrode exhibits an excellent rate performance of 226.8
mAh g~ even at a high current density of 3.0 A g~ (164.3 mAh
g ' ~5.0 Ag ). The plateau capacity is an important parameter
for evaluating rate performance. Notably, the HC-G-1 electrode
still maintains a remarkable plateau capacity retention of 53.1%
at current densities from 0.5 to 5.0 A g~ ', which was higher than
that of the HC electrode (33.5%) (Fig. 3d).

Furthermore, we further investigated the correlation
between plateau capacity and closed pore volume, and the
results showed that the plateau capacity gradually increases
with the increase of closed pore volume (Fig. 3e and Table S2,
SI). However, the HC-G-2 electrode did not exhibit an increased
plateau capacity, which is mainly related to the reduced closed
pore size that allows fewer sodium ions to enter the closed pore
structure in the low-voltage plateau region. This is similar to the
results reported previously.***® Fig. 3f illustrates the relation-
ship between the slope capacity and the Ip/Ig ratio of these
samples. With the increase in graphene content, the variation
in slope capacity is mainly regulated by the defect density and
reversible oxygen-containing functional groups. First, the
nucleation effect of graphene during carbonization induces the
formation of hard carbon with enhanced graphitization and low
cross-linking degree. Consequently, the reduced defect density
corresponds to a decreased slope capacity of the HC-G-0.5
electrode. Second, with the further increase in the graphene
content of the HC-G-1 electrode, the elevated cross-linking
degree leads to a significant increase in C=O functional
groups, thereby promoting a remarkable improvement in slope
capacity. Furthermore, when graphene is added in excess to the
HC-G-2 electrode, the cross-linking degree remains enhanced.
However, excessive graphitization results in a decreasing trend
in slope capacity. Notably, the HC-G-1 electrode achieves an
optimal closed pore volume and pore size distribution, which
not only provides abundant active sites for sodium ion
intercalation/pore filling, but also ensures fast ion diffusion
within pores. Moreover, we evaluated the cycle stability of the
as-prepared HC and HC-G-1 electrodes as shown in Fig. 3g. The
HC sample shows a capacity retention of 76.7% with a specific
capacity of 182.1 mAh g~ only after 300 cycles, while the HC-G-
1 electrode reveals an improved capacity retention of 80.2% and
specific capacity of 207.2 mAh g~ after 1000 cycles at a current
density of 2.0 A g~ '. More importantly, we compared several key
parameters to highlight the advancement of this work. The
results demonstrate improvements in the ICE, rate perfor-
mance, cycle number, and capacity retention of representative
hard carbon anodes (Fig. 3h).**

The sodium ion diffusion coefficient was determined
through Galvanostatic Intermittent Titration Technique (GITT)
measurements to elucidate the sodium storage mechanism in
HC and HC-G-1 electrodes. The diffusion coefficients of sodium
ions are calculated according to Fick's second law.***** Both the
HC-G-1 and HC electrodes demonstrated comparable voltage
response profiles during charge/discharge processes in Fig. 4a.
During the discharge process, the diffusion coefficient of
sodium ions remains relatively constant at >0.1 V, then falls

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electrode.

sharply around 0.1 V and rises gradually after reaching
a minimum near 0.05 V. It further indicates that the different
sodium storage behaviors correspond to the region around
0.1 V. The diffusion coefficient of sodium ions is higher in the
slope region than in the plateau region, suggesting that the
plateau region is the main reason for the limited rate perfor-
mance of hard carbon. Additionally, the low-voltage plateau
region diffusion coefficient of the HC-G-1 electrode is obviously
higher than that of the HC electrode, which is mainly attributed
to the fact that the increase in closed pore size and pseudo-
graphitic domains can induce more sodium ions to rapidly
enter the closed pore structure.** Meanwhile, a larger closed
pore volume can also accommodate the rapid storage of sodium
ions. In order to further investigate the sodium ion storage
process in hard carbon, in-situ electrochemical impedance
spectroscopy (EIS) tests were performed on the HC and HC-G-1
electrodes. Fig. 4b and c show the in-situ Nyquist plots of the HC

