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Abstract

The development of carbon-based anode materials for high-performance lithium-ion bat-
teries has been limited by their low theoretical capacity density, low conductivity, and high
manufacturing costs. Herein, natural Si/N co-doped biomass carbon micron-tubes, derived
from reed catkins, were synthesized. The as-prepared RC-Si/N anode exhibits a good
discharge capacity of 761.3 mAh g~! at 100 mA g~ after 200 cycles. Moreover, it exhibits
outstanding cycling stability, retaining discharge capacities of 517.7 mAh g~ ' at1 A g~!
after 1000 cycles. The excellent electrochemical performance is attributed to the trace Si
originating from the biomass precursor, which provides high specific capacity, while N
doping introduces structural defects and improves electronic conductivity. Coupled with its
unique micrometer-scale tubular morphology, the material facilitates efficient lithium-ion
transport and storage. Further DFT calculations corroborate enhanced Li* adsorption abil-
ity, sustained structural integrity over prolonged cycling, and promoted reaction kinetics.
These findings underscore the potential of natural Si/N co-doped biomass-derived carbon
as an advanced lithium-ion battery anode material.
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1. Introduction

Given the pressing issues of environmental pollution and the over-reliance on fossil
fuels [1-5], sustainable energy technologies have witnessed remarkable progress [6-9]. In
this context, lithium-ion batteries (LIBs) have become the focus of extensive research [10,11].
As a crucial constituent of LIBs, anode materials substantially govern the key performance
metrics of the batteries [12,13]. Although graphite has served as the conventional anode
material owing to its excellent reversibility [14,15], its constrained theoretical capacity
(372 mAh g~1) and inherent electronic conductivity limitations have stimulated consider-
able efforts toward developing advanced carbon-based alternatives. Various carbon-related
materials, including graphene, carbon nanospheres, and carbon nanotubes [16-21], have
been developed and have demonstrated excellent lithium storage performance. However,
the manufacturing cost of these carbon materials is extremely high, which significantly
hinders their progress toward market introduction. Developing novel carbon materials
that are both low cost and high-performance remains a significant challenge.

In recent years, carbon materials derived from biomass sources have aroused
widespread research interest owing to their cost-effectiveness, renewability, environmental
sustainability, and natural abundance. Various naturally existing carbon precursors [22-30]
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have been applied in various energy storage systems. Li et al. fabricated porous spher-
ical carbon materials from lotus root as a LIB anode material, achieving a capacity of
187.2 mAh g~ ! at 10 A g~! and demonstrating outstanding rate performance [31]. Qin et al.
fabricated a layered granular carbon material from Auricularia fungus chaff as a sodium-ion
anode, delivering a specific capacity of 450 mAh g~! and a first Coulombic efficiency of 81%
at 0.1 C, along with stable cycling performance [32]. Abhishek Dharmesh et al. developed
a porous, block-shaped carbon material from tamarind peel as a lithium-sulfur battery
cathode, which presents 1265 mAh g~! at 0.1 C and maintains high Coulombic efficiencies
around 98% over 300 cycles [33]. Yang et al. fabricated a hierarchical porous material
from sugarcane bagasse and hydroxyapatite, which demonstrated a specific capacitance
of 3979 Fg~! at 0.5 A g~ ! when applied in supercapacitors, showing excellent specific
capacitance [34]. Through extensive research, the development of biomass-derived carbon
has significantly reduced the manufacturing cost of electrode materials. Nevertheless,
the practical deployment of biomass-related carbon in LIBs remains hampered by certain
limitations, such as low conductivity and inadequate specific capacity.

To address these limitations, considerable research efforts have been directed toward
structural engineering and heteroatom doping, as well as the formation of composites with
high-capacity anode materials. Liu et al. extracted cellulose as a carbon source to syn-
thesize block-structured carbon materials. They further employed structural engineering
strategies to assemble highly disordered carbon materials via hydrothermal processing
in a zinc chloride solution. The product exhibited a capacity of 425 mAh g~! at 0.1 A g~!
and demonstrated outstanding stability in lithium-ion batteries [35]. Han et al. fabricated
porous carbon materials using cellulose as a carbon source through a heteroatom doping
strategy. Phosphorus dopants were introduced into the carbon materials via freeze-drying.
The product uncovered a high lithium storage capacity of 1848 mAh g~! at 0.1 A g~ ! [36].
Sang synthesized block-structured carbon materials using stone flower algae as a carbon
precursor. Subsequently, a freeze-drying method was employed to form a composite mate-
rial by combining the carbon material with higher-capacity Si@NiO/Ni. This composite
displayed a capacity of 1245.1 mAh g~!at 1 A g~! [37]. Although the aforementioned strate-
gies have improved the electrochemical performance of carbon materials to some extent,
they introduce additional processing steps that significantly diminish the low-cost manu-
facturing advantage of biomass-derived carbon. Therefore, it remains highly challenging
to implement strategies such as structural engineering and heteroatom doping to enhance
lithium storage performance without increasing manufacturing costs or introducing extra
processing steps.

In this study, biomass carbon micron-tubes inherently doped with natural silicon and
nitrogen elements were prepared directly through carbonization of reed catkins without
additional treatment. The as-prepared RC-Si/N anode, with micron-tube structure and
Si/N dual doping, provides unique direct conductive pathways that enable faster electron
transport and reaction kinetics, and enhanced reversible capacity contributed by Si elements.
Thus, the RC-Si/N anode exhibits outstanding capacity and cycling stability, delivering
a specific discharge capacity of 761.3 mAh g~ after cycling at 0.1 A g~ for 200 cycles,
and even retaining 517.7 mAh g~ ! after 1000 cycles at 1 A g~!. This work highlights the
significant importance of developing biomass-derived carbon materials and serves as a
reference for creating more low-cost carbon materials and advancing their application in
energy storage.

2. Materials and Methods

The synthesis of RC-5i/N commenced with the purification of harvested reed catkins,
which were ultrasonically cleaned in deionized water and subsequently dried at 80 °C for

https://doi.org/10.3390/mal19142951


https://doi.org/10.3390/ma19142951

Materials 2026, 19, 2951

30f18

Porous Carbon Micron-tube

12 h. The resulting powders were then subjected to a two-step pyrolysis process under an
argon atmosphere. They were first heated to 300 °C at a heating rate of 3 °C min~! and kept
for 2 h, then further elevated to 750 °C and held for 1 h, followed by natural furnace cooling.
The resulting carbonized intermediate was thoroughly and homogeneously mixed with
KOH at a mass ratio of 1:4. The mixture underwent a second heating at 750 °C for 1 h under
argon with the same heating rate, then cooled to ambient temperature. The final materials
were cleaned with 1 M HCl for 12 h to remove KOH and impurities, then rinsed repeatedly
with distilled water until a neutral pH was achieved, and finally dried at 100 °C for 12 h to
obtain the RC-5Si/N material, as schematically illustrated in Figure 1. To elucidate the role of
naturally occurring silicon, a contrast sample designated as RC-N was prepared by etching
RC-Si/N with 1 M HF for 12 h to remove Si elements. Furthermore, commercial graphite
(Aladdin, Shanghai, China, CAS: 1333-86—4) was also used as a contrast material. Other
experimental details, including material characterization, electrochemical measurements,
and calculation method, can be found in Supporting S1 (Experimental Details).

300°C2h,750°C1h
=) . )p

A 4

Carbon Micron-tube

KOH Activation

)

HCI Cleaning 750°C1h

Figure 1. The preparation process of RC-Si/N.

