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Biomass-derived hard carbons (HCs) have emerged as highly promising anode materials for sodium-ion
batteries (SIBs), owing to their high reversible capacities as well as low cost. However, the complex in-
ternal structure of biomass precursors presents significant challenges for precise control of microstruc-
ture as well as energy storage performance of the final HC products. To address this issue, in this study,
three anthraquinone (AQ)-based organic small molecules, namely AQ, 2,6-dihydroxyanthraquinone (DQ)
and 2,6-diaminoanthraquinone (DAAQ), are selected as crosslinking agents of bamboo biomass, to re-
veal the unique role of functional groups in these molecules for the precise regulation of microstruc-
ture of the bamboo-derived HCs. The results demonstrate that, under the same aromatic carbon skeleton,
hydroxyl and amino groups have significant influence on the pore structure, graphitization degree, and
electrochemical performance of HCs. Among them, DAAQ with amino functional groups exhibits the best
crosslinking efficiency, resulting in a more ordered carbon structure along with successful N-heteroatom
doping. Consequently, the HC prepared from DAAQ-crosslinked bamboo achieves a remarkable reversible
capacity of 351 mAh/g and a high initial Coulombic efficiency of 86.4% at 20 mA/g. This work demon-
strates the significant potential of functionalized AQ-based molecules as efficient crosslinkers in regulat-

ing the microstructure of biomass-derived HCs.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Sodium-ion batteries (SIBs) have emerged as a highly promis-
ing electrochemical energy storage technology in large-scale en-
ergy storage applications, owing to their low cost, high safety, and
abundant sodium resources [1,2]. Among the anode materials for
SIBs, biomass-derived hard carbon materials (HCs) are regarded as
one of the most commercially promising candidates due to their
high reversible capacity, low sodium storage potential, and low raw
material costs [3,4]. However, the practical application of these ma-
terials still faces significant challenges, mainly attributed to the
variability of precursor materials and the complexity of their in-
ternal structures [5]. Such factors complicate the precise control
of microstructural properties during synthesis, leading to issues
such as reduced initial Coulombic efficiency (ICE) and reversible
capacity [6]. Therefore, effectively regulating biomass precursors to
achieve precise design and optimization of the microstructure in
HCs has become a critical research focus. Solving this challenge is
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not only essential for improving the electrochemical performance
of HCs, but also provides critical technical support for promoting
the commercialization of SIBs [7].

The complex biological organization and variable structure of
biomass raw materials often result in carbonized products that fail
to meet the requirements of high-performance electrode materials
[8]. Biomass is primarily composed of cellulose, hemicellulose, and
lignin, which are intricately interwoven and entangled, making it
difficult to precisely control the microstructure of hard carbon dur-
ing pyrolysis [9]. In recent years, researchers have proposed var-
ious modification strategies, including chemical activation, physi-
cal activation, heteroatom doping, and crosslinking, to optimize the
structure of biomass precursors [10,11]. Among these approaches,
the crosslinking strategy has received considerable attention be-
cause it can effectively regulate intermolecular interactions during
the carbonization process. This strategy relies on organic molecules
containing specific functional groups to chemically react with the
functional groups present in biomass, while simultaneously intro-
ducing heteroatoms. During carbonization, a stable crosslinked net-
work is formed, thereby optimizing the material’s pore structure,
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interlayer spacing, and surface chemical properties [14]. For exam-
ple, Zhang et al. employed the dual carboxyl groups of L-aspartic
acid to form stable ester bonds through esterification crosslinking
reactions with hydroxyl and carboxyl groups within biomass com-
ponents, thereby constructing a robust crosslinked network struc-
ture during carbonization [15]. This crosslinking strategy not only
effectively prevents the structural collapse of biomass during py-
rolysis, but also significantly optimizes the pore distribution and
interlayer spacing of HCs. Furthermore, organic small molecules
containing aromatic structures can form stable interactions with
aromatic components in biomass (e.g., lignin) through m-m stack-
ing during the crosslinking process, thereby constructing a more
ordered carbon skeleton structure during subsequent carboniza-
tion. For instance, Liu et al. systematically investigated the ef-
fects of different aromatic ring crosslinkers on the microstructure
and electrochemical performance of HCs [16]. Their results demon-
strated that both the number of layers and the degree of aro-
maticity in polycyclic aromatic resins significantly increased with
the number of rings in the precursor molecules. Notably, pyrene,
a four-ring aromatic compound, exhibited the highest number of
aromatic layers and the strongest -7 interactions, effectively reg-
ulated the thickness of graphite layers and the size of graphite
microcrystals during oxidative crosslinking, thereby optimizing the
electrochemical performance of the resulting material. Although
researchers have achieved significant advancements in modifying
biomass precursors to control the microstructure, pore distribution,
and graphite microcrystals of HCs, precisely regulating these mate-
rials remain a major challenge due to the inherent complexity of
biomass’s microstructure. Additionally, the reversible capacity and
ICE of HCs still need further improvement [14,17].