© 2026 The Author(s). Published by the Royal Society of Chemistry

and HC-G-1 electrodes, where the impedance profiles are
primarily composed of a high-frequency semicircle and a low-
frequency straight line. The slope curve in the low-frequency
region gradually increases as the discharge proceeds and
almost disappears after 0.1 V, indicating that the diffusion
control in the pores becomes the dominant mechanism. In
addition, the overall impedance of the HC-G-1 electrode con-
taining graphene is lower than that of the HC sample without
graphene, which explains the better rate performance of the
HC-G-1 sample. The distribution of relaxation times of HC and
HC-G-1 electrodes is displayed in Fig. 4d, e and S11, SI. The
curves are roughly divided into four regions, contact resistance
(r1), solid electrolyte interface film resistance (t2), charge
transfer resistance (t3) and diffusion resistance (t4).*** The 71
of the samples decreased distinctly as the discharge progressed,
and the 72 and 3 also decreased and shifted as the voltage
decreased. The total cell polarization of the HC-G-1 electrode
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was lower than that of the HC electrode during the discharge
process, indicating accelerated diffusion kinetics of sodium
ions in the plateau region.

As shown in Fig. 4f, the scanning rate of the HC-G-1 electrode
was sequentially increased from 0.2 mV s~ ' to 1.0 mV s, and
a small difference in the peak positions of the redox peaks was
observed, indicating a low degree of polarization. Benefiting
from the outstanding pore structure of the HC-G-1 electrode, it
helps reduce the de-embedding and transport energy barriers of
sodium ions between the graphitic domains, thereby enhancing
the rate performance. The relationship between current and
sweep speed is further analyzed by using the formula of i = av’.
The b value was calculated to describe whether the electrode
reaction process was surface-controlled or diffusion-controlled,
where i represents the peak current and v represents the scan-
ning rate.*>*® The b-values obtained for the oxidation and
reduction peaks are 0.57 and 0.64, respectively (Fig. 4g), indi-
cating that the sodium storage mechanism of the HC-G-1
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electrode is a combination of diffusion- and surface-controlled
processes. The contribution proportions of different control
processes were further calculated. With the increase of scan
rates, the capacitive contribution proportions of the HC-G-1
electrode were 53.1, 66.5, 75.9, 80.1 and 83.5% at scan rates of
0.2, 0.4, 0.6, 0.8 and 1.0 mV s~ ', respectively (Fig. 4h), which
forecasted that the capacitive contribution proportion increases
with higher current density.

The sodium storage mechanism was assessed using the in-
situ Raman spectra of the HC-G-1 electrode during the first
discharge process (Fig. 5a). Two characteristic peaks of carbon
materials are observed: the D band (~1350 cm ') associated
with disordered sp>-hybridized carbon (defects, edges, or
amorphous domains) and the G band (~1580 cm™') corre-
sponding to the in-plane vibration of ordered graphitic layers.>*
In the high-voltage slope region (0.8-0.1 V), the Ip/Ig ratio
gradually decreases (Fig. S12, SI), which promotes the recon-
struction of disordered regions (e.g., defects and edges) on the
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Fig.5 Sodium storage mechanism of the graphene orientation-induced cellulose-derived hard carbon series. (a) In-situ Raman spectra, and (b)
in-situ XRD patterns, and (c) corresponding the contour plots of the HC-G-1 sample during the first charge/discharge at a current density of
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the sodium storage mechanism of the HC-G-1 electrode.
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hard carbon surface into graphitic domain structures, weak-
ening the D band and relatively enhancing the G band. As
discharge proceeds to the low-voltage plateau region (<0.1 V),
the G band shifts upward by ~10 cm™* (from 1580 to 1590 cm
with a blue shift) accompanied by a slight narrowing. Notably,
due to the stable structure and non-participation of graphene in
redox reactions, it provides interlayer support to alleviate
structural damage of hard carbon during sodium intercalation,
preserving more ordered graphitic domains and remarkably
enhancing the G band. Additionally, graphene mechanical
support inhibits excessive interlayer expansion of hard carbon
during sodium ion intercalation (preventing bond relaxation),*>
which raises the vibration frequency of the G band. This
reversible structural evolution confirms that sodium ion dein-
tercalation from graphitic layers and desorption from defects