3. Results and Discussion
3.1. Material Characterizations

The morphological and structural characteristics of the samples were investigated by
SEM and TEM, as shown in Figure 2. SEM images of RC-5i/N reveal the presence of hollow
tubular structures with outer diameters of approximately 5 um (wall thickness around
1 um), displaying a slightly textured surface in Figure 2a,b. In contrast, the HF-etched
RC-N sample exhibits a roughened morphology with significantly enhanced microporosity
(Figures 2c and Sla,b). Energy-dispersive X-ray spectroscopy of RC-N validates the effec-
tive removal of silicon from RC-5i/N, with the remaining elements being C, N, and O
(Figure S1c—f). Commercial graphite shows characteristic dense and irregular particles with
negligible porosity in Figure 2d. Figure 2e shows the TEM image of the RC-Si/N anode,
further confirming its hollow tubular structure. This structure is crucial for accommodating
volume changes during long-term cycling while maintaining structural integrity. Addition-
ally, the embedded diffraction rings in Figure 2e further confirm its amorphous structure.
Figure 2f presents the HRTEM image of the RC-5i/N anode, revealing a predominantly
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disordered carbon structure with graphite-like features in certain regions. The schematic
(Figure 2g) illustrates a thin graphitic-like surface layer coating on the carbon micron-tubes,
while the bulk interior maintains an amorphous structure. Figure 2h shows a further
magnified HRTEM image of the RC-5i/N anode, revealing graphite-like regions with an
interlayer spacing of 0.39 nm. EDS mapping (Figure 2i) demonstrates the homogeneous
dispersion of C, N, O, and Si across the RC-Si/N architecture, with a visually evident higher
silicon content compared with the RC-N material.

Figure 2. SEM images of (a,b) RC-Si/N, (c) RC-N and (d) Graphite; (e) TEM and SAED images of
RC-5i/N; (f,h) HRTEM images of RC-Si/N; (g) The schematic diagram showing the surface structure
of RC-Si/N; (i) EDS mapping of RC-5i/N.

The crystalline structure of RC-Si/N was characterized by XRD (Figure 3a) and Raman
spectroscopy (Figure 3b). The XRD pattern exhibits two broad diffuse peaks at about 20.01°
and 43.22°, coinciding with the (002) and (100) planes of low-crystallinity /less ordered
carbon, confirming its predominantly amorphous nature. As shown in Figure 2h, the
interlayer spacing in the graphite-like region of the RC-5i/N anode is 0.39 nm, whereas that
of graphite is 0.335 nm [38]. The widening of the lattice spacing is correlated with the KOH
activation process, which involves the incorporation of potassium into the carbon layers,
leading to lattice expansion [39]. The enlarged interlayer spacing facilitates reversible Li*
intercalation/deintercalation and enhances structural stability during cycling [40]. Raman
spectroscopy further reveals the structural characteristics of RC-Si/N, with a distinct D
band at ~1354 cm ! arising from structural defects and disordered carbon, and a G band
at ~1589 cm ! linked to in-plane vibrations of sp2-hybridized carbon. The Ip/Ig intensity
ratio of 1.02 indicates a low degree of graphitization and a high concentration of defects,
which is consistent with the HRTEM and SAED observations. These structural features
contribute to improved electrochemical performance by providing abundant active sites.
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Figure 3. Microstructural characterization: (a) XRD pattern, (b) Raman pattern of RC-Si/N; (c) Ny
adsorption/desorption profiles and (d) Pore size distributions of RC-Si/N, RC-N, and Graphite;
(e) XPS spectra of RC-Si/N; High-resolution spectra of (f) C 1s, (g) N 1s, (h) O 1s, (i) Si 2p.

The porous characteristics of the three materials were evaluated through Nj
adsorption—desorption measurements, with the resulting isotherms and pore size dis-
tributions displayed in Figure 3¢,d. The RC-5i/N and RC-N samples reflect typical Type IV
isotherms with H4-type hysteresis curves, disclosing the typical mesoporous characteristics
of the products. The obtained specific surface areas for RC-Si/N, RC-N, and graphite are
1157.1,1273.9, and 7.3 m? g~ !, respectively. Correspondingly, the predominant pore sizes
for these materials are centered at approximately 3.8 nm, 3.6 nm, and 30.6 nm. It should be
noted that after HF etching of the RC-N material, the vast majority of Si is removed, thereby
creating more micropores on the surface of the material [27]. Therefore, RC-N exhibits a
slightly higher specific surface area than RC-5i/N, while commercial graphite shows a
low-porosity feature.

The surface chemical analysis and bonding structures of the RC-Si/N material were
analyzed by XPS. The full spectrum demonstrates the presence of C, N, O, and Si [41],
with characteristic peaks observed at 285 eV (C 1s), 400 eV (N 1s), 533 eV (O 1s), 154 eV
(5i 2s), and 102 eV (Si 2p) in Figure 3e. High-resolution spectra were deconvoluted to
uncover the chemical bonding configurations. The C 1s spectrum was fitted into three
components including C=C (284.8 eV), C-O (286.2 eV), and C=0 (290.1 eV), as shown in
Figure 3f. The N 1s spectrum reveals four nitrogen species relating to pyridinic N (398.1 eV),
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pyrrolic N (400.0 eV), graphitic N (401.3 eV), and oxidized N (403.1 eV) (Figure 3g) [42,43].
The presence of these nitrogen moieties, particularly graphitic N, significantly tunes the
electronic properties of the carbon matrix by introducing defect sites and enhancing surface
reactivity, which contributes to improved electrochemical performance. The O 1s spec-
trum was resolved into C=0 (532.1 eV), C-O/0O-C=0 (533.6 €V), and -COOH (535.9 V) in
Figure 3h. While the Si 2p spectrum reveals a single peak at 101.1 eV, consistent with the
S5i-C bond, suggesting the successful incorporation of silicon into the carbon framework
(Figure 3i) [44—46]. The presence of Si-C bonds contributes to enhanced electrocatalytic
activity, promoting oxygen reduction reactions during cycling. This effect improves the
electrochemical performance under high-rate conditions while maintaining excellent elec-
trochemical stability. Furthermore, the synergistic interaction between silicon-carbon
bonding and nitrogen doping induces remarkable pseudocapacitive behavior within the
carbon matrix. The silicon content was quantitatively determined by ICP analysis, revealing
values of 1.873-1.882 wt% for RC-5i/N and 0.018-0.019 wt% for RC-N across different
batches, as listed in Table S1. This confirms the relative stability of the silicon content
in the products.

3.2. Electrochemical Measurements

As illustrated in Figure 4a, the galvanostatic charge-discharge curves of the RC-Si/N
anode at 0.1 A g~ for the 1st, 2nd, and 10th cycles are presented. The first cycle delivers dis-
charge/charge capacities of 2357.7/1335.2 mAh g !, corresponding to an initial Coulombic
efficiency (ICE) of 56.63%. The electrode exhibits reversible capacities of 1350.2 mAh g~ ! in
the second cycle and 1087.5 mAh g~ in the tenth cycle, demonstrating effective capacity
retention and cycling stability. The low ICE of biomass-derived carbon anodes is primarily
caused by the irreversible consumption of lithium ions during the formation of the solid
electrolyte interphase (SEI) on abundant defective sites and high specific surface area, as
well as the irreversible trapping of lithium within the closed micropores and disordered
carbon structures. These parasitic reactions and lithium entrapment substantially reduce
the number of recyclable lithium ions in the first cycle. Table S2 [24,47-54] compares the
ICE values of the synthesized materials in this paper with those of other biomass-derived
carbon materials reported in the literature. As can be seen from the table, without any
improvement measures, the ICE of most materials is relatively low. To improve the low ICE
of biomass-derived carbon anodes, different strategies such as pre-lithiation, adjustment of
the voltage range, and electrolyte optimization [55-57] can be adopted. First, pre-lithiation
is a direct and effective strategy, in which chemical or electrochemical lithium supplemen-
tation compensates for the lithium consumed during SEI formation, thereby raising the
ICE above 80%. Voltage window optimization can also mitigate irreversible capacity by
avoiding excessively low cut-off potentials (e.g., >0.01 V vs. Li/Li*) that promote electrolyte
decomposition and active lithium trapping in micropores, while a slightly higher upper
limit reduces side reactions. Electrolyte tuning, including the use of highly concentrated
salts (e.g., LiFSI), fluorinated solvents, or functional additives such as FEC and VC, enables
the formation of a thinner, more inorganic-rich, and stable SEI with lower ionic resistance
and reduced lithium consumption. These approaches are often combined to synergistically
enhance ICE without sacrificing capacity.

