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A B S T R A C T

Cellulose-rich biomass combines low cost, natural abundance and flexible microstructural tunability, thereby 
positioning itself as one of the most attractive precursors for fabricating high-performance hard carbons (HCs) 
anodes used in sodium-ion batteries (SIBs). However, constructing closed-pore structures within the robust 
macromolecular cellulose of biomass remains challenging for extending the plateau capacity and enhancing the 
diffusion kinetics of HCs. Herein, we propose an innovative swelling pretreatment strategy for cellulose using 
lithium hydroxide (LiOH) as the swelling reagent. Molecular dynamics simulations reveal that hydrated lithium 
ions penetrate the crystalline regions of cellulose and remain trapped during low-temperature drying, subse
quently generating steam vapor upon carbonization to create closed pores. As a proof of concept, after swelling 
treatment with a moderate LiOH solution, the optimized ramie-derived HCs enables a superior rate capability of 
195.7 mAh g− 1 at an ultra-high rate of 6,000 mA g− 1. Combined in-/ex-situ characterization and GITT analysis 
delineate a three-stage sodium ions diffusion/storage process in HCs, uncovering the competitive kinetics be
tween side reactions and the closed-pore dominated sodium cluster formation mechanism, which provides 
crucial insight for optimizing high-rate performance in SIBs. Overall, this study advances the mechanistic un
derstanding of high-rate sodium storage and presents a novel material design strategy, offering valuable guidance 
for the development of next-generation biomass-derived anode materials for SIBs.

1. Introduction

Compared with lithium-ion batteries (LIBs), sodium-ion batteries 
(SIBs) have more abundant resources and more reliable safety perfor
mance, such as lower dendrite growth probability and higher thermal 
runaway temperature, which makes SIBs become one of the most 
promising candidates for LIBs [1–4]. Due to the comprehensive 
consideration of production cost and process simplicity, as well as the 
goal of all mankind to implement the concept of green and sustainable 
development, biomass and its waste as the precursor of hard carbons 
(HCs) in SIBs anodes is of vital strategic significance [5,6]. Up to so far, a 
variety of biomass-derived HCs have been verified to exhibit good 

performance in SIBs, including coconut shell, bamboo powder, reed rod, 
and starches, et al [7–16]. Ramie, an annual triple-harvest shrub pri
marily grown in Dazhu, Sichuan, has a national planting area of about 
28,100 hectares with an average annual output of 53,000 tons of raw 
hemp, contributing to lower costs and greater economic benefits. 
Additionally, the high cellulose content and natural pore-structures of 
ramie provide a solid foundation for the preparation of 
high-performance energy storage carbon materials. Our previous studies 
have demonstrated that ramie-derived porous carbon has huge appli
cation values in supercapacitors, which inspired us to further explore its 
application possibilities for SIBs [17–23]. Despite extensive research, 
HCs materials derived from biomass precursors still suffer from 
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unreliable electrochemical performance, typically characterized by high 
slope capacity and low plateau capacity at high rates, which severely 
restricts the output voltage and power density of full-cells, thereby 
hindering their practical application [24–26]. It is widely recognized 
that constructing a well-developed closed pore structure is the key to 
achieving HCs anodes with long low-voltage plateau regions [27]. 
However, the currently reported methods for creating closed pores, such 
as alkali treatment, activation and templating, usually involve complex 
procedures and are tedious to implement, or are only effective for spe
cific biomass feedstocks [28–30]. In this context, there is an urgent need 
to develop a green, efficient, and simple strategy that can precisely en
gineer closed pores at the molecular level of cellulose. As is well known, 
cellulose is a linear long-chain polysaccharide composed of D-pyr
anoglucosyl units connected by β-1,4 glycosidic bonds, and the long 
chains are interconnected through hydrogen bonds (HBs). This 
arrangement creates highly ordered crystalline regions alongside rela
tively disordered amorphous regions. Cellulose swelling describes 
physicochemical transformation involving the partial relaxation of cel
lulose structures upon interaction with polar solvent molecules, and the 
process is categorized into inter-crystalline and intra-crystalline 
swelling, depending on whether polar molecules penetrate the crystal
line regions [31]. Generally, polar molecules, such as water (H2O) 
molecules, can only access the loosely packed amorphous regions, 
leading to inter-crystalline swelling. And these H2O molecules in the 
amorphous regions can be easily removed by a simple drying process. In 
contrast, previous studies have demonstrated that alkali solutions (e.g., 
LiOH) are good swelling agents for cellulose, and metal ions in alkaline 
solutions usually exist in the form of hydrated ions (Li[(H2O)n]+), which 
can break HBs and penetrate the crystalline region of cellulose, resulting 
in intra-crystalline swelling [32]. Since the alkali metal ions with 
smaller radii have stronger adsorption forces on surrounding H2O mol
ecules, which can form larger-diameter hydrated ions, favorably 
entering crystalline regions of cellulose. Therefore, the swelling ability 
of several alkalis’ solution is at the order of LiOH > NaOH > KOH >
RbOH > CsOH [33].

Herein, this study utilized the cellulose swelling strategy, combined 
with appropriate carbonization temperature conditions, focusing on 
regulating the closed-pore characteristics of HCs derived from ramie 
stalks. Specifically, using a large-diameter and highly polar hydrated ion 
obtained from LiOH hydrolysis disrupted the hydroxyl groups (− OH) in 
the crystalline regions, thereby inducing irreversible expansion and 
leaving some pore cavities. During the subsequent pyrolysis process, 
accompanied by carbon layer rearrangement, these pore cavities were 
transformed into closed pores. As a validation, two key mechanisms 
were explained using molecular dynamics simulation, namely that Li 
[(H2O)n]+ truly enters the interlayers of the cellulose crystalline region, 
triggering intra-crystalline swelling, and the H2O molecular in the 
crystalline region does not escape during the drying process at 110◦C. As 
the carbonization temperature increased, the physical parameters and 
surface oxygen functional group properties of the samples changed 
significantly. Among them, the optimized ramie-derived HCs exhibited a 
combination of high closed-pore content and the highest carbonyl 
(C=O) proportion which has been widely confirmed to enhance the 
electrochemical performance of HCs. Remarkably, the optimized anodes 
demonstrated a high reversible capacity of 322.33 mAh g− 1 at 30 mA 
g− 1 (0.1 C) with an initial Coulombic efficiency (ICE) of 86.11%, and a 
long cycling life with an 84.54% retention rate after 1,200 cycles at 2 C. 
Even under the high rate of 20 C, the obtained HCs still maintained a 
specific capacity of 195.69 mAh g− 1. Full-cell tests demonstrated prac
tical applicability, showing a capacity retention rate of 81.09% after 300 
cycles at 2 C. Furthermore, in-situ X-ray diffraction and ex-situ Raman 
spectroscopy revealed the diffusion and storage behavior of sodium ions 
(Na+) during the charge/discharge process, combined with galvano
static intermittent titration technique (GITT) results in explaining the 
changes of Na+ diffusion characteristics. This work emphasized the 
positive role of swelling strategy in inducing closed-pore formation, 

providing meaningful guidance for the rational design of HCs micro
structure, which will benefit the further high-value utilization of waste 
biomass in the development of high-rate SIBs.