View Article Online
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are highly reversible processes, which underlies the stable
cycling performance of the HC-G-1 sample. Notably, a minor
hysteresis is observed in the Ip/Ig recovery (Alp/Ig ~0.05)
(Fig. S13, SI), which may originate from residual sodium ions
trapped in ultra-small micropores that are inaccessible during
desodiation, as supported by closed pore size distribution
analysis. The in-situ Raman results correlate directly with the
sodium ion storage mechanism in the HC-G-1 electrode: surface
adsorption on defects (slope region) induces negligible struc-
tural perturbation, and intercalation into graphitic layers and
filling of micropores (plateau region) drive measurable changes
in graphitic order and interlayer spacing.

We have also evaluated the structural stability of the HC-G-1
electrode by in-situ XRD (Fig. 5b). The position and full width at
half maximum of the (002) peak show almost no obvious
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Fig. 6 (a) Initial discharge/charge curves of the NaNiy ;zFe;,3Mny30, cathode and the HC-G-1 anode at 0.02 A gfl. (b) The discharge/charge
curves of the NaNiysFe,sMny30,//HC-G-1 full-cell at different current densities (1C = 300 mA g~2). (c) Cycling performance of the full-cell at
acurrent density of 0.5 A g%, (d) The charge/discharge curves of the NaNiy sFe;,;sMny,30,//HC-G-1 pouch cell at a current density of 0.05 Ag~?,
and (e) cycling performance of the assembled pouch cell at a current density of 0.05 A g%
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changes, which is mainly related to the fact that sodium ions in
the slope region are mainly adsorbed on the surface defects
(such as edges, vacancies) of hard carbon. With the increase of
discharge depth in the plateau region (<0.1 V), the 15° diffrac-
tion peak corresponds to the diffraction signal of short-range
ordered domains formed by the reversible rearrangement of
local carbon structures. Additionally, diffraction peaks at 23.5°
and 31° are observed in the plateau region, corresponding to the
formation of quasi-sodium clusters (Fig. 5c).*® Notably, Wu
et al.>* reported that a strong self-adsorption behavior leading to
the formation of quasi-sodium metal clusters was detected in
a rationally designed slope-type hard carbon anode based on
highly defective ultrathin carbon nanosheets. However, due to
the wide interlayer spacing of hard carbon that can accommo-
date the transport of sodium ions/clusters, conventional
plateau-type hard carbon anodes fail to detect reversible sodium
metal clusters during in-situ XRD measurements. This is not
only the first observation of sodium metal cluster formation
through in-situ XRD in the plateau-type hard carbon, but also
strongly linked to the process of sodium ions/clusters primarily
filling the ultra-small micropores of hard carbon. The peaks at
18° and 27° are the structural peaks of the PTFE binder. In
addition, as the discharge proceeds, the concentration of
sodium ions in the micropores continues to increase, and the
Na clusters gradually grow (Fig. S14, SI), but the mechanical
resistance of the micropore walls (ordered layers of hard
carbon) limits the lateral expansion of the clusters. To adapt to
the confined space, Na atoms are forced to stack in a more
compact manner, resulting in a decrease in the internal inter-
planar spacing of the clusters (such as the (111) plane of Na),
which is manifested as the shift of the diffraction peak to
a higher angle.***® During charging, sodium clusters decom-
pose into sodium ions and undergo desodiation from the
micropores. With the removal of constraints, the atomic
spacing is restored, and the diffraction peak shifts back to its
initial position. It confirms that graphene-induced hard carbon
achieves stable formation and decomposition of sodium clus-
ters through spatial confinement-densification regulation,
which serves as the key guarantee for the capacity reversibility in
the low-voltage plateau region. However, during the discharge
process of the HC sample, the position of the (002) peak
remains essentially unchanged in the slope region, while
a slight shift occurs, reflecting the expansion of carbon layers
under the extrusion of sodium clusters in the plateau region
(Fig. 5d). Meanwhile, a broadened weak diffraction peak
emerges at 20 = 23.5°, corresponding to disorderly grown
sodium clusters,”” indicating that the sodium clusters are
randomly agglomerated in the unconfined space. Therefore,
these results demonstrate that the HC-G-1 electrode exhibits
reversible and dense sodium metal clusters in the plateau
region. Furthermore, the confined local graphitization induced
by graphene runs through the three stages of sodium storage in
hard carbon (Fig. 5e). It optimizes the orderliness of surface
defects and improves adsorption stability in the adsorption
stage. It regulates the interlayer spacing and ordered domains
to enhance the reversibility of intercalation in the intercalation
stage. It strengthens the spatial confinement of micropores to