Figure 4b—d compare the initial charge—discharge profiles of RC-Si/N, RC-N, and
graphite at 0.1 to 2.0 A g~ 1. Across all tested rates, RC-Si/N maintains the highest elec-
trochemical performance among the three materials. The rate capabilities are further
compared in Figure 4e, which summarizes the cycling performance over a rate range
from 0.1 to 2 A g~1. After 10 cycles at each rate condition, the RC-Si/N electrode delivered
reversible capacities of 854.5, 546.1, 389.4, 314.7, and 256.8 mAh g_1 at 0.1, 0.2, 0.5, 1,
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and 2 A g1, respectively. Significantly, upon returning the rate to 0.1 A g~ !, the capacity
recovered to 522.8 mAh g~! (Figure 4e), highlighting its exceptional rate capability and
structural reversibility. By contrast, the HF-etched RC-N anode yielded lower specific
capacities of 413.4, 317.2, 198.0, 140.9, and 61.3 mAh g’1 at the respective current densities,
while a recovery value of 355.5 mAh g~! was observed upon returning to 0.1 A g~!. In con-
trast, graphite demonstrated limited reversible capacity across all tested current densities,
which fails to satisfy the requirements for advanced lithium-ion battery applications. For a
clearer comparison of the rate performance, the first-cycle discharge capacities of the three
materials across different rate conditions are presented in a bar chart (Figure 4f). The results
clearly demonstrate that RC-Si/N delivers the highest reversible capacity, substantially
outperforming both the etched RC-N sample and conventional graphite. The above test
results reveal that the naturally occurring Si retained in the biomass carbon contributes
significantly to the capacity.

Figure 4g compares the cycling stability over extended cycles of the three materials
at a constant current density of 0.1 A g~!. The initial discharge/charge capacities are
measured as 2357.7/1335.2 mAh g~ ! for RC-Si/N, 1451.7/550.3 mAh g~! for RC-N, and
195.8/160.0 mAh g~! for graphite, respectively. The low initial CE of RC-Si/N and RC-N
arises from their abundant surface area and numerous surface defects, which result in a
large amount of lithium ions being irreversibly consumed during the formation of a thick
SEI film in the initial cycle. After cycling for 200 cycles at 0.1 A g~!, RC-Si/N retains a
high reversible capacity of 761.3 mAh g~!. For comparison, the RC-N electrode suffers
from drastic capacity fading during the initial cycles. While graphite demonstrates stable
cycling, its practical capacity remains considerably low.

To assess long-term capacity retention at high current densities, extended cycling
performance (at 1,2, and 5 A g~!) is displayed in Figure 4h—j. RC-Si/N delivers a capacity
output of 374.9 mAh g~! after 100 cycles at 1 A g1, which increases to 517.7 mAh g1
after 1000 cycles, indicating progressive electrode activation. By comparison, RC-N shows
continuous capacity fading, retaining only 183.2 mAh g~! after 1000 cycles. A similar
trend is observed at 2 A g~!, where the capacity of RC-Si/N rises from 250.1 mAh g~!
after 100 cycles to 373.8 mAh g~! after 1000 cycles, while RC-N declines to 158.9 mAh g~!
after 1000 cycles. Even at 5 A g~!, RC-Si/N exhibits a capacity of 171.1 mAh g~ ! after
1000 cycles, outperforming RC-N (73.1 mAh g~ !) under equivalent experimental conditions
(Figure S2a,b). Figure 4k shows the discharge-specific capacity of the two anodes after
cycling for 1000 cycles at various rates, along with the capacity of graphite after 100 cycles
at the same rate conditions. It can be observed that the RC-5i/N anode still exhibits the
highest capacity retention among the three materials during prolonged cycling under
equivalent experimental settings. Moreover, among the three investigated materials, only
RC-5i/N demonstrates a continuous increase in reversible capacity during extended cycling.
This unique behavior can be attributed to the progressive activation of the carbon domains
through repeated lithium-ion intercalation, the additional storage of lithium ions via the
formation of defects and active sites during electrochemical cycling, and the adsorption of
lithium ions not only on the carbon surface but also within the abundant micropores and
mesopores of the hierarchical structure [58].

To evaluate the reliability of the data, three batches of batteries were tested, and for
each batch, three individual batteries were examined under every condition. Figure S3a
shows the discharge capacities of three batteries from the same batch when cycled at a
current density of 0.1 A g~ ! for 1, 100, and 200 cycles, respectively. Although the capacities
of different batteries vary under the same test conditions, the batteries remain relatively
stable, as supported by the relatively small standard deviation (Figure S3b). Figure S3¢
presents the test results from additional batches and more batteries. The detailed discharge
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capacity data and standard deviation results are shown in Table S3. It can be seen that
the data for batteries from the same batch show relatively little fluctuation, while the
differences between batteries from different batches are also not significant, with standard
deviations ranging from 4.81 to 9.42. This thereby highlights the reliability of the results
presented in this work.
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Figure 4. Electrochemical characterization: (a) Discharge/charge profile of the RC-Si/N for the
1st, 2nd, and 10th cycle at 0.1 A g~!; Galvanostatic discharge/charge profile of the (b) RC-Si/N,
(c) RC-N and (d) Graphite anodes at various current densities; (e) Rate performance of three anodes;
(f) Performance comparison of RC-5i/N, RC-N and Graphite anodes at 0.1,0.2,0.5,1,2,0.1 A gfl ;
(g) Short-term cycling performance of three anodes at 0.1 A g~1; Long-term cycling performance of
three anodes at (h) 1 A gfl, i)2A gfl, and (j)5 A g*1 ; (k) Comparison of the discharge capacities of
RC-Si/N anodes and RC-N anodes after 1000 cycles and graphite anodes after 100 cycles measured
atl,2,and 5 A g*1 ; (1) EIS curves of the three anodes.

To elucidate the electrode kinetics, EIS tests were conducted over a frequency range of
0.01 Hz to 100 kHz. The resulting Nyquist plots for the three materials are presented in
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Figure 41, along with the corresponding equivalent circuit model. Each spectrum consists
of a depressed semicircle in the high-to-medium frequency region, which reflects the
charge transfer resistance (Rt) at the electrode-electrolyte interface, followed by a sloping
line in the low-frequency region, representing solid-state ion diffusion behavior. The
experimental data show excellent agreement with the fitted curves. In the equivalent circuit,
R refers to the ohmic resistance associated with the electrolyte and electrical contacts.
Rt corresponds to the Faraday charge-transfer resistance, and W, denotes the Warburg
impedance associated with lithium-ion diffusion. Table 54 summarizes the corresponding
fitting parameters, revealing a consistent resistance trend of RC-5i/N < RC-N < graphite.
The significantly lower charge-transfer resistance of RC-Si/N indicates enhanced reaction
kinetics, facilitating more efficient electron/ion transport across the electrode/electrolyte
interface. The Li-ion diffusivity (Dr;*) was further quantified to evaluate ionic transport
behavior. Therefore, to obtain Dy;™, it is necessary to analyze the low-frequency part of the
curves using the following formula.

Zie =Rs + Ret + cw /2 1)
Dy; = R2T? 2AZn?F*Cp202) ! 2)

where w and o are the angular frequency and the Warburg coefficient, respectively; R, T, A,
n, F, and Cj; represent the gas constant, absolute temperature, electrode area, number of
electrons transferred, Faraday constant, and lithium-ion concentration in the electrolyte.
The w~1/2 versus Z’(Q2) plots obtained from the results in Figure S4 yielded slopes of 1366.5,
74.58, and 34.83, relating to o values. Since Dy;* is inversely proportional to the square
of o, RC-Si/N exhibits the highest Li-ion diffusivity among the three materials [59,60].
These collective findings confirm that RC-Si/N possesses superior lithium-ion diffusiv-
ity, reversible capacity, and robust cycling endurance, outperforming both its RC-N and
conventional graphite.