To address the challenge of precise microstructure regulation
in biomass-derived HCs, this study proposes a crosslinking strat-
egy based on functionalized organic small molecules. By introduc-
ing specific functional groups to modify the biomass precursor,
the reversible capacity and ICE of HCs are significantly enhanced.
Specifically, bamboo-based biomass is first treated with hydrochlo-
ric acid. This treatment not only effectively removes inorganic salts
and impurities, but also disrupts the hydrogen bonds within cellu-
lose molecules, thereby achieving depolymerization of the biomass
components and laying the foundation for subsequent precursor
modification. Anthraquinone (AQ)-based organic small molecules
are chosen as ideal crosslinking candidates due to their unique
aromatic ring structure and tunable functional groups. Among
the anthraquinone-based organic small molecules, three differ-
ent types of organic molecules, namely anthraquinone, hydroxyan-
thraquinone and aminoanthraquinone, were selected as crosslink-
ing agents. Compared with anthraquinone, hydroxyanthraquinone
and aminoanthraquinone respectively contain two pairs of active
functional groups. Among them, the amino group in DAAQ has
a lower electronegativity, and its lone pair of electrons is more
likely to participate in nucleophilic addition reactions; while the
hydroxyl group in DQ has a higher electronegativity of the oxygen
atom, which leads to an enhanced hydrogen bond effect and thus
a relatively weaker crosslinking ability. Through ball milling, these
molecules are uniformly dispersed within bamboo powder, and the
mechanical shear force generated during the process disrupts the
hierarchical structure of biomass components, providing the favor-
able conditions for efficient crosslinking between anthraquinone
molecules and biomass. Meanwhile, the crosslinking interactions
among functional groups can precisely regulate the microstructure
of biomass-derived HCs, markedly enhancing its sodium storage
performance. Additionally, the incorporation of functional groups
enables efficient nitrogen doping, further optimizing the electro-
chemical performance of the HCs. Experimental results demon-
strate that the developed HCs anode exhibits excellent perfor-
mance, with an ICE as high as 86.4% and a reversible specific ca-
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pacity of 351 mAh/g at a current density of 20 mA/g. By combining
the crosslinking strategy with heteroatom doping, this study pro-
vides novel insights for optimizing the microstructure of biomass-
derived HCs.

The preparation process of HCs is shown in Fig. 1a. First, the
raw bamboo is crushed and sieved through a 1000-mesh sieve to
obtain uniformly sized bamboo powder. The powder is then stirred
in a 1mol/L HCI solution at room temperature for 24h to effec-
tively remove inorganic impurities. After the reaction, the powder
is repeatedly washed with deionized water until neutral. Subse-
quently, AQ, DQ and DAAQ are ball-milled to prepare three differ-
ent precursor powders. Finally, the precursor powders are sintered
at 1500 °C to successfully prepare the desired hard carbon material.

To deeply investigate the structural changes of anthraquinone-
type organic molecules during ball milling, systematic character-
ization analyses are conducted. As shown in Figs. 1b-d, Fourier
transform infrared (FTIR) spectra is performed on the ball-milled
samples. The results show that B-AQ, B-DQ, and B-DAAQ sam-
ples exhibit distinct characteristic peaks at 1450, 1334, 1284, and
1167 cm~!, which are attributed to the skeletal stretching vibra-
tions of aromatic rings, confirming that the carbon skeleton of
anthraquinone-type organic small molecules remains intact during
ball milling without any structural damage [18]. Notably, the B-DQ
sample shows a characteristic peak at 3290 cm~!, corresponding
to the hydroxyl disubstituted group, which matches the structural
features of the DQ molecule. Additionally, the B-DAAQ sample ex-
hibits a double peak at 3400 cm~!, consistent with the character-
istic absorption peak of the amino group in the DAAQ molecule.
These findings fully demonstrate that ball milling changes the
physical form of the samples but does not damage the carbon
skeleton structure of anthraquinone-type organic molecules, pro-
viding a reliable structural basis for subsequent material prepara-
tion [19].