5624 | Chem. Sci,, 2026, 17, 5616-5626
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achieve controllable densification of sodium clusters in the
filling stage.

To evaluate the potential of HC-G-1 for energy storage
applications, a sodium-ion full cell was assembled with HC-G-1
as the anode and NaNi; ;;Fe;;3Mn, 30, as the cathode (voltage
window: 2.0-4.0 V, Fig. 6a and S15, SI). As depicted in Fig. 6b
and S16, SI, the full cell delivers a reversible capacity of 92.7
mAh g~ " at 0.1C based on the active mass of the cathode elec-
trode, benefiting from the optimized confined pore structure of
HC-G-1 that mitigates irreversible sodium ion consumption.
The NaNi,;;Fe;;3Mn,,30,//HC-G-1 full cell retains a discharge
capacity of 86.2 mAh g~ ' under high-rate conditions of 0.5C (1C
= 300 mA g '). Remarkably, long-term cycling tests reveal
a capacity retention of 84.4% after 350 cycles at 0.5C (Fig. 6c),
confirming that the excellent structural stability of the HC-G-1
electrode facilitates the storage of dense sodium metal clus-
ters during repeated sodiation/desodiation. More importantly,
to further validate its practical applicability, a pouch cell was
fabricated with HC-G-1 as the anode and the same cathode
(Fig. 6d). As shown in Fig. 6e, the pouch cell exhibits good
stability with a capacity retention of 80.3% after 50 cycles, and
holds promise for the commercialization of this material design
approach in low-cost sodium-ion batteries for grid energy
storage.

Conclusion

In summary, we demonstrate that nanoconfinement induction
via graphene-oriented graphitization is a robust strategy to
overcome the intrinsic limitations of cellulose-derived hard
carbon anodes for sodium-ion batteries. Based on the dual roles
of graphene in this strategy—cross-linking the structure to
suppress disordered defects and inducing the directional
arrangement of carbon layers via its sp®-skeleton at high
temperatures—a synergistic confined structure is constructed,
characterized by abundant pseudo-graphitic domains,
expanded interlayer spacing, and size-tunable closed pores.
This confined structure balances sodium storage capacity and
ion transport kinetics, addressing the key challenges of low ICE,
insufficient capacity, and poor rate performance in traditional
hard carbon. The optimized sample achieves excellent perfor-
mance with a specific capacity of 323.9 mAh g™, an initial
Coulombic efficiency of 89.9%, and a cycling retention rate of
80.2% after 1000 cycles. These improvements originate from the
nanoconfinement-induced enhancement of the adsorption-
intercalation-pore filling mechanism: optimized surface defect
orderliness stabilizes sodium adsorption in the slope region,
regulated interlayer spacing promotes reversible sodium inter-
calation, and strengthened micropore confinement enables
controllable densification of sodium clusters, boosting the low-
voltage plateau capacity to 216.4 mAh g~ '. In-situ characteriza-
tion first reveals sodium metal cluster peaks (23.5°, 31°) via XRD
and confirms reversible structural evolution via Raman spec-
troscopy. These insights not only advance designing high-
performance hard carbon anodes, but also provide a general
strategy for confined ion storage systems, speeding up the
application of SIBs in large-scale energy storage.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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