2. Results and discussion

2.1. Concept design of swelling strategy to construct closed pores

Ramie stalks with natural porous structure and high cellulose content 
were used as the precursor of HCs (Fig. S1). According to different 
swelling agents, the precursors were respectively defined as water 
treated ramie (WTR) and cellulose swelling ramie (CSR), respectively. 
After carbonization at 1200◦C, the resulting HCs were designated as 
CSHC1200 (from CSR) and WTHC1200 (from WTR). The structure 
variation details of the cellulose swelling, drying and carbonization 
process were schematically described in Fig. 1.

For CSR, when cellulose was exposed to LiOH solution, Li[(H2O)n]+

infiltrated the amorphous regions and made the molecular chains 
gradually unfold. Then, Li[(H2O)n]+ initiated a reaction with − OH in 
the crystalline regions, progressively disrupting the HBs between them. 
Since Li[(H2O)n]+ has a diameter of about 0.76 nm, which is larger than 
the interlayer spacing of cellulose of about 0.39 nm, its insertion causes 
interlayer expansion, disrupts HBs, gradually fractures the crystalline 
regions, relaxes the molecular chain structure, and simultaneously in
duces significant intra-crystalline expansion. During the volume 
expansion of cellulose, molecular bonds broke and chain segments 
moved, extruding impurity molecules incompatible with Li[(H2O)n]+. 
As a result, the originally regular arrangement and impurity content 
gradually diminished, with the amorphous regions expanding. In the 
subsequent drying process, Li[(H2O)n]+ within the crystalline cellulose 
cannot be removed by the relatively low-temperature dry process 
(usually < 110◦C). Therefore, during the higher-temperature carbon
ization process, Li[(H2O)n]+ gained enough kinetic energy and escaped 
from the cellulose, generating steam vapor to create pore cavities among 
cross-linked matrixes, finally leading to generation of closed pores in 
CSHC1200. For comparison, in WTR, H2O molecules can only reach the 
amorphous regions, leading to inter-crystalline swelling. However, these 
H2O molecules are prone to escape during the drying process. Finally, 
the rigid cellulose crystals formed more-ordered structures but with 
fewer closed pores after high-temperature pyrolysis (WTHC1200).

2.2. Theoretical calculation and experimental verification

Based on the above analysis of the mechanisms of structural evolu
tion during cellulose swelling, drying, and carbonization, we used mo
lecular dynamics (MD) simulations to theoretically verify two key 
scientific questions at the atomic scale: (i) whether Li[(H2O)n]+ can 
truly enter the interlayer of cellulose crystalline region, triggering intra- 
crystalline swelling; (ii) whether H2O in the crystalline region will 
escape during the drying process at 110◦C. Firstly, a quantitative 
comparative analysis of the structural evolution of cellulose in H2O and 
LiOH systems was conducted, to elucidate the microscopic physico
chemical mechanisms underlying LiOH-induced cellulose swelling at the 
molecular level (Fig. S2). In terms of macroscopic volume evolution, 
both systems rapidly reached an equilibrium state following relaxation. 
Compared with H2O system, the cellulose structure in LiOH system ex
hibits a significantly larger equilibrium volume (Fig. 2a), which intui
tively confirms that LiOH can induce a more pronounced volumetric 
expansion effect. To investigate the origin of this macroscopic expan
sion, we further calculated the normalized gyration radius (Rg(t)/Rg(0)) 
of the cellulose polymer chains. As shown in Fig. 2b, the Rg(t)/Rg(0) 
value fluctuates mainly around 1.0 in H2O system, indicating that the 
cellulose chains maintain a relatively compact and rigid conformation. 
In contrast, in the LiOH system, the Rg(t)/Rg(0) value increases signifi
cantly over time and stabilizes at ~1.05. The increase in Rg(t)/Rg(0) 
signifies a marked uncoiling and conformational unfolding of the long 
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cellulose chains, which is a typical mesoscopic feature of deep polymer 
swelling. The fundamental cause of this mesoscale chain segment 
unfolding lies in the restructuring and disruption of the HBs network. 
We conducted continuous tracking of the number of intra-molecular and 
inter-molecular HBs within the system. As shown in Fig. 2c and Fig. S3, 
H2O can only penetrate the loosely packed amorphous regions in H2O 
system, leading to inter-crystalline swelling; consequently, the system 
maintains a high number of inter-molecular (~1300) and intra- 
molecular (~300) HBs, indicating the orderliness of crystalline regions 
and the rigidity of individual chains. Upon the introduction of LiOH, the 
highly polar Li[(H2O)n]+ effectively disrupts HBs and penetrates the 
crystalline regions of cellulose, leading to intra-crystalline swelling. This 
is manifested by a significant reduction in the number of intermolecular 
HBs responsible for anchoring adjacent cellulose chains to ~1100, 
whilst the number of intramolecular HBs determining single-chain ri
gidity drops sharply to ~150. The aforementioned MD simulations 
demonstrate the strong solvating effect of Li[(H2O)n]+, which disrupts 
the double HBs network within cellulose, increasing the degrees of 
freedom of the cellulose chains at a microscopic scale and ultimately 
leading to significant swelling at a macroscopic scale.