Figure 5a—c present the CV profiles of RC-Si/N, RC-N, and graphite at 0.2-2 mV s~
over a voltage window of 0.01-3.00 V, characterizing their respective lithium storage
behaviors. For RC-5i/N (Figure 5a), the anodic peak observed at approximately 0.5 V
corresponds to the dealloying process of LixSi, forming amorphous silicon. The consistent
position of this peak across increasing scan rates indicates the stable activation of silicon
during cycling [61]. This characteristic peak is absent in the RC-N sample in Figure 5b,
which can be attributed to its lower silicon content, making it insufficient to drive the
alloying/dealloying reaction. Additional redox features around 0.6, 1.0, 1.5, and 2.0 V are
associated with electrode/electrolyte interfacial parasitic reactions and the delithiation
of lithium-carbon composites [62]. In contrast, the graphite electrode exhibits typical
redox pairs near 0.2 V and 0.4 V, corresponding to the staged lithium intercalation and
deintercalation in the graphite layers. To further quantify the electrochemical kinetics,
the current response (i) was analyzed using the power-law relationships expressed in
Equations (3) and (4).

i=avP €)

log(i) = b log(v) + log(a) 4)

where a and b are adjustable parameters, and v is the scanning rate. The b values de-
rived from the gradient of the log(i) versus log(v) plots, transformed from the above
equations, provide insight into the charge storage behavior. A b value near 0.5 relates
to diffusion-governed intercalation, while a b value approaching 1.0 indicates surface-
controlled capacitive behavior. As displayed in Figure 5d, the characteristic redox peaks of
RC-5i/N are associated with b-values of 0.9073, 0.817, 0.8735, and 0.8428, confirming that its
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capacity is predominantly governed by pseudocapacitive processes. In comparison, RC-N
exhibits b-values of 0.7762, 0.6343, 0.7819, and 0.7965 in Figure 5e, reflecting a mixed mech-
anism with both capacitive and diffusion-controlled contributions. By contrast, graphite
shows b-values of 0.4418 and 0.5364 in Figure 5f, consistent with its characteristic diffusion-
dominated lithium intercalation mechanism. These results quantitatively demonstrate that
the Si/N co-doping in RC-Si/N effectively enhances surface-driven charge storage, leading
to superior rate performance. The capacitive contributions of RC-S5i/N and RC-N were

further quantified using Equation (5) [63,64].
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As illustrated in Figure 5gh, the pseudocapacitive contribution percentage at
0.2 mV s~! reaches 93% for RC-Si/N, significantly higher than the 39% observed for RC-N.
This dominant surface-controlled charge storage mechanism explains the excellent rate
capability and cycling stability of RC-5i/N under high-current conditions, which aligns
with the performance trends in Figure 4. A comparison of the CV curve areas at 0.2 mV s~}
provides additional evidence for the enhanced capacity of RC-Si/N in Figure 5i. When
normalized with the area of RC-Si/N set as 1, the integrated area for RC-N is only 0.66,
indicating a substantially higher lithium storage capacity for the Si/N co-doped material.
GITT measurements were performed to evaluate lithium-ion diffusion kinetics during dis-
charge/charge processes at 100 mA g~!, using 10 min current pulses separated by 30 min
rest periods, as shown in Figure 5j. The corresponding lithium-ion diffusion coefficients,
derived from the GITT data and presented as a function of voltage in Figure 5k, confirm
that RC-Si/N exhibits the highest Li* migration rate among the three materials. This result
is fully consistent with the electrochemical performance data and further validates the
kinetic advantages of the RC-5Si/N electrode.

Table S2 summarizes the Li storage properties of biomass-derived carbon-based anode
materials by different synthesis routes in recent years [24,47-54]. As can be seen from
the table, in terms of process complexity, cost, environmental impact, and final lithium
storage performance, the routes presented in this paper all demonstrate excellent levels,
indicating their potential for promising applications. The good lithium storage performance
of the natural Si/N dual-element co-doped biomass-derived carbon micron-tubes can
be ascribed to the following factors. Firstly, the incorporation of N elements into the
carbon lattice introduces additional electron donors, which improves the overall electrical
conductivity, facilitating faster electron transport during charge/discharge cycles. Secondly,
both silicon and nitrogen doping create numerous defects and active sites within the
carbon structure, providing more sites for lithium-ion adsorption and insertion, thereby
significantly enhancing the specific capacity. Thirdly, co-doping of Si and N can induce a
unique electronic structure and surface chemistry, potentially enhancing the binding energy
with lithium ions and promoting more efficient and reversible lithium storage compared to
single-element doping. Fourthly, the one-dimensional hollow tubular architecture offers
a short diffusion pathway for lithium ions and electrons, while also providing a high
electrochemically active area that maximizes the electrode/electrolyte contact, leading to
improved rate capability. Finally, the robust carbon matrix derived from biomass, combined
with the micron-tube structure, effectively accommodates the mechanical stress and volume
changes associated with lithium insertion/extraction, ensuring superior cycling stability
and long-term durability.

3.3. DFT Calculations

To gain deeper insight into the influence of silicon and nitrogen doping on lithium
storage behavior, density functional theory (DFT) calculations were conducted on the three
electrode materials. Figure 6a displays the optimized atomic model. The modeling is
based on the identification of C-N and Si—C chemical bonds from XPS results, as well as
the confirmation of disordered carbon and defects from Raman spectroscopy and TEM
images. Accordingly, on the basis of carbon material modeling, the above conditions were
introduced, followed by model optimization, ultimately yielding the RC-5i/N model after
Li atom adsorption (Figure 6a). The differential charge density diagrams in Figure 6g—i
reveal charge redistribution upon lithium adsorption, with yellow and cyan regions repre-
senting localized charge enrichment and depletion. The pronounced charge transfer toward
the lithium atom demonstrates a strong adsorption interaction, which is most evident in
RC-Si/N, followed by RC-N and graphite. This trend is quantitatively corroborated by
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the calculated lithium adsorption energies in Figure 6b: —7.3 eV for RC-Si/N, —2.8 eV for
RC-N, and —2.2 eV for graphite, confirming the superior lithiophilicity of the co-doped
material [65,66]. The PDOS plots in Figure 6d—f further elucidate the electronic structure
modifications. The Si/N co-doped system exhibits a markedly higher density of states
near the Fermi level compared with RC-N and graphite, indicating enhanced electronic
conductivity and more favorable lithium-ion adsorption and transport kinetics. Further-
more, as depicted in the lithium-ion migration energy profile (Figure 6¢), RC-Si/N shows
consistently lower diffusion energy barriers across all intermediate states, suggesting facili-
tated Li* transport within its structure. Collectively, these computational results provide
a theoretical foundation for the exceptional electrochemical performance of the RC-5i/N
anode [67-69].

(b) < _ ©@
i —+— RC-5iN
3 —a—RC-N
g i Graphite
5_3 j .E 12 AL
e E
c ®o0sd
w_, cg :
5 >
— —2.80 P
a 220 2 044
6 =
B 0.0/
<y
Graphite RC-N RC-SiM 0 1 2 3 4 5 6
Sample Reaction Coordinate

@

204

—— Graphite

DOS (eV")

10

Energy (eV) Energy (eV) Energy (eV)

(9) a (h) g (i) g

RC-Si/N

Figure 6. DFT theoretical calculation: (a) DFT calculation model of RC-Si/N; (b) The calculation
towards the adsorption energy of Li on the surface of RC-Si/N, RC-N and Graphite; (c) The variations
in migration energy during the diffusion process of RC-Si/N, RC-N and Graphite; (d—f) Project DOS
of RC-Si/N, RC-N and Graphite; Differential charge of (g) RC-Si/N, (h) RC-N and (i) Graphite.

3.4. Post-Cycling Characterization

Post-cycling characterization was undertaken to examine the structural and chemical
robustness of the RC-Si/N material after cycling at 1 A g~! for different cycles. Figure 7
shows SEM images of the RC-5i/N electrodes after cycling for 100 (Figure 7a,b), 500
(Figure 7c), and 1000 (Figure 7d) cycles. It can be seen that the carbon-based micron-tubes
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are mixed with the conductive agent and binder on the electrode plate. After multiple
cycles, the morphology of the micron-tubes presents good stability (without any obvious
fractures or collapses) compared with the pristine material, demonstrating the excellent
mechanical toughness of the material during the repeated Li* insertion/extraction process.