The pyrolysis behavior of bamboo-based biomass and
anthraquinone-type organic molecule precursors were further
studied by using thermogravimetric analysis (TGA). The three
samples exhibited markedly distinct pyrolysis characteristics. In
Fig. 1e, pure AQ demonstrated rapid weight loss between 200 °C
and 250°C, followed by complete sublimation above 300 °C, cor-
responding to the sublimation behavior of AQ [20]. In contrast,
the B-AQ sample showed a similar rapid weight loss (66.1%
mass fraction) in the same temperature range, attributed to the
sublimation of AQ from the mixture. Subsequently, a relatively
gradual weight loss occurred between 160°C and 380 °C, stabiliz-
ing after 400°C with a residual mass fraction of 4.7% for B-AQ.
The calculated carbon yield from B-AQ is 7.4%, slightly lower
than the residual mass fraction of pure bamboo (8.8%). Fig. 1f
illustrates the pyrolysis behavior of DQ, showing rapid weight
loss between 270°C and 400 °C, stabilizing thereafter, with a final
residual mass fraction of 4.8%, indicating that DQ undergoes a
self-cross-linking reaction during pyrolysis. B-DQ and bamboo
exhibit comparable pyrolysis behaviors, with final residual mass
fractions of 9.1% and 8.8%, respectively, further confirming the
correlation between their pyrolysis characteristics. In Fig. 1g, DAAQ
shows a higher sublimation temperature, with rapid weight loss
occurring between 300°C and 420°C. In contrast, B-DAAQ show
rapid weight loss between 230°C and 380 °C, with B-DAAQ having
a final residual mass fraction of 27.1% [21]. Moreover, as clearly
demonstrated in Figs. Sla-c, significant differences in thermal
stability were observed among the derivatives at 800°C. While
AQ completely sublimated and condensed throughout the tube
opening due to its low thermal stability, only minimal amounts of
DQ and DAAQ were generated, indicating their superior thermal
resistance and effective crosslinking with the biomass matrix.
This result indicates that DAAQ undergoes cross-linking reactions
with cellulose, hemicellulose, and lignin in bamboo-based biomass
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Fig. 1. (a) Schematic illustration of the synthesis procedure. (b-d) The FT-IR spectra and (e-g) TG curves of the samples. (h, i) FT-IR spectra of B-DQ and B-DAAQ at 300 and

350°C.

during pyrolysis, which not only enhances the structural stability
of the material but also effectively increases the carbon yield [22].

Considering that the weight loss behavior of B-DQ and B-DAAQ
mainly occurs between 300-400°C, FTIR is performed on sam-
ples within this temperature range. As shown in Fig. 1h, compared
to B-DQ-300, the broad peak at 1030 cm~! in B-DQ-350 com-
pletely disappears, which is attributed to the C-O stretching vibra-
tion of primary alcohols in cellulose and hemicellulose. This phe-
nomenon indicates that the more active hydroxyl groups in bam-
boo undergo cross-linking reactions with DQ molecules, forming
new chemical bonds. Similarly, in Fig. 1i, the B-DAAQ-350 sam-
ple also shows significant structural changes. Specifically, the C=0
characteristic peaks at 1637 and 1660 cm~! completely disappear,
while the intensity of the amino peak at 3335 cm~! markedly
decreases. Furthermore, the characteristic peaks corresponding to
the aromatic ring, C-N bonds, and C-O bonds of DAAQ, observed
at 1450, 1154, and 1065 cm~!, respectively, also disappeared ac-
cordingly. These changes indicate that the amino groups in DAAQ
molecules undergo dehydration condensation reactions with func-
tional groups in bamboo-based biomass, and further molecular

cross-linking within the biomass is achieved through the carbon
skeleton of DAAQ. This cross-linking process not only enhances the
structural stability of the material but also provides a favorable
chemical environment for subsequent carbonization [23].