Additionally, we conducted MD simulations to verify the mecha
nisms by which the swelling strategy imparts excellent hydro-locking 

performance to the crystalline regions (Fig. S4). Firstly, to visually 
assess the volatility kinetics of the systems, we counted the cumulative 
number of escaping H2O molecules that crossed the gas-solid interface 
within 1 ns at 110◦C (Fig. 2d). The H2O system exhibited a continuous 
and high-frequency stepwise increase, indicating that H2O molecules 
continuously diffuse toward the interface and desorb. In contrast, the 
evaporation flux of LiOH system was significantly suppressed. Although 
a small amount of surface free H2O was removed at the early stage of the 
simulation (< 100 ps), a kinetic stagnation lasting up to 400 ps appeared 
in the 480–880 ps interval. This directly confirmed at the macroscopic 
kinetic level that the system can lock most of the H2O molecules inside 
the cellulose at 110◦C, laying the prerequisite for subsequent high- 
temperature carbonization and closed-pores formation. The huge dif
ference in interfacial evaporation behavior originates from changes in 
the microscopic mobility of H2O molecules. As shown by the mean 
square displacement (MSD) curves in Fig. 2e, H2O molecules in the H2O 
system exhibit typical free diffusion characteristics, with MSD 
increasing linearly over time with a steep slope. In contrast, the diffusive 
capability of H2O molecules in the LiOH system drops dramatically, and 
the MSD is strongly suppressed, indicating that the translational degrees 
of freedom of H2O molecules are reduced and in a confined state. We 
further calculated the radial distribution function (RDF) between Li+

Fig. 1. Schematic illustration of LiOH-swelling inducing the formation of closed pores in the crystalline regions of cellulose. The upper part shows a schematic 
diagram of the ramie plant and its microscopic structure, with the main components being cellulose, lignin, and hemicellulose. The bottom illustrates the mechanism 
of closed-pore formation induced by the swelling process.
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and H2O molecules (O atoms) to reveal the fundamental thermodynamic 
origin of the above confinement effect (Fig. 2f). The curve shows an 
extremely sharp and isolated strong coordination peak at r ≈ 1.95 Å, 
corresponding to the highly stable primary solvation shell formed by Li 
and H2O molecules. In addition, a secondary peak at r ≈ 3 Å indicates 
that strong ion-dipole interactions further polarize the secondary sol
vation shell H2O molecules. This strong Li− O ion coordination locks free 
H2O, forming bulky and massive Li[(H2O)n]+, reducing the activity of 
H2O molecules. Consequently, this kinetically leads to the stagnation of 
H2O molecular diffusion, ultimately reducing the vaporization of H2O 
molecules.

To elucidate the intra-crystalline swelling of cellulose in CSR at the 
molecular level, a series of spectra analysis was conducted. X-ray 
diffraction (XRD) pattern demonstrates the successful conversion of 
cellulose I to cellulose II in the swollen ramie precursor, accompanied by 
a shift of the (002) diffraction peak toward lower angles (Fig. 3a). This 
shift indicates an expansion of the interlayer spacing within cellulose 
crystalline regions, resulting from the intercalation of Li[(H2O)n]+. Be
sides, the marked attenuation of –OH stretching band near 3440 cm–1 in 
Fourier transform infrared spectroscopy (FT-IR) spectrum provides 
strong evidence for the disruption of the hydrogen-bonding network 
within the crystalline regions by Li[(H2O)n]+ (Fig. S5). X-ray photo
electron spectroscopy (XPS) results reveal significant changes in the 
elemental composition after treatment (Table S1). The Li content rea
ches 2.38 at.% in CSR, confirming the effective incorporation of Li+ into 
crystalline regions (Fig. S6a). Notably, the impurity Si content decreases 
from 3.64 at.% in WTR to 0.68 at.% in CSR, which can be attributed to 
the removal of impurities during the swelling-induced cleavage and 
rearrangement of cellulose chains. This purification effect is beneficial 
for the subsequent performance of the samples. Deconvolution of the 
high-resolution O 1s spectrum resolves three contributions (Fig. S6b), 
assigned to C=O (~533.6 eV), –OH (~532.5 eV), and C–O/C–O–Li+

(~531.3 eV). The relative decrease in –OH component alongside the 

increase in C–O/C–O–Li+ fraction aligns with the expected reaction 
pathway, wherein a –OH is deprotonated and coordinate with Li+ to 
form a C–O–Li+ structure. Collectively, these structural and chemical 
characterizations provide a coherent and robust validation of the pro
posed swelling mechanism. Then CSHC1200 and WTHC1200 were 
subjected to comprehensive characterization measurement. Scanning 
electron microscope (SEM) images revealed that both samples main
tained good morphology inheritance from ramie stalks, preserving nat
ural porous architectures (Fig. 3b and Fig. S7). In addition, from the 
inset of Fig. 3b, the darker color of CSR compared to WTR also provides 
visual evidence of its cellulose swelling process. This color change pri
marily stems from the disruption of the dense structure in ramie stalks, 
which exposes internal chromophores (e.g., lignin) and enhances the 
oxidation propensity of oxygen-containing functional groups (OCFGs) 
on the cellulose chains. Notably, the edges of CSHC1200 particles 
exhibited a distinct delaminated architecture, whereas WTHC1200 ap
pears as an integrated aggregate without slice, directly reflecting the 
microstructural impact of swelling. High-resolution transmission elec
tron microscopy (HR-TEM) was conducted for further characterization. 
As presented in Fig. 3c, WTHC1200 displayed a prevalent long-range 
ordered graphitic carbon layer structure originating from cellulose, 
which was absent in CSHC1200. The distinction can be attributed to 
swelling process, where the physicochemical interaction of large- 
diameter Li[(H2O)n]+ with the cellulose crystalline regions effectively 
disrupted the original ordered structure. As shown in Fig. 3d, both 
materials displayed two broadened characteristic peaks at approxi
mately 24◦ and 43◦ in XRD spectra, corresponding to (002) and (100) 
crystal planes of graphite respectively, indicative of an amorphous 
structure. It is noteworthy that the (002) peak shifted to a lower angle 
after swelling, a phenomenon attributed to the spatial hindrance effect, 
which prevented adjacent carbon layers from coming closer. In order to 
identify the specific microstructure in HCs, the (002) peak was fitted 
into two spectral bands (Fig. S8), including a disordered band (~22.5◦) 