Conductive Agent + Binder

10 MWQ '

Figure 7. SEM images of RC-Si/N after cycling for (a,b) 100 cycles, (c) 500 cycles, and (d) 1000 cycles
at1AgL

XPS analysis of the cycled electrode in Figure 8 reveals an evolution in surface chem-
istry. Compared with the pristine material, the electrode subjected to 100 cycles shows
certain changes in the relative intensities of the XPS peaks. The C 1s spectrum (Figure 8a)
demonstrates a noticeable redistribution in the relative intensities of the C=C, C-O, and C=0
components, suggesting structural rearrangement resulting from Li* insertion and removal.
The chemical states of nitrogen (Figure 8b) and silicon (Figure 8d) remain largely un-
changed, indicating the robust stability of the Si/N-C coordination environment. However,
the O 1s spectrum (Figure 8c) exhibits a significant decrease in the -COOH contribution, ac-
companied by a relative increase in the C=0 and C-O/O-C=0 species. This transformation
originates from the electrochemical oxidation of carboxyl groups at higher operating po-
tentials, leading to their conversion into more stable oxygen-containing functional groups
through side reactions with the electrolyte. In addition, it can be observed that as the
number of cycles increases to 500 and then to 1000, the intensity of the peaks slightly
decreases. Specifically, the binding energy of Si 2p (Figure 8d) shows a tendency to shift
toward higher binding energy, indicating that the structure of the material is at risk of
degradation during long-term cycles. However, under the current conditions, the relevant
structures can still maintain a relatively stable state. These findings collectively underscore
the interfacial stability and structural retention of RC-5i/N, consistent with its outstanding
electrochemical durability [70].
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Figure 8. XPS spectra of RC-Si/N after cycling for 100 cycles, 500 cycles and 1000 cycles at 1 A g~ !
(a)C1s, (b) N 1s, (c) O 1s and (d) Si 2p.

4. Conclusions

Si/N co-doped carbon micron-tubes were successfully synthesized from biomass reed
catkins precursors via a combined chemical activation and two-step calcination method.
The resulting architecture possesses a high specific surface area and well-developed poros-
ity, offering substantial active sites for Li-ion storage. At the same time, the hollow tubular
structure facilitates efficient ion transport. The synergistic presence of trace Si and N sig-
nificantly enhances the reversible capacity, contributing to relatively good electrochemical
performance. Serving as a LIB anode, RC-5Si/N delivers a good recoverable capacity of
761.3 mAh g~ after 200 cycles at 100 mA g~!, and maintains remarkable cyclability with
discharge capacities of 517.7 mAh g~ ! after 1000 cycles at 1 A g~! and 373.8 mAh g ! at
2 A g1, surpassing most recently reported biomass-derived carbons. DFT calculations
corroborate that RC-5i/N possesses the strongest Li adsorption energy (—7.3 eV) and the
lowest Li* migration barrier among the studied systems, providing a theoretical basis for
its exceptional reversible capacity and fast reaction kinetics. These findings collectively
affirm that RC-5i/N is a highly attractive and low-cost anode candidate for advanced LIBs.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ma19142951/s1: Figure S1: SEM image (a) and (b—f) EDS mapping
of RC-N. Figure S2: Long-term cycling performance of (a) RC-N and (b) Graphite anode at 5 A g~
Figure S3: Electrochemical stability tests of the batteries. Figure S4: The relationship between Z;e
and w~1/2 in the low-frequency region of RC-Si/N, RC-N and Graphite. Table S1: Silicon contents
in RC-5i/N and RC-N. Table S2: Li storage properties of biomass carbon materials synthesized by
different routes. Table S3: Electrochemical stability of three batches of batteries. Table S4: Simulated
data of the EIS results.

https://doi.org/10.3390/ma19142951


https://www.mdpi.com/article/10.3390/ma19142951/s1
https://www.mdpi.com/article/10.3390/ma19142951/s1
https://doi.org/10.3390/ma19142951

Materials 2026, 19, 2951 15 of 18

Author Contributions: Conceptualization, Z.W.; formal analysis, Z.X. and K.C.; investigation, Z.X.;
data curation, K.C.; writing—original draft, Z.X.; writing—review and editing, Z.W.; visualization,
Z.X. and K.C,; supervision, Z.W.; project administration, Z.W.; funding acquisition, Z.W. All authors
have read and agreed to the published version of the manuscript.

Funding: The authors would like to acknowledge financial support from the Tianjin Municipal
Science and Technology Program, China (24YDTPJC00140), the Natural Science Foundation of Hebei
Province, China (E2023202253), and the Innovation & Entrepreneurship Training Program of Hebei
University of Technology (X202610080007).

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Acknowledgments: During the preparation of this manuscript, the authors used DeepSeek (version
V3.2) for English polishing only for some paragraphs. The authors declare that Al tools were not
used for any content generation. The authors have reviewed and edited the output and take full
responsibility for the content of this publication.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

Liu, L.; Wu, C,; Chen, J; Jiang, Y,; Li, J.; Zhang, H.; Li, C.M. Tuning rational micropore/mesopores network structure of
biomass-derived carbon/sulfur cathode for high-performance Na-S batteries. Energy Environ. Mater. 2025, 8, e70081. [CrossRef]
Wang, S.K.; Wu, S.; Song, Y.C.; Gomaa, H.; An, C.H.; Deng, Q.B.; Hu, N. Regulating electrochemical performances of lithium
batteryby external physical field. Rare Met. 2024, 43, 2391-2417. [CrossRef]

Wu, Y.,; Wang, Z. Si-based lithium-ion battery anodes: Material design and challenges. Materials 2026, 19, 2580. [CrossRef]
[PubMed]

Liu, C.C; Jia, S.F; Yang, T.Z,; Liu, ].B.; Zhou, X.R.; Wang, Z.F; Dong, H.C.; Shi, Z.].; Zhang, Y.G.; Chen, Z.W. Scalable and ultrathin
dual entangled network polymer electrolytes for safe solid-state sodium batteries. Angew. Chem. Int. Ed. 2025, 64, €202505938.
[CrossRef] [PubMed]

Luo, C,; Wang, Z.G.; Wang, Y.; Meng, S.; Yu, H.; Zhao, W.; Qin, C.; Wang, Z.F. Preparation of porous «-Ga;O3; nanowires by
dealloying of Ga-based liquid metals to enhance cycling stability for lithium storage. Trans. Nonferrous Met. Soc. China 2025, 35,
3074-3092. [CrossRef]

Wang, Z.; Wang, H.; Liu, X,; Chen, Y.; Zhao, Y.; Zhang, Y.; Han, Q.; Qin, C.; Bakenov, Z.; Wang, Y.; et al. Single Zn atoms anchored
on hollow carbon nanofiber network for dendrite-free lithium metal anode of flexible Li-S full cell. Rare Met. 2023, 42, 3705-3717.
[CrossRef]

Fan, J.C,; Lou, C.E; Cui, PH,; Xia, Q.X.; Wang, L.B.; Chang, YK.; Zhou, A.G. A wearable self-charging power system integrating
micro-supercapacitors and triboelectric nanogenerators with MXene-coated fabric as conductive layer. Adv. Powder Mater. 2025, 4,
100341. [CrossRef]

Wang, Z.; Zhang, X.; Yan, Y.; Zhang, Y.; Wang, Y.; Qin, C.; Bakenov, Z. Nanoporous GeO; /Cu/Cu,O network synthesized by
dealloying method for stable Li-ion storage. Electrochim. Acta 2019, 300, 363-372. [CrossRef]

Yang, W.; Yang, ZW.; Wang, C.H.; Bian, H.D.; Pan, Y.D.; Li, G.; Wang, K.Y.; Wang, ].X. Core-shell Bi@ mesoporous carbon
nanospheres as high rate and long life anodes for sodium ion batteries. Trans. Nonferrous Met. Soc. China 2025, 35, 1996-2007.
[CrossRef]

Sun, X,; Qin, C.; Zhao, B, Jia, S.; Wang, Z.; Yang, T.; Liu, X,; Pan, L.; Luo, D.; Zhang, Y. A cation and anion dual-doping strategy
in novel Li-rich Mn-based cathode materials for high-performance Li metal batteries. Energy Storage Mater. 2024, 70, 103559.
[CrossRef]

Wang, Z.F; Yan, Y.J.; Zhang, Y.G.; Chen, Y.X,; Peng, X.Y.; Wang, X.; Zhao, W.M; Qin, C.L; Liu, Q.; Liu, X.J.; et al. Single-atomic
Co-B;Nj sites anchored on carbon nanotube arrays promote lithium polysulfide conversion in lithium-sulfur batteries. Carbon
Energy 2023, 5, €306. [CrossRef]

Meng, Z.; Xu, Z.; Li, H.; Xiong, H.; Liu, X.; Qin, C.; Wang, Z. Silicon/biomass carbon composite as a low-cost anode for lithium-ion
batteries. Energies 2025, 18, 972. [CrossRef]