The specific surface area (BET) of the samples is investigated us-
ing nitrogen adsorption-desorption isotherms. The isotherms reveal
that all samples exhibit typical Type I and Type II adsorption be-
haviors, accompanied by H4-type hysteresis loops, indicating that
the prepared carbon materials have significant nanoporous struc-
tural characteristics (Fig. 2a) [24]. Specifically, the BET specific sur-
face areas of HC-B, HC-AQ, HC-DQ, and HC-DAAQ are 4.32, 3.14,
3.22, and 6.29 m?/g, respectively. The relatively low specific sur-
face area indicates that the material has fewer surface openings,
effectively preventing solvent molecules from penetrating into the
interior of HC particles through these openings, thereby reducing
irreversible side reactions. Such structural characteristic not only
contribute to enhancing the reversible capacity of the material but
also markedly improve the initial Coulombic efficiency.

X-ray diffraction (XRD) analysis reveals the structural charac-
teristics of the samples (Fig. 2b). The characteristic diffraction
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Fig. 2. (a) Nitrogen adsorption-desorption isotherm curves, (b) XRD patterns, (c) True
and corresponding variation of the value of Ip;/Ig and Ip3/Ig. (h) XPS spectra and (i-k)

peaks observed near 23.6° and 43.5° are correspond to the (002)
and (100) crystal planes of the carbon material, which suggests
a higher level of graphitization in the carbon structure [25]. Peak
fitting of the (002) diffraction peak (Figs. S2a-d in Supporting in-
formation) reveals that it can be decomposed into two sub-peaks
corresponding to highly disordered carbon and pseudo-graphitic
domains. The result shows that the difference of interlayers’ dis-
tances of the two subpeaks is trace, HC-DAAQ has the lowest pro-
portion of highly disordered carbon (20.80%), further confirming
its optimal graphitic structure. The R-factor, defined as the ra-
tio of background intensity A to (002) peak intensity B, is used
to quantitatively evaluate the microstructure of the material. As
shown in Figs. S3a-d (Supporting information), HC-DAAQ exhibit
relatively high R-factor values, again verifying that anthraquinone-
type organic small molecules with cross-linking effects can effec-
tively regulate the graphitization degree of bamboo-derived hard
carbon materials. Specifically, the change in the R-factor indicates
that cross-linking promotes the stacking orderliness of carbon lay-
ers, reduces the content of single-layer carbon, and thus improves
the electrochemical performance of the material [26].

To better explore the regulatory effect of functional groups on
the nanoporous structure of HCs, the true density of the samples
was accurately measured using the true density test method. Based

Binding energy (eV)
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density and pore volume, (d) SAXS curves, (e) 2D-SAXS curves, (f, g) Raman spectra
C 1s high-resolution XPS spectra of different samples.

on the theoretical characteristics of the graphite crystal structure
(ideal graphite is a layered close-packed structure with a true den-
sity of 2.26g/cm?3), the closed pore volume of the material is cal-
culated using the following Eq. 1:
Vclosedpores 2(1/,0true - 1/:0graphite) (l)
where Vjgsedpores r€Presents the closed pore volume, pgrye is the
true density of the sample measured by helium gas (g/cm?3),
and Pgraphite 1S the theoretical density of ideal graphite. This test
method can accurately characterize the closed pore structure in
HCs that are impermeable to helium molecules. By comparing the
test results of samples modified with different functional groups,
the regulatory effect of these functional groups on the nanoporous
structure of the material can be systematically assessed [27].

The test results (Fig. 2¢) indicate that the true densities of the
samples are as follows: HC-B (1.823 g/cm3), HC-AQ (1.625 g/cm?3),
HC-DQ (1.468 g/cm?3), and HC-DAAQ (1.604 g/cm3). Upon calcula-
tion, it is found that the closed pore volume of HCs significantly
increases from 0.103 cm?3/g for HC-B to 0.239 cm3/g for HC-DQ. It
is worth noting that although the closed cell volume of HC-DAAQ
(0.181 cm3/g) is lower than that of HC-DQ, its true density is rela-
tively higher. This is mainly because after the nitrogen element is
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successfully doped, the nitrogen element is incorporated into the
graphite lattice, changing the electronic structure and bulk density
of the material, thereby leading to an increase in the true density
[12].