Fig. 2. Molecular dynamics (MD) simulation results based on Lammps on the swelling and drying processes of cellulose in the H2O and LiOH systems. (a) Evolution 
of macroscopic volume; (b) normalized turning radius (Rg(t)/Rg(0)); (c) number of intra-molecular hydrogen bonds (HBs) in single cellulose polymer long chains 
during swelling process. (d) The cumulative number of H2O molecules escaping across the gas-solid interface within 1 ns at 110◦C; (e) mean squared displacement 
(MSD) curve; and (f) radial distribution function (RDF) of Li+ with H2O molecules (O atoms) during drying process.
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and a pseudo-graphitic band (~26.5◦), characterized by aliphatic car
bon atoms and aromatic carbon atoms, respectively [34]. The propor
tion of pseudo-graphite ribbons increased from 53.82% to 58.19%, 
indicating the promoting effect of swelling on the development of 
pseudo-graphite structure. In Raman spectra (Fig. S9), both samples 
exhibited two distinct broadened peaks near 1340 cm− 1 (D-band) and 
1590 cm− 1 (G-band). The D-band is associated with sp3 hybridized 
bonding in graphite-like regions, such as vibrations at carbon layer 
edges and defect sites, and G-band correspond to the in-plane stretching 
vibrations of sp2 carbon atoms in aromatic rings or long chains, 
reflecting the vibrations of graphite crystallites. The degree of disorder 
in HCs is typically quantified by the area ratio of D- and G band (ID/IG), 
with higher values indicating greater disorder [35]. CSHC1200 exhibi
ted a higher ID/IG value (Fig. S10 and Table S2) which is consistent with 
the deconvolution results of XRD. This can be attributed to the 
destruction of the ordered structure during the expansion process. Based 
on Brunauer-Emmett-Teller (BET) model, the specific surface area 
(SSABET) and porosity were analyzed using N2 adsorption/desorption 
isotherms (Fig. S11). As shown in Fig. S11b, the pore sizes of both 

materials predominantly ranged between 1− 10 nm, indicating the 
presence of micro-/meso-porous structures. CSHC1200 demonstrated a 
low SSABET of 12.09 m2 g− 1 and a total pore volume (Vtotal) of 0.031 cm3 

g− 1, compared to 32.52 m2 g− 1 and 0.071 cm3 g− 1 for WTHC1200, 
respectively (Table S3). The reduced SSABET and Vtotal can be attributed 
to the removal of impurities, thereby optimizing the carbon layer rear
rangement at high temperatures. The reduction of these two parameters 
is advantageous for reducing the formation of solid electrolyte interface 
(SEI) during the initial cycle. To characterize the closed-pores archi
tecture inaccessible to N2 physisorption, small-angle X-ray scattering 
(SAXS) was employed. CSHC1200 exhibited a more discernible platform 
at ~0.1 Å− 1 (Fig. 3e), indicating a larger concentration of closed pores 
which are the main sodium storage sites of HCs. This means that cellu
lose swelling is effective for the construction of closed pores, which is 
expected to deliver better performance in capacity. In addition, fitting 
with the Teubner-Strey model shows that the closed pore size of 
CSHC1200 is approximately 1.311 nm (Fig. S12), which is close to the 
optimal closed pore size reported in the current literature [36–39].

To validate this point, the electrochemical performance of 

Fig. 3. Microstructure characterization of CSR, CSHC1200, WTR and WTHC1200. XRD patterns of (a) precursors (CSR and WTR) and (b) HCs samples (CSHC1200 
and WTHC1200). (c) SEM images of CSHC1200 and WTHC1200 (insets show the optical photos of CSR and WTR), (d) TEM images and (e) SAXS analysis of 
CSHC1200 and WTHC1200. Electrochemical performance of CSHC1200 and WTHC1200. (f) initial GCD curves at 0.1 C (1 C=300 mA g− 1); (g) reversible capacity 
contributions from plateau region.
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CSHC1200- and WTHC1200-based half-cells were evaluated at room 
temperature (25◦C). As depicted in Fig. 3f, the galvanostatic charge/ 
discharge (GCD) curves exhibited a plateau region (below 0.1 V vs. Na/ 
Na+) and a slope region (above 0.1 V vs. Na/Na+). At the current density 
of 30 mA g− 1 (0.1 C; 1 C=300 mA g− 1), the reversible specific capacities 
of CSHC1200 and WTHC1200 were 322.33 mAh g− 1 and 245.50 mAh 
g− 1, respectively. Owing to the reduction of SSABET, CSHC1200 
demonstrated a higher ICE of 86.11% compared to 78.63% of 
WTHC1200. Besides, CSHC1200 displayed remarkable rate capability, 
delivering reversible capacities of 322.33, 305.14, 293.69, 283.05, 
272.01, 256.83, 238.52, 195.69 mAh g− 1 at 0.1, 0.2, 0.5, 1, 2, 5, 10 and 
20 C, respectively, significantly outperforming WTHC1200 and other 
reported HCs materials (Fig. S13 and Table S4) [40–49]. Obviously, the 
superior capacity retention of CSHC1200 at high current densities 
mainly comes from the plateau region (Fig. 3g), which is closely related 
to its higher closed-pore content and more stable SEI. When the rate was 
gradually restored to 0.1 C, CSHC1200 showed a high recovery rate of 
capacity (96.11%), which indicated its excellent stability across a wide 
range of current densities (Fig. S13). After analyzing the reversible ca
pacity of different regions at various rates, we found that the difference 
in capacity of the two samples, generally shows an increasing trend in 
plateau region, while showing an opposite one in the other (Fig. S14). 
Surprisingly, the plateau region capacities of CSHC1200 and 
WTHC1200 exhibited a unique volcano-shaped curve, reaching a peak 
at 0.5 C. This is inconsistent with what has been reported in previous 
literature, where the capacity of plateau region generally decreases as 
the rate increases. An explanation of this part will be provided later. To 
further check the specificity of the swelling effect Li[(H2O)n]+, we did 
control experiments using NaOH and KOH solutions under the same 
conditions (Fig. S15). The first cycle GCD curves show that the 
LiOH-treated (212.0 mAh g-1) samples have higher plateau capacities 
than the NaOH- (NaOH-HC1200, 169.2 mAh g-1) and KOH- 
(KOH-HC1200, 157.5 mAh g-1) treated ones. This makes sense because 
Li+ has the smallest bare ion radius but the largest hydrated size among 
alkali metal ions, so it can uniquely enter the crystalline regions of 
cellulose, causing intracrystalline swelling and forming closed pores. 
Na+ and K+ mainly just cause inter-crystalline swelling and can’t form 
the closed pore structures needed for high plateau capacity.