Zhang, K.; Cao, W.Z.; Wang, J.; Zhao, Z.N.; Yin, WA ; Lv, Z,; Zhang, ].E; Wang, R.; Wu, E; Tan, G.Q. High-capacity and low-
expansion MnCO3;@cyclized-PAN composite anodes for high-performance lithium-ion batteries. Rare Met. 2025, 44, 3575-3581.
[CrossRef]

https://doi.org/10.3390/ma19142951


https://doi.org/10.1002/eem2.70081
https://doi.org/10.1007/s12598-024-02645-5
https://doi.org/10.3390/ma19122580
https://www.ncbi.nlm.nih.gov/pubmed/42355162
https://doi.org/10.1002/anie.202505938
https://www.ncbi.nlm.nih.gov/pubmed/40252013
https://doi.org/10.1016/S1003-6326(25)66867-1
https://doi.org/10.1007/s12598-023-02360-7
https://doi.org/10.1016/j.apmate.2025.100341
https://doi.org/10.1016/j.electacta.2019.01.127
https://doi.org/10.1016/S1003-6326(25)66796-3
https://doi.org/10.1016/j.ensm.2024.103559
https://doi.org/10.1002/cey2.306
https://doi.org/10.3390/en18040972
https://doi.org/10.1007/s12598-024-03156-z
https://doi.org/10.3390/ma19142951

Materials 2026, 19, 2951 16 of 18

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Ali, A.; Liang, F; Zhu, J.; Shen, PK. The role of graphene in rechargeable lithium batteries: Synthesis, functionalisation, and
perspectives. Nano Mater. Sci. 2025, 7, 818-836. [CrossRef]

Ji, X.Y.; Chen, BJ,; Jiang, H.Y,; Qin, L.L.; Cao, Y.B.; Yang, X.Y.; Zhang, Y.P,; Xie, X.B.; Du, W.; Meng, Z.H.; et al. Hollow
selenium /ferromanganese selenide nanospheres decorated with 3D porous graphene aerogel for enhanced lithium storage
performance. Rare Met. 2025, 44, 9951-9962. [CrossRef]

Zhang, F; Li, N.; Yang, Y.; Bi, X.G.; Song, Y.; Wang, X.Y.; Liu, J.H.; Li, H.X. Facile synthesis of carbon particles composed of
N-doped carbon nanotube and their application in lithium-ion batteries. J. Phys. Chem. Solids 2025, 197, 112413. [CrossRef]
Vennam, G.; Singh, A.; Dunlop, A.R.; Islam, S.; Weddle, P.J.; Mak, B.Y.W.; Tancin, R.; Evans, M.C,; Trask, S.E.; Dufek, E.J.; et al.
Fast-charging lithium-ion batteries: Synergy of carbon nanotubes and laser ablation. . Power Sources 2025, 636, 236566. [CrossRef]
Fu, X.B,; Liu, Y.; Wang, X.D.; Kang, L.; Qiu, T.J. Graphene-based advanced materials for energy storage and conversion systems:
Progress, challenges, and commercial future. Appl. Energy 2025, 386, 125566. [CrossRef]

Fatima, A.; Ullah, S.; Ali-zada, A.; Rehman, A.U.; Shaaban, I.A.; Rahman, M.M.; Razzaq, I.; Arshad, M.; Shah, S.5.A.; Nazir, M.A.
Advances in graphene-based composite materials for lithium-ion battery electrodes: A critical review. J. Phys. Chem. Solids 2026,
212, 113530. [CrossRef]

Wang, WK.; Qu, Z.T,; Dai, Y.; Lyu, S.S. Rigid-flexible coupling multistage carbon composite materials based on hybrid crosslinking
as anodes for ultra long-cycling lithium-ion batteries. Carbon 2024, 229, 119548. [CrossRef]

Miao, X.; Shi, Y.X.; Wang, L.Y.; Cao, Z.Z.; Zhang, Y.F.; Luo, S.H. Enhancing electrochemical performance of lithium-ion battery
anodes using hollow nanospheres with rich oxygen vacancies. J. Power Sources 2025, 657, 238092. [CrossRef]

Zimik, M.; Sarmah, S.; Kakati, B.K.; Deka, D.; Thangavel, R. Pyrolytic conversion of Mesua ferrea testa to nitrogen-doped porous
carbon for supercapacitor applications. Mater. Res. Bull. 2024, 180, 113017. [CrossRef]

Ramli, Y.; Chaerusani, V.; Yang, Z.; Yang, R.; Zhang, J.; Abudula, A.; Guan, G. Electrochemical conversion of biomass derivatives
to value-added chemicals: A review. Green Carbon 2025, 3, 113-129. [CrossRef]

Wang, S.Q.; Yang, S.W.; Li, M.Q,; Liu, K.B.; Liang, S.; Wang, X.; Li, N.; Sun, Z.Y.; An, H.R. A hierarchical porous structure and
nitrogen-doping jointly enhance the lithium-ion storage capacity of biomass-derived carbon materials. Int. ]. Hydrogen Energy
2024, 68, 1229-1239. [CrossRef]

Liu, J.; Wang, S.J.; He, J.F; Liang, K; Li, ].B.; Huang, X.B.; Ren, Y.R. Based on N, F, and P co-doping biomass carbon to construct
3D porous carbon coated LiFePOy for preparing lithium-ion batteries. . Ind. Eng. Chem. 2024, 137, 376-386. [CrossRef]

Medina, A.; Rubio, S.; Lavela, P,; Tirado, J.L.; Alcantara, R. From acorn to microporous carbon for sustainable sodium-ion battery
anodes. J. Electroanal. Chem. 2025, 980, 118988. [CrossRef]

Bai, G.L.; Cheng, Y.; Wang, C.H,; Li, PP; Li, Y.Y;; Yu, X.T,; Zhou, X.H.; Wang, ].W.; Zhang, J.L. Agricultural waste loofah-derived
hierarchically porous carbon: Facile synthesis and application as sulfur host in the lithium-sulfur battery. Mater. Sci. Eng. B 2024,
302, 117023. [CrossRef]

Apostolopoulou, M.; Kavousanos, N.; Bairamis, F; Brintakis, K.; Kostopoulou, A.; Stratakis, E.; Spanakis, E.; Ramirez, R.S.;
Kalderis, D.; Vernardou, D. Exploring activation-free biochars through a comprehensive characterization. C-J. Carbon Res. 2026,
12,22. [CrossRef]

Zhong, H.; Huang, Q.H.; Zou, M.Y,; Li, ET,; Liu, Y.Q.; Luo, YH.; Ma, G.Z.; Wy, Y.B.; Lin, X.M.; Hu, L. From food to hard carbon:
Citric acid enhanced biomass-derived anodes for high-performance sodium storage. Chem. Eng. J. 2025, 508, 160879. [CrossRef]
Kavousanos, N.; Tsikritsaki, E.; Kalderis, D.; Vernardou, D. Walnut shell-derived biochar as a sustainable carbon electrode for
aqueous sodium-ion supercapacitors. Next Mater. 2026, 12, 102377. [CrossRef]

Li, ]J.C; Deng, W.E,; Li, H.; Chen, L.; Zhang, Y.P; Li, J.; Song, Y.Z.; Duan, H. Biomass-derived N-P double-doped porous carbon
spheres and their lithium storage mechanism. Int. . Hydrogen Energy 2024, 56, 828-836. [CrossRef]

Qin, H.; Wang, S.; Wang, H.T.; Cui, D.; Liu, H.P,; Zhang, L.D.; Pan, S.; Bai, ].R.; Wang, Q. Low-temperature carbonization strategy
enables slope-dominated sodium storage in biomass-derived hard carbons. J. Energy Storage 2026, 150, 120319. [CrossRef]
Dharmesh, A.; Rani, P.; Sharma, A K. Tamarind peel-derived nitrogen-doped porous carbon: A sustainable sulfur host for
enhanced lithium-sulfur battery performance. J. Power Sources 2025, 634, 236429. [CrossRef]