To further explore the regulatory mechanism of organic small
molecules on the microstructure of biomass HCs, small-angle X-
ray scattering (SAXS) technology was used to systematically char-
acterize the material. The SAXS test results (Fig. 2d) show that
the scattering signals in the intermediate g-value range mainly
originate from the micropore structure in hard carbon materials,
while the scattering signals in the low g-value range reflect the
pore structure characteristics of larger scales such as mesopores
and macropores [28]. Specifically, the HC-DQ sample exhibits the
widest scattering platform in the SAXS spectrum, indicating that it
has the highest total pore volume, followed by the HC-DAAQ sam-
ple. These closed pore structures mainly originate from the distor-
tion and folding of sp? graphite layers to form nanoscale pores,
a feature observed in all four hard carbon materials. At the same
time, it is highly consistent with the SAXS-2D spectrum results
in Fig. 2e. From the pattern brightness and intensity differences
of the samples, it can be clearly seen that the HC-DQ sample ex-
hibits the strongest scattering signal, further confirming its unique
pore structure characteristics. These SAXS test results reveal that
anthraquinone-type organic small molecules have a significant reg-
ulatory effect on the pore structure of biomass hard carbon [29].

Raman spectroscopy analysis serves as a critical tool for charac-
terizing the structural orderliness of carbon materials. As shown in
Fig. 2f, the Raman spectra of HC-B, HC-AQ, HC-DQ, and HC-DAAQ
reveal. Characteristic peaks at 1346 cm~! (D band) and 1598 cm~!
(G band), corresponding to structural defects and graphitic crys-
tallinity, respectively. Generally, the area ratio of the D band to the
G band (Ip/Ig) is used to quantify the graphitization degree of car-
bon materials [19]. The analysis shows that as the cross-linking de-
gree increases, the Ip/I; ratio significantly decreases from 1.18 for
HC-B to 1.03 for HC-DAAQ, indicating a gradual improvement in
the graphitization degree of the material. In particular, the lowest
Ip/Ig value of HC-DAAQ (1.03) confirms that its optimal structural
orderliness and the fewest defects, which is highly consistent with
the high-resolution transmission electron microscopy (HRTEM) and
XRD characterization data. In order to further analyze the struc-
tural characteristics of the material, the Raman spectra were fit-
ted using Gaussian sub-peaks (including four sub-peaks). At 1340
cm~!, the D1 band is represented as the disordered lattice vibra-
tion originated from the edge of the graphite plane. 1516 cm~!
is the D3 band corresponding to the amorphous carbon bonded
by sp2. 1200 cm~! belongs to the D4 band and is represented as
the sp2-sp? hybrid structure. 1589 cm~! is the G band represent-
ing the vibration mode of the ideal graphite lattice [30]. Among
them, the Ip;/Ig ratio can characterize the graphitization degree
of the material, while the Ip3/Ig ratio reflects the relative content
of sp2-bonded amorphous carbon and graphitic microcrystals (Fig.
2g and Figs. S4a-d in Supporting information). The analysis results
show that HC-DAAQ exhibits a higher sp?/sp3 hybrid carbon bond
ratio, which is closely related to its excellent electrochemical per-
formance.

X-ray photoelectron spectroscopy (XPS) was further used to
study the chemical composition and chemical state of HCs. As
shown in Fig. 2h, the XPS full spectrum analysis shows that the
HCs is mainly composed of carbon and oxygen elements, with
characteristic peaks observed at 285 and 533 eV corresponding to
the C 1s and O 1s orbitals, respectively. Notably, an obvious char-
acteristic peak appears at 397eV in the XPS spectrum of the HC-
DAAQ sample, confirming the incorporation of nitrogen [13]. This
result indicates that nitrogen can be effectively retained in the fi-
nal product during the cross-linking process of DAAQ and bamboo-
based biomass. The successful doping of nitrogen has a dual opti-
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mization effect on material performance: (1) Structural effect: The
introduction of nitrogen atoms creates abundant structural defects
in the carbon matrix, which can effectively improve the electro-
chemical activity of the material; (2) Functional effect: Nitrogen
doping provides additional active sites for sodium ion storage, sig-
nificantly enhancing the energy storage performance of the mate-
rial. These XPS analysis results confirm the successful doping of
nitrogen into the material [10].