2.3. Pyrolysis temperature optimization

To further optimize the microstructure of swelling HCs and investi
gate the synergistic effects between swelling treatment and carboniza
tion temperature on closed pore characteristics, CSHC1000 and 
CSHC1400 were prepared by adjusting the carbonization temperature of 
CSR. All samples maintained natural porous architecture across different 
carbonization temperatures (Fig. S16). As shown in Fig. S17, the area of 
pseudo-graphitic band is positively correlated with carbonization tem
perature, which is highly consistent with the results presented in XRD 
patterns that, an increase in carbonization temperature led to a decrease 
in the interlayer spacing of carbon. Most of the impurity components 
also escaped through gasification in the mutual extrusion of the carbon 
layer, which is beneficial for reducing the disorder of microstructure. 
The decrease in ID/IG ratio confirmed this view (Fig. 4a and Fig. S18-19). 
The changes in microstructures can also be clearly observed in HR-TEM 
plots (Fig. 4b). The gradual sharpening of diffraction rings in the 
selected area electron diffraction (SAED) pattern usually indicates the 
growth of graphite microcrystal size. The planar features of the pseudo- 
graphitic carbon layers became more pronounced and approached each 
other under van der Waals forces, which caused a reduction in the 
spacing between carbon layers. During this process, the size of graphite 
crystallites increased, including the microcrystalline width La and 
stacking height Lc (Table S2). From the perspective of pore structure 
properties, the N2 adsorption/desorption isotherms showed that 
CSHC1000 exhibited a typical Type I isotherm (Fig. S20a), with a sharp 
increase in adsorption at low pressures followed by a plateau, indicating 

the presence of abundant micropores. In contrast, CSHC1200 and 
CSHC1400 displayed Type IV isotherms with slight hysteresis loops, 
indicating a significant decrease in micropore content, which was 
confirmed by the pore size distribution in Fig. S20b. The sharp decrease 
in micropore content led to a drop of several orders of magnitude in 
SSABET. Compared with CSHC1000 (727.96 m2 g− 1), SSABET of 
CSHC1200 (12.09 m2 g− 1) or CSHC1400 (7.95 m2 g− 1) is more consis
tent with the pore characteristics of HCs. Based on SAXS spectrum, we 
can find that the increase in carbonization temperature increased the 
closed porosity of samples (Fig. 4c). This is because the formation of 
closed pores mainly arose from the bending and sealing mechanisms of 
graphene carbon layers at high temperatures. The higher the tempera
ture, the denser the carbon layers were arranged, and the originally 
connected open pores were also sealed in this process, forming more 
closed pores. A more detailed schematic diagram of the microscopic 
evolution of CSHCs is shown in Fig. 4d. Specifically, with the increase in 
carbonization temperature, the degree of graphitization, the size of 
graphite microcrystals, and the closed pore volume in CSHCs increase.

Previous studies have shown that OCFGs play a crucial role in the 
electrochemical behavior of HCs [50]. FT-IR analysis revealed that the 
change of pyrolysis temperature did not significantly alter the funda
mental molecular bonding configurations or categories in CSHCs 
(Fig. S21). The XPS survey spectrum exhibited prominent peaks at 
284.80 eV and 533.38 eV, indicating the presence of C and O elements 
(Fig. S22). Fortunately, no Li signal was detected, indicating that the 
surface Li+ content is below the XPS detection limit, consistent with the 
removal of most Li+-compounds during the high-temperature pyrolysis. 
As carbonization temperature elevated, the C/O atomic ratio progres
sively increased from 17.32% to 22.98% (Fig. S23 and Table S5), which 
is attributed to the breaking of the C–O polar bonds, causing 
oxygen-containing substances to vaporize and escape. The 
high-resolution C 1s spectral deconvolution resolved four components 
(Fig. S24), including C–C/C=C (~284.7 eV), C–O (~286.2 eV), O–C=O 
(~289.0 eV), and π–π* (~291.2 eV). In particular, the π–π* peak is 
indicative of the aromatic structure and originates from the lignin 
naturally present in ramie. This peak originated from the electron 
excitation in the photoemission process, where delocalized high-energy 
π electrons were excited to the anti-bonding π–π* orbitals, causing 
additional energy loss. Therefore, its energy is usually 4− 6 eV higher 
than the binding energy of C–C/C=C peak [51]. With the carbonization 
temperature increasing, initially disordered aromatic ring structures 
merged into extended conjugated systems, leading to a positive corre
lation between the area of π–π* peak and carbonization temperature 
(Table S6). To further understand the impact of O atoms in OCFGs, 
high-resolution spectral deconvolution of O 1s was performed (Fig. 4e), 
revealing three peaks corresponding to C=O (~533.6 eV), –OH (~532.5 
eV), and C–O (~531.3 eV). Notably, CSHC1200 exhibited the highest 
C=O proportion (Fig. S25 and Table S7), which is particularly signifi
cant because C=O is recognized as favorable sites for reversible Na+

storage in HCs [43]. These results indicate that the swelling treatment 
and the pyrolysis temperature must be appropriately matched to maxi
mize their synergistic effect. The swelling step creates the structural 
prerequisite for closed-pore formation, while the pyrolysis temperature 
governs the development of closed pores and the retention of C=O 
groups.

To deeply reveal this at the atomic scale, we simulated three carbon 
substrate models (Fig. S26) based on density functional theory (DFT): 
perfect graphene (G-perfect), defective graphene (G-defect), and 
carbonyl graphene (G-carbonyl). It is well known that at low potentials, 
the localized chemical environment on the HCs surface plays a key role 
in regulating the adsorption behavior of Na+. Therefore, we evaluated 
the adsorption energy of Na on the three surface models (Fig. 4f). The 
results show that the adsorption energy (Eads) of Na on the surface of G- 
perfect is 0.343 eV, indicating that adsorption is thermodynamically 
unfavorable. After introducing vacancy defects, the Eads significantly 
decreased to –1.94 eV, indicating spontaneous adsorption. Further 
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Fig. 4. Microstructure characterization of CSHCs prepared at different pyrolysis temperatures. (a) Raman spectra; (b) HR-TEM images (insets show the corre
sponding SAED patterns); and (c) SAXS analysis. (d) Schematic illustration of the effect of increased pyrolysis temperature on the evolution of the microstructure of 
CSHCs. (e) High-resolution O 1s spectra of CSHCs. Calculations of three carbon-based substrate models (G-perfect, G-defect and G-carbonyl) based on density 
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incorporation of C=O showed that defect carbon decorated with O 
atoms exhibits the strongest adsorption affinity, with an Eads as low as 
–2.28 eV. This indicates that the synergistic effect of structural defects 
and OCFGs can significantly enhance the thermodynamic interaction 
between the carbon substrate and Na. To further elucidate the electronic 
mechanism of this interaction, an in-depth analysis combining differ
ential charge density and Bader charge was conducted. Compared with 
the weak charge variation at G-perfect interface, the G-carbonyl inter
face exhibited intense charge polarization and localized electron accu
mulation between Na and the more electronegative O atoms. 
Quantitatively, Na loses 0.745 e-, 0.846 e-, and 0.904 e- when adsorbed 
on G-perfect, G-defect and G-carbonyl, respectively (Fig. 4g). The charge 
transfer amounts are highly consistent with the spatial distribution of 
charge, revealing that C=O acts as a strong nucleophilic site, promoting 
strong chemical bonding and directional electron transfer between Na+