Yang, HW,; Lin, HH.; Yang, C.L.; Hu, H.; Dong, HW.; Liu, Y.L.; Liu, X.R.; Cui, ].H.; Xiao, Y. Structural regulation of carbon
materials through hydrothermal mixing of biomass and its application in supercapacitors. J. Energy Storage 2024, 83, 110688.
[CrossRef]

Liu, HH.; Liu, Y.X,; Zhang, X.K,; Sun, X.L.; Yang, L.; Shen, Z.R. Preparation of hard carbon from cellulose under the assistance of
water-in-salt ZnCl, on dissolution and carbonization. Ind. Crops Prod. 2024, 220, 119231. [CrossRef]

Han, X.Y,; Meng, X.D.; Chen, S.; Zhou, J.; Wang, M.Y.; Sun, L. H,; Jia, Y.C.; Peng, X.M.; Mai, HR.; Zhu, G.X,; et al. P-doping
a porous carbon host promotes the lithium storage performance of red phosphorus. ACS Appl. Mater. Interfaces 2023, 15,
11713-11722. [CrossRef] [PubMed]

Sang, J.].; Sun, C.X.; Zheng, H.Y.; Wang, Q. Algae-derived gel carbon framework encapsulating Si@NiO/Ni quantum dots to
construct high-speed electron transport channels for lithium-ion battery anodes. J. Energy Storage 2025, 120, 116338. [CrossRef]

https://doi.org/10.3390/ma19142951


https://doi.org/10.1016/j.nanoms.2022.07.004
https://doi.org/10.1007/s12598-025-03621-3
https://doi.org/10.1016/j.jpcs.2024.112413
https://doi.org/10.1016/j.jpowsour.2025.236566
https://doi.org/10.1016/j.apenergy.2025.125566
https://doi.org/10.1016/j.jpcs.2026.113530
https://doi.org/10.1016/j.carbon.2024.119548
https://doi.org/10.1016/j.jpowsour.2025.238092
https://doi.org/10.1016/j.materresbull.2024.113017
https://doi.org/10.1016/j.greenca.2024.10.004
https://doi.org/10.1016/j.ijhydene.2024.04.363
https://doi.org/10.1016/j.jiec.2024.03.023
https://doi.org/10.1016/j.jelechem.2025.118988
https://doi.org/10.1016/j.mseb.2023.117023
https://doi.org/10.3390/c12010022
https://doi.org/10.1016/j.cej.2025.160879
https://doi.org/10.1016/j.nxmate.2026.102377
https://doi.org/10.1016/j.ijhydene.2023.12.248
https://doi.org/10.1016/j.est.2025.120319
https://doi.org/10.1016/j.jpowsour.2025.236429
https://doi.org/10.1016/j.est.2024.110688
https://doi.org/10.1016/j.indcrop.2024.119231
https://doi.org/10.1021/acsami.2c21043
https://www.ncbi.nlm.nih.gov/pubmed/36802456
https://doi.org/10.1016/j.est.2025.116338
https://doi.org/10.3390/ma19142951

Materials 2026, 19, 2951 17 of 18

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Hou, H.S.; Qiu, X.Q.; Wei, W.E; Zhang, Y.; Ji, X.B. Carbon anode materials for advanced sodium-ion batteries. Adv. Energy Mater.
2017, 7, 1602898. [CrossRef]

Wang, X.; Yao, X.; Sun, J.W.; Zhuo, J.L.; Tao, X.S.; Li, X.H.; Sha, J.Q. All biomass-derived autogenous nitrogen-doped porous
carbon with pseudo-graphitic structure for advanced lithium-ion battery anodes. J. Power Sources 2025, 629, 235980. [CrossRef]
Sun, C.X,; Pan, J.H.; Fu, X.M.; Ma, D.C.; Cui, L.Y.; Yao, W.K,; Jiao, C.X,; Xu, Y.P; Hao, H.X.; Li, M.; et al. Natural biochar based on
protein in broken egg whites for Si@SnO,@C high-efficiency lithium-ion battery. Mater. Today Sustain. 2024, 27, 100898. [CrossRef]
Cheng, Z.H.; Luo, Z.L.; Zhang, H.; Zhang, W.X.; Gao, W.; Zhang, Y.; Qie, L.; Yao, Y.G.; Huang, Y.H.; Fu, K.K. Targeted regeneration
and upcycling of spent graphite by defect-driven tin nucleation. Carbon Energy 2024, 6, €395. [CrossRef]

Li, S; Bi, Y,; Liu, J; Fu, G;; Chai, H.; Sun, C.; Feng, W. High-sensitivity piezoresistive biomass-derived carbon aero-
gel/polydimethylsiloxane composite with extreme temperature adaptability. Energy Environ. Mater. 2025, 9, €70079. [CrossRef]
Malik, R.; Tomer, VK,; Byrne, D.; Sain, M. Multifunctional carbon fiber-nanotube frameworks for safe, recyclable, high-
performance lithium-ion batteries. Battery Energy 2025, 5, €70049. [CrossRef]

Hong, S.; Kim, S.; Kim, M.; Bae, S.; Yang, H.; Lee, S.; Yun, Y.; Kim, H.; Kim, D.; Kang, J. Electrospun carbon nanofibers with
numerous miniature carbon nanofibers for free-standing, binder/conductive additive-free lithium-ion battery anodes. Energy
Environ. Mater. 2025, 8, €12874. [CrossRef]

Dang, Y.Y,; Liu, YM,; Xiang, P,; Tan, ZW.; Tian, Z.Q.; Greiner, M.; Heumann, S.; Ding, Y.X.; Qiao, Z.A. Carbon surface chemistry:
Benchmark for the analysis of oxygen functionalities on carbon materials. Adv. Mater. 2025, 37, 2418239. [CrossRef] [PubMed]
Abbas, S.C.; Lin, CM.; Hua, Z.F; Deng, Q.D.; Huang, H.; Ni, Y.H.; Cao, S.L.; Ma, X.]. Bamboo-derived carbon material inherently
doped with SiC and nitrogen for flexible supercapacitors. Chem. Eng. J. 2022, 433, 133738. [CrossRef]

Gao, Y,; Piao, S.; Jiang, C.; Zou, Z. Navel orange peel-derived hard carbons as high performance anode materials of Na and Li-ion
batteries. Diam. Relat. Mater. 2022, 129, 109329. [CrossRef]

Saikia, D.; Deka, J.R.; Lu, B.J.; Chen, Y.C,; Lian, ].W.; Kao, HM.; Yang, Y.C. Pinecone-derived biomass carbons as anodes for
lithium and sodium-ion batteries by template-assisted and chemically activated approaches. |. Power Sources 2023, 580, 233329.
[CrossRef]

Guo, Z.Y,; Cheng, T.; Zheng, W.C.; Zeng, Q.Z.; Chen, N.R.; Zhao, W.G.; Rao, J.P. Sustainable anode materials from cenchrus
fungigraminus biomass for advanced lithium-ion batteries. J. Electroanal. Chem. 2025, 985, 119090. [CrossRef]

Liu, G.L.; Zhao, Y.X; Li, ].R.; Zhang, T.; Yang, M.K.; Guo, D.L.; Wu, N.T.; Wu, K.Y,; Liu, X.M. Hierarchical N/O co-doped hard
carbon derived from waste saccharomyces cerevisiae for lithium storage. J. Electroanal. Chem. 2022, 911, 116226. [CrossRef]

Lin, H.H.; Yang, ] W,; Feng, P.Y,; Liu, G.C,; Cui, ]. H.; Liu, X.R,; Xiao, Y. Structure regulation and application of bagasse-based
porous carbon material based on H,O,-assisted hydrothermal treatment. Energy Fuel 2023, 37, 11342-11345. [CrossRef]

Jiang, Q.; Ni, Y.; Zhang, Q.; Gao, J.; Wang, Z.; Yin, H,; Jing, Y.; Wang, ]. Sustainable nitrogen self-doped carbon nanofibers from
biomass chitin as anodes for high-performance lithium-ion batteries. Energy Fuel 2022, 36, 4026—4033. [CrossRef]

Sui, D.; Yao, M.; Si, L.Q.; Yan, K.; Shi, ].G.; Wang, ].S.; Xu, C.C.B.; Zhang, Y.S. Biomass-derived carbon coated SiO, nanotubes as
superior anode for lithium-ion batteries. Carbon 2023, 205, 510-518. [CrossRef]