By analyzing the high-resolution XPS spectra of C 1s (Figs. 2i-
k), the characteristic peaks at 284.5 and 284.9eV correspond to
C-C and C=C bonds, respectively [22]. The analysis shows that the
sp? carbon content significantly increases from 38.3% for HC-AQ
to 53.3% for HC-DAAQ, which is mainly attributed to the cross-
linked network structure formed by anthraquinone-type organic
small molecules within the bamboo-based biomass [31]. This result
is highly consistent with the Raman spectroscopy test data. Addi-
tionally, a characteristic peak at 285.6eV is observed in the HC-
DAAQ sample, which is resolved as C-N/C-0O bonds, further con-
firming the successful doping of nitrogen. To further explore the
cross-linking mechanism of DAAQ, XPS characterization was per-
formed on the HC-DAAQ-800 sample. Through N 1s spectrum anal-
ysis (Figs. S5a and b), the N 1s spectrum of HC-DAAQ-800 can
be decomposed into four characteristic peaks: 398 eV (pyridinic-
N), 400eV (amino-N), 401 eV (pyrrolic-N), and 403 eV (graphitic-
N), with pyridinic nitrogen and pyrrolic nitrogen being the main
forms. Notably, compared to HC-DAAQ-800, the form of nitrogen
in HC-DAAQ has significantly changed (the nitrogen content de-
creased from 3.32% to 1.98%), from mainly pyridinic nitrogen and
pyrrolic nitrogen to mainly amino nitrogen. This transformation in-
dicates that during high-temperature carbonization, some nitrogen
atoms escape from the graphite lattice, leading to the formation
of closed pore structures. These closed pores provide ideal active
sites for sodium ion storage, thereby significantly improving the
reversible capacity of the material [18].

Scanning electron microscopy (SEM) and high-resolution trans-
mission electron microscopy (HRTEM) were used to characterize
the microstructure and morphological features of the products. As
shown in Figs. S6a-d, SEM images show that HC-B and HC-AQ sam-
ples retain the tubular structure of bamboo fibers, while HC-DQ
and HC-DAAQ exhibit sheet-like structures and short fiber mor-
phologies. This transformation in morphology is attributed to the
cross-linking effect induced by organic small molecules. By fur-
ther observing the microstructure of the material through HRTEM
(Figs. 3a-c), that the HC-AQ sample contains twisted graphite
structures and closed pore structures. However, due to the lim-
ited availability of highly active cross-linkable functional groups in
AQ molecules, their cross-linking interaction with bamboo-based
biomass is limited [32]. In contrast, the HC-DQ and HC-DAAQ
samples exhibit long and curved graphitic microcrystalline struc-
tures, which mainly benefit from the effective cross-linking of ac-
tive functional groups within DQ and DAAQ molecules. Notably,
the interlayer spacing (dgg) of the material significantly increases
from 0.353 nm for HC-AQ to 0.418 nm for HC-DQ and 0.422 nm for
HC-DAAQ. This expansion of interlayer spacing enhances the rapid
transport of sodium ions, thereby improving the electrochemical
performance of the material. These findings are highly consistent
with the XRD and Raman test results, further confirming the reg-
ulatory effect of organic small molecule cross-linking on material
structure [33].

Based on systematic characterization analysis results, Fig. 3d
shows the microstructure evolution mechanism of HCs pre-
pared from bamboo-based biomass precursors regulated by
anthraquinone-type organic small molecule cross-linking. Natural
bamboo-based materials are mainly composed of lignin, cellu-
lose, and hemicellulose [13]. During pyrolysis carbonization, these
components undergo significant chemical transformations, result-
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Fig. 3. (a-c) HRTEM images of the samples. (d) Schematic illustration of the structural evolution during the carbonization process.