and the carbon substrate. Moreover, the calculation of the density of 

states validates the advantage of surface chemical state regulation from 
the intrinsic electronic structure level (Fig. 4h). At the Fermi level, the 
broadening of electronic state distribution in three systems follows the 
order of G-carbonyl > G-defect > G-perfect, which implies improved 
electronic conductivity, facilitating rapid interfacial charge transfer and 
enhanced electrochemical kinetics. These theoretical insights into 
electronic structure and adsorption behavior of carbon lay the founda
tion for correlating surface chemical characteristics with electro
chemical performance.

2.4. Electrochemical performance of CSHCs

The distinct microstructural and compositional characteristics of 
CSHCs critically governed their electrochemical behavior. As shown in 
Fig. 5a, initial cycling revealed comparable first-cycle reversible ca
pacities at 0.1 C for CSHC1200 (322.33 mAh g− 1) and CSHC1400 

functional theory (DFT). (f) Differential charge density map of Na adsorption model, (g) adsorption energy (Eads) and Bader charge transfer; and (h) density of 
states diagram.

Fig. 5. Electrochemical performance of CSHCs based half-cells. a) Initial GCD curves at 0.1 C (1 C=300 mA g− 1), b) rate capability at 0.1− 20 C, and c) cycling 
performance at 2 C. d) Double-layer parallel closed-pore model for simulating high-concentration Na pore-filling behavior. e) Formation energy (Eform) of 27-Na-atom 
sodium cluster. Electrochemical behavior of CSHCs. f) GITT profiles of discharge process, g) the calculated Na+ diffusion coefficients during the charge/discharge 
processes. Electrochemical performance of CSHC1200||NVOPOF full-cell. h) Typical GCD curves of CSHC1200 and NVOPOF in half-cells respectively, i) rate 
capability at 0.1− 2 C, and j) cycling performance at 2 C (insets show the LED light powered by the CSHC1200||NVOPOF full-cell).
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(325.97 mAh g− 1), significantly exceeding CSHC1000 (203.28 mAh 
g− 1). The ICE of CSHCs exhibited marked temperature dependence 
(Table S8), that higher the carbonization temperature, the higher the 
ICE. This is originated from reduced open pore density and diminished 
surface defects at higher carbonization temperatures, which hindered 
irreversible Na+ capture and excessive SEI formation during the first 
charge/discharge process. When it comes to rate performance, although 
the reversible capacity of CSHC1200 was slightly lower than that of 
CSHC1400 at 0.1 C, it achieved a comeback at 0.5 C, and the capacity 
gap between them gradually widened as the current density further 
increased (Fig. 5b). This is because Na+ has ample time to migrate and 
intercalate at low current densities, so the total number of accessible 
active sodium storage sites determines its capacity. While with the ki
netic pressure of the reaction increases at higher current densities, the 
diffusion rate of Na+ within the bulk phase and at the interface becomes 
the main factor limiting performance. At this time, other active sites (e. 
g., defects) in HCs are needed to cooperate with closed pores to store 
Na+, and the advantage of the closed pore content gradually diminishes. 
Notably, the characteristic volcano-shaped curve was further confirmed 
in the plateau capacity data of CSHC1000 and CSHC1400 (Fig. S27 and 
Table S9), necessitating a detailed mechanistic investigation in the 
subsequent section. Furthermore, we revealed the differences in the 
cycling stability of the samples at 2 C (Fig. 5c). We found that the in
crease in carbonization temperature led to a decline in cycling perfor
mance. Even if slightly inferior to CSHC1000 (89.95%), the capacity of 
CSHC1200 was only from 262.84 mAh g− 1 dropped to 222.21 mAh g− 1, 
with a capacity retention rate of 84.54% after 1200 cycles. Based on the 
decent cycling performance of CSHC1200, further tests were carried out 
at 20 C. As shown in Fig. S28, after 10,000 cycles, CSHC1200 achieved 
an excellent capacity retention of 70.87%. To examine the origin of 
sodium storage capacity in plateau region, a double-layer parallel 
closed-pore model was constructed to simulate high-concentration Na+

pore-filling behavior (Fig. 5d). Within the confined space accommoda
ting 27 Na, the formation energy (Eform) of sodium clusters in G-perfect, 
G-defect, and G-carbonyl pore wall models are − 0.273 eV, − 0.498 eV 
and − 0.547 eV, respectively (Fig. 5e). The lowest Eform of G-carbonyl 
confirms that the C=O groups on the pore walls stabilize sodium clusters 
thermodynamically within the confined pore space, while the closed 
pores themselves provide the necessary physical confinement for storing 
the clusters. This complementary synergy between physical confinement 
and chemical functionality supports the high plateau capacity of 
CSHC1200.

To elucidate the kinetic mechanisms and difference in Na+ storage 
processes among CSHCs, we systematically employed GITT testing, cy
clic voltammetry (CV), and electrochemical impedance spectroscopy 
(EIS). GITT test was carried out at 30 mA g− 1 of pulse current for 10 
minutes between the rest intervals for 1 hour to measure the diffusion 
coefficient of Na+ (DNa+ ), which indicates the rate of Na+ migration 
within HCs (Fig. 5f, Fig. S29 and Fig. S30a). All samples exhibited a 
similar shape and the order of magnitude of DNa+ was in the range of 
10− 12~10− 10 (Fig. 5g and Fig. S30b). The DNa+ of CSHC1200 was 
relatively higher, which is a direct reflection of the excellent diffusion 
rate. EIS investigated the electrode impedance characteristics of CSHCs. 
The Nyquist plots for all samples consisted of a high-frequency semi
circle (Rct) and a low-frequency straight line (Zw). Rct reflects the 
resistance of the charge across the SEI in the electrode reaction, and the 
larger the diameter, the greater the resistance. Zw is related to the solid- 
phase diffusion of Na+ in the HCs, and the larger the slope, the smaller 
the impedance. CSHC1200 showed the lowest Rct and Zw before and 
after cycling (Fig. S31). The optimized interfacial reaction kinetics was 
attributed to its appropriate defect concentration and closed-pore wall 
structure. Based on Arrhenius equations and Rct obtained at different 
temperatures (20, 30, 40, 50 and 60◦C), it is possible to calculate the 
activation energy (Ea) for Na+ to cross the barrier, realize charge transfer 
and participate in the electrochemical reaction [52]. As expected, 
CSHC1200 has a smaller Ea than CSHC1400 (Fig. S32). Although 