Yu, K.E; Chang, M.S,; Yue, L.F,; Wang, X.E,; Chen, J.F,; Liang, C. Submicron cubic ZnMn,O, loaded on biomass porous carbon
used as high-performance bifunctional electrode for lithium-ion and sodium-ion batteries. J. Alloys Compd. 2024, 971, 172769.
[CrossRef]

Liao, LX.; Ma, T,; Xiao, Y.; Wang, M.; Gao, Y.Z.; Fang, T. Enhanced reversibility and cyclic stability of biomass-derived
silicon/carbon anode material for lithium-ion battery. J. Alloys Compd. 2021, 873, 159700. [CrossRef]

Ren, N.Q.; Wang, L.F; He, X.D.; Zhang, L.M.; Dong, ] M.; Chen, E; Xiao, ].C.; Pan, B.C.; Chen, C.H. High ICE hard carbon anodes
for lithium-ion batteries enabled by a high work function. ACS Appl. Mater. Interfaces 2021, 13, 46813-46820. [CrossRef] [PubMed]
Dong, Y.T.; Chen, Y.M.; Yue, X.Y.; Liang, Z. Unveiling the adsorption tendency of film-forming additives to enable fast-charging
hard carbon anodes with regulated Li plating. Energy Environ. Sci. 2024, 17, 2500. [CrossRef]

Wang, H.; Kang, H.T.; Wang, Z.; Zhao, ].R. Waste leaves into biomass carbon materials with tunable oxygen-containing functional
groups for microwave absorption. Carbon 2025, 234, 119930. [CrossRef]

Yang, M.M.; Kong, Q.Q.; Feng, W.; Yao, W.T.; Wang, Q.Y. Hierarchical porous nitrogen, oxygen, and phosphorus ternary doped
hollow biomass carbon spheres for high-speed and long-life potassium storage. Carbon Energy 2022, 4, 45-59. [CrossRef]

Wang, H.; Liu, S.T.; Lei, C.; Qiu, H.R,; Jiang, W.Q.; Sun, X.J.; Zhang, Y.Q.; He, W.X. P-doped hard carbon material for anode of
sodium ion battery was prepared by using polyphosphoric acid modified petroleum asphalt as precursor. Electrochim. Acta 2024,
477,143812. [CrossRef]

Wu, Y.Z; Luo, J.; Peng, J.; Liu, H.; Chang, B.B.; Wang, X.Y. Rational architecture design of yolk/double-shells Si-based anode
material with double buffering carbon layers for high performance lithium-ion battery. Green Energy Environ. 2021, 6, 517-527.
[CrossRef]

Sun, X.C.; Gao, X.; Li, Z.; Zhang, X.; Zhai, X.L.; Zhang, Q.X,; Li, L.; Gao, N.; He, G.J.; Li, H.D. Nanowires framework supported
porous lotus-carbon anode boosts lithium-ion and sodium-ion batteries. Small Methods 2024, 8, 2300746. [CrossRef] [PubMed]

https://doi.org/10.3390/ma19142951


https://doi.org/10.1002/aenm.201602898
https://doi.org/10.1016/j.jpowsour.2024.235980
https://doi.org/10.1016/j.mtsust.2024.100898
https://doi.org/10.1002/cey2.395
https://doi.org/10.1002/eem2.70079
https://doi.org/10.1002/bte2.20250061
https://doi.org/10.1002/eem2.12874
https://doi.org/10.1002/adma.202418239
https://www.ncbi.nlm.nih.gov/pubmed/39916535
https://doi.org/10.1016/j.cej.2021.133738
https://doi.org/10.1016/j.diamond.2022.109329
https://doi.org/10.1016/j.jpowsour.2023.233329
https://doi.org/10.1016/j.jelechem.2025.119090
https://doi.org/10.1016/j.jelechem.2022.116226
https://doi.org/10.1021/acs.energyfuels.3c01458
https://doi.org/10.1021/acs.energyfuels.2c00157
https://doi.org/10.1016/j.carbon.2023.01.039
https://doi.org/10.1016/j.jallcom.2023.172769
https://doi.org/10.1016/j.jallcom.2021.159700
https://doi.org/10.1021/acsami.1c14935
https://www.ncbi.nlm.nih.gov/pubmed/34546030
https://doi.org/10.1039/D4EE00119B
https://doi.org/10.1016/j.carbon.2024.119930
https://doi.org/10.1002/cey2.157
https://doi.org/10.1016/j.electacta.2024.143812
https://doi.org/10.1016/j.gee.2020.06.009
https://doi.org/10.1002/smtd.202300746
https://www.ncbi.nlm.nih.gov/pubmed/37732361
https://doi.org/10.3390/ma19142951

Materials 2026, 19, 2951 18 of 18

63.

64.

65.

66.

67.

68.

69.

70.

Zheng, EH.; Zhong, W.T.; Deng, Q.; Pan, Q.C.; Ou, X,; Liu, Y.Z; Xiong, X.H.; Yang, C.H.; Chen, Y.; Lite, M.L. Three-dimensional
3D flower-like MoSe; /N-doped carbon composite as a long-life and high-rate anode material for sodium-ion batteries. Chem.
Eng. J. 2019, 357, 226-236. [CrossRef]

Yang, X.; Zhang, R.Y.; Zhao, J.; Wei, Z.X.; Wang, D.X,; Bie, X.E; Gao, Y.; Wang, J.; Du, F.; Chen, G. Amorphous tin-based composite
oxide: A high-rate and ultra-long-life sodium-ion-storage material. Adv. Energy Mater. 2018, 8, 1701827. [CrossRef]

Dong, L.; Wang, Z.G.; Li, Y.; Jin, C.; Dong, E; Zhao, W.; Qin, C.; Wang, Z.F. Spinel-structured, multi-component transition metal
oxide Ni, Co, MnFe;O4-x as long-life lithium-ion battery anode material. Batteries 2023, 9, 54. [CrossRef]

Dong, L.; Wang, Z.G.; Mi, C.; Zhao, W.; Qin, C.; Luo, C.; Wang, Z.F. Defect-rich hierarchical porous spinel MFe,O,4 (M=Nij, Co, Fe,
Mn) as high-performance anode for lithium ion batteries. Mater. Today Chem. 2024, 35, 101853. [CrossRef]

Li, W; Xu, Y.,; Wang, G.H.; Xu, T.; Wang, K.; Zhai, S.R.; Si, C.L. Sustainable carbon-based catalyst materials derived from
lignocellulosic biomass for energy storage and conversion: Atomic modulation and properties improvement. Carbon Energy 2025,
7,€708. [CrossRef]

Ma, X.L.; Sun, D.; Zhang, M.L.; Wang, M.; Ma, Z.; Sun, Y.K,; Li, Z.C.; Zheng, FZ.; Zhao, K.; Yang, Y.; et al. Nano-silicon encased
in a S, N co-doped carbon shells anode delivers high lithium-ion storage performance. ACS Sustain. Chem. Eng. 2024, 12,
12542-12552. [CrossRef]

Sharan, A.; Gui, Z.; Janotti, A. Hybrid-functional calculations of the copper impurity in silicon. Phys. Rev. Appl. 2017, 8, 024023.
[CrossRef]

Jiang, M.M.; Wang, Y.Y.; Xiong, C.M.; Ma, Y.Y,; Jiang, W.; Zhou, T.F,; Yang, ].P. Constructing asymmetric SiOx/C Janus structures
with diverse carbon density frameworks enables electrochemical stability. Small Methods 2025, 9, 2500096. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ma19142951


https://doi.org/10.1016/j.cej.2018.09.105
https://doi.org/10.1002/aenm.201701827
https://doi.org/10.3390/batteries9010054
https://doi.org/10.1016/j.mtchem.2023.101853
https://doi.org/10.1002/cey2.708
https://doi.org/10.1021/acssuschemeng.4c04020
https://doi.org/10.1103/PhysRevApplied.8.024023
https://doi.org/10.1002/smtd.202500096
https://www.ncbi.nlm.nih.gov/pubmed/40195810
https://doi.org/10.3390/ma19142951

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Material Characterizations 
	Electrochemical Measurements 
	DFT Calculations 
	Post-Cycling Characterization 

	Conclusions 
	References