ing in HCs with relatively low initial coulombic efficiency and
reversible capacity [34]. By incorporating anthraquinone-type or-
ganic small molecules into the biomass precursor, a cross-linked
network structure can be formed during carbonization, which ef-
fectively prevents the excessive dispersion of pseudo-graphitic do-
mains during high-temperature carbonization, thereby avoiding the
formation of open pore structures. Specifically, AQ molecules lack
active functional groups and are difficult to effectively cross-link
with bamboo-based biomass. In contrast, the hydroxyl and amino
groups in DQ and DAAQ molecules can undergo dehydration con-
densation reactions with hydroxyl, carboxyl, and other functional
groups in bamboo-based biomass, thereby achieving precise reg-
ulation of the microstructure of HCs. The amino groups in DAAQ
molecules serve dual optimization purposes: (1) Structural en-
hancement: nitrogen atoms incorporate into the graphite lattice,
creating additional active sites for sodium ion storage/adsorption;
(2) Functional improvement: during high-temperature carboniza-
tion, partial nitrogen escape generates vacancies that provide ideal
storage spaces for sodium ion filling in closed pores.

To evaluate the electrochemical performance of the prepared
HCs, systematic tests were conducted in sodium half-cells within a
voltage range of 0.01-3V. As shown in Figs. 4a-c, cyclic voltamme-
try (CV) tests were performed on HCs at a scan rate of 0.1 mV/s.
The sharp reduction/oxidation peaks observed in the 0.01-0.1V
range correspond to the plateau capacity, indicating that reversible
filling/deintercalation of sodium ions between carbon layers. The
weak reduction peak observed near 0.6V can be attributed to the
formation of the solid electrolyte interface (SEI) film, which is a
typical feature of electrolyte decomposition during the first cycle.
Notably, from the second cycle onwards, the CV curves of all sam-
ples almost completely overlap, confirming that the high reversibil-
ity of electrochemical reaction between sodium ions and carbon
layers [35].

As shown in Fig. 4d, constant current charge-discharge tests
were conducted at a current density of 20mA/g, and the re-
versible capacities of HC-B, HC-AQ, HC-DQ, and HC-DAAQ were
measured to be 325.0, 333.4, 292.6, and 351.7 mAh/g, respectively.
Notably, HC-DQ exhibits the highest initial Coulombic efficiency
(87.2%), followed by HC-DAAQ (86.4%). This performance differ-
ence is mainly due to the following two key factors: (1) Cross-
linking effect: The amino groups in DAAQ molecules have stronger
cross-linking ability than the hydroxyl groups in DQ molecules,
enabling more effective cross-linking with internal components of
biomass, thereby optimizing the material structure; (2) Doping ef-
fect: The successful doping of nitrogen in DAAQ not only improves
the conductivity of the material but also provides additional ac-
tive sites for sodium ion storage, significantly enhancing the re-
versible capacity of the material [36]. These electrochemical test
results confirm that molecular design and structural regulation can
effectively optimize the sodium storage performance of HCs.

As illustrated in Fig. 4e, the charge-discharge curves were ana-
lyzed to evaluate the zoned capacity. The sodium storage behavior
of all electrodes can be divided into three characteristic regions:
(1) High potential region (1.0-3.0V): Corresponding to the adsorp-
tion behavior of sodium ions on the material surface, mainly occur-
ring at surface defect sites and functional groups; (2) Slope region
(0.1-1.0V): Reflecting the intercalation behavior of sodium ions be-
tween carbon layers, which is closely related to the interlayer spac-
ing and graphitization degree of the material; (3) Plateau region
(<0.1V): Attributed to the pore filling mechanism of sodium ions
in closed pore structures, which contributes significantly to the
overall performance of the material. As expected, HCs cross-linked
with anthraquinone-type organic small molecule exhibit signifi-
cantly improved plateau capacity, mainly due to the optimization
of the pore structure and interlayer spacing by cross-linking, pro-
viding more active sites for sodium ion storage [37].
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Fig. 4f and Figs. S7a-c (Supporting information) show the cy-
cle performance test results of the samples at a current den-
sity of 20mA/g. Among them, HC-DAAQ exhibits the superior cy-
cle stability, maintaining a reversible capacity of 334.4 mAh/g af-
ter 100 cycles, with a capacity retention rate of 95%, while the
Coulombic efficiency remains stable at 99.8 % or above. In contrast,
HC-B, HC-AQ, and HC-DQ