CSHC1000 had the lowest Ea, but this was attributed to the highest 
defect concentration which will be ultimately harmful to electro
chemical performance. Thus, CSHC1200 achieved an optimal balance 
between structural parameters and electrochemical performance from 
the perspective of EIS analysis. The CV analysis with a range of 0.001− 2 
V at different scan rates (0.1− 0.8 mV s− 1) elucidated reaction dynamics. 
At 0.1 mV s− 1, CSHC1200 and CSHC1400 electrodes had a pair of sharp 
and symmetrical oxidation/reduction peaks around 0.1/0.01 V, corre
sponding to the extraction/insertion of Na+ on the surface of the anodes 
(Fig. S33). Compared to CSHC1400, the enhanced current response of 
the CSHC1200 indicated a more active electrochemical reaction. Inter
estingly, the CSHC1000 electrode with the lowest reactivity featured 
two redox peaks, which may be related to more developed microporous 
structure, stimulating Na+ deposition. According to relevant formula, 
the relationship between the response current and the square root of the 
scanning rate can be calculated [53]. Based on the linear regression of 
redox peaks yielded slope parameters b values (Fig. S34 and Fig. S35), 
the CV curves can be divided into surface-capacitive (b = 1) and 
diffusion-controlled (b = 0.5) processes. As shown in Fig. S35, 
CSHC1200 (b ≈ 0.68) exhibited electrode kinetics with a mix of diffu
sion and surface capacitance advantages, which is conducive to 
achieving both high capacity and high-rate performance, in contrast to 
the diffusion-controlled behavior of CSHC1400 (b ≈ 0.59) and 
surface-controlled CSHC1000 (b ≈ 0.89). Additionally, Fig. S36 depic
ted the capacitance contribution of CSHCs at different scan rates, which 
further revealed the structure-performance relationship. CSHC1000 has 
the highest defect concentration, showing an extremely high 
capacitance-controlled contribution. Due to the higher degree of 
graphitization and lower surface activity, CSHC1400 has a lower 
capacitance-controlled contribution. In contrast, while retaining enough 
closed pores for Na+ storage, CSHC1200 has abundant surface active 
sites and excellent ion channels, giving it a stronger inherent fast charge 
storage capability. Therefore, CSHC1200 can dominate charge storage 
through efficient capacitive behavior at high rates, which is the key 
mechanism behind its outstanding rate performance. Collectively, these 
multiscale electrochemical analyses established that HCs architectures 
require balanced optimization of closed pore density, defect concen
tration and interlayer spacing. They govern the complex interplay be
tween capacitive and diffusion-controlled processes essential for 
high-performance Na+ storage.

To investigate the practical application potential of CSHC1200, we 
combined it with a layered oxides cathode Na3(VOPO4)2F (NVOPOF) to 
assemble into a full-cell CSHC1200||NVOPOF (Fig. 5h). The rate per
formance of CSHC1200||NVOPOF is shown in Fig. 5i. When the current 
density increased from 0.1, 0.2, 0.5 and 1 to 2 C, the specific capacities 
were 109.81, 94.70, 86.09, 79.70, and 70.18 mAh g− 1, respectively 
(based on the mass of the active cathode material). After 300 cycles at 2 
C, the full-cell demonstrated a capacity retention rate of 81.09% 
(Fig. 5j). The energy density and power density were calculated based on 
the total mass of the active anode and cathode materials. At a high- 
power density of 20.19 W kg− 1, the full-cell achieved an energy den
sity of 221.06 Wh kg− 1, indicating a high potential for practical appli
cation in SIBs.

2.5. Sodium storage mechanism

It was mentioned earlier that the plateau capacity of the samples 
exhibited the unique volcanic curve, which has a peak at around 0.5 C. 
This uncommon dynamic behavior can be interpreted at a microscopic 
level through differential capacity (dQ/dV) analysis. As shown in 
Fig. S37, the intensity of the ~0.06 V main peak (labeled Pa), which 
represents closed-pore sodium storage, is synchronized with the plateau 
capacity, showing a non-monotonic change that first strengthens and 
then decreases. Different from the behavior of the Pa peak, the ~0.7 V 
oxidation peak (labeled Pb), which is clearly present at low rates 
(0.1− 0.2 C), monotonically decreases with increasing rates and is 
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significantly weakened after 0.5 C. We found that under low-rate testing, 
the GCD curves of all samples exhibit an inward concave feature valley 
near 0.7 V (where the absolute value of the slope decreases). Surpris
ingly, this voltage valley coincides remarkably with the potential of the 
Pb peak in the dQ/dV curves. We believe that the Pb peak originates from 
a slowly dynamic interfacial process, which may involve two contribu
tions: (i) the escape of Na+ from the high-energy defects or residual 
OCFGs on the surface of HCs, and (ii) slow electrolyte decomposition or 
SEI membrane reconstitution that continuously occurs during this po
tential interval. These processes have large reaction time constants and 
are therefore particularly significant at low rates close to equilibrium. 

The sharp contrast in the changes of Pa and Pb reveals the reasons for the 
change in the plateau capacity (Fig. 6a). At a low rate of 0.1 C, the 
charging time is long, allowing slow side reactions to fully proceed, but 
this process may degrade the interface or block channels, which in turn 
suppresses the main reaction in the plateau region, resulting in a plateau 
capacity that does not reach its maximum and an obvious side reaction 
Pb. As the rate increases to an optimal value (0.5 C), the charging time 
shortens. The side reactions are moderately suppressed, and their 
interference with the main reaction is reduced, allowing the main re
action to proceed efficiently, the plateau capacity to reach its peak, and 
the side reaction peak to weaken simultaneously. When the rate 

Fig. 6. (a) Schematic diagram of the evolution of platform region capacity dominated by the competition between main and side reactions at different rates. (b) In- 
situ XRD spectra, (c) ex-situ Raman spectra and (d) ID/IG value changes with the voltage of CSHC1200 electrodes during the charge/discharge process. (e) Schematic 
diagram of the sodium storage mechanism of CHSC1200.
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continues to increase to a high level, the charging time becomes too 
short, and the main reaction is inherently limited by slow kinetics and 
cannot be completed, causing the plateau capacity to drop sharply. The 
entire process reflects the competitive relationship between side re
actions and the main reaction, which changes inversely with the rate.

In order to verify the possible storage mechanism of Na+ in HCs, 
electrochemical in-/ex-situ testing was performed on CSHC1200. In-situ 
XRD results were shown in Fig. 6b, the (002) diffraction peak position 
corresponding to HCs remained basically unchanged during the process 
of discharge and charge, indicating that the interlayer position of 
pseudo-graphitic carbon in CSHC1200 may not be used as a storage site 
for Na+. Based on the adsorption-pore filling mechanism, sodium clus
ters may form in closed pores in the plateau region. The CSHC1200 half- 
cells were discharged to 0.1, 0.01, 0.001 and 0.0001 V (vs. Na/Na+), 
respectively, and disassembled at open-circuit potential. The electrodes 
were then immersed in the 1% phenolphthalein ethanol solution. 
Fig. S38 showed the optical images of CSHC1200 electrodes discharged 
to different potentials. In the presence of sodium clusters, the phenol
phthalein indicator solution gradually turned red. Notably, a gradual 
darkening of the phenolphthalein indicator was observed as the 
CSHC1200 electrodes were discharged to progressively lower potentials. 
This observation hints at a potential link between the plateau capacity 
and sodium clustering within closed pores. To gain further insight into 
the structural and bonding changes during cycling, we conducted ex-situ 
Raman spectroscopy. As shown in Fig. 6c, during the initial stage of 
sodium intercalation (1.5− 0.5 V), the position of the G-band remains 
basically unchanged, indicating that the adsorption of Na+ on the 
exposed surface has little impact on the carbon framework structure. As 
the depth of discharge increases (0.5− 0.02 V), the G-band exhibits a 
significant redshift, corresponding to the formation of closed pores as 
Na+ enters closed pores or stacked carbon layers, leading to changes in 
the local electronic structure. This phenomenon is related to electron- 
phonon coupling effect enhanced by electrons occupying the anti- 
bonding orbitals of the carbon framework, indicating a gradual charge 
transfer to the carbon matrix and the formation of strong Na− C in
teractions. Therefore, the abundant defects and nanoporous structure in 
CSHC1200 play a key role in promoting Na+ adsorption, pore filling 
(Na− C interactions), and sodium cluster formation (Na− Na in
teractions). During desodiation, the G-band position shows a highly 
reversible trend, suggesting that the extraction of Na+ from closed pores 
is structurally recoverable. In contrast, the D-band position remains 
stable throughout the cycling, meaning that the adsorption of Na+ at 
defect sites has almost negligible effect on the defect structure. More
over, the adsorption of Na+ at active sites and the filling of closed pores 
slightly reduce the disorder of the carbon framework during sodiation, 
resulting in a decreased ID/IG ratio (Fig. 6d). After desodiation, the ID/IG 
ratio can recover close to its initial value, corresponding to the resto
ration of the highly disordered structure [52–54]. Based on the above 
analysis, the sodiation process can be basically divided into three 
distinct stages (Fig. 6e). Stage 1 (> 0.2 V): Initial rapid Na+ adsorption at 
defect-dominated active sites in the transition zone led to surface charge 
accumulation, increasing interionic repulsion and subsequent DNa+

reduction. Stage 2 (0.2− 0.05 V): Partial Na+ entering the graphene 
carbon layers or pores may gain electrons from the carbon structure and 
underwent reduction reaction, which to some extent weakened the 
repulsive force between Na+, leading to a slow increase in DNa+ . Stage 3 
(< 0.05 V): The continuous accumulation of Na+ in the transition zone 
intensified ion repulsion, causing a gradual decrease in DNa+ . When the 
voltage reached the critical value of ~0.05 V, Na+ quickly overcame the 
barrier and underwent the deposition of Na+, allowing microscopic 
stress to be rapidly released. This led to a sharp increase in DNa+ , 
reaching a peak near 0 V, followed by the desodiation stage. In 
conclusion, this section reveals the competitive dynamics of Na+ storage 
and the closed-pore dominated mechanism in HCs, providing key in
sights for optimizing high-rate performance of SIBs.

3. Conclusion

In summary, we proposed an innovative cellulose swelling strategy 
to induce the formation of closed-pore structures in HCs, optimizing the 
microstructure and surface state under the synergistic regulation of 
carbonization temperature, achieving simultaneous improvements in 
sodium storage capacity and rate performance. The results indicated 
that during the swelling strategy process, strongly polar hydrated ions 
can effectively disrupt the ordered structure of the crystalline regions of 
cellulose, expanding the interlayer spacing of carbon while generating 
in-situ vacancy defects. MD simulations further confirmed two critical 
aspects: Li[(H2O)n]+ penetrate the crystalline regions to induce intra- 
crystalline swelling, and the associated H2O molecules remain trapped 
within the structure during low-temperature drying, subsequently 
generating steam vapor upon carbonization to create closed pores. This 
facilitated the formation of closed pores during subsequent carboniza
tion and optimized the defect concentration, thereby increasing sodium 
storage sites and enhancing Na+ diffusion kinetics. From the perspective 
of half-cells, the optimized CSHC1200 achieved a high reversible ca
pacity of 322.33 mAh g− 1 at a current density of 30 mA g− 1, with an ICE 
of 86.11%. Remarkably, it displayed outstanding rate performance 
(195.69 mAh g− 1 at 6,000 mA g− 1, with a capacity retention of 60.06%) 
and stable cycling performance (84.54% retention after 1,200 cycles at 
600 mA g− 1, and 70.87% retention after 10,000 cycles at 6,000 mA g− 1). 
In addition, the phenolphthalein color change experiment demonstrated 
the presence of sodium clusters. Electrochemical in-/ex-situ character
ization coupled with GITT tests during the charge-discharge process 
revealed three stages of Na+ diffusion and storage behavior in 
CSHC1200. The full-cell tests of CSHC1200||NVOPOF demonstrated its 
practical application value, achieving an energy density of 221.06 Wh 
kg− 1 at a power density of 20.19 W kg− 1. It can be seen that this inno
vative closed pores inducing generation strategy is an effective means to 
enhance the sodium storage capacity and rate performance of HCs, 
greatly promoting the development of advanced biomass-derived HCs 
materials in commercial SIBs systems.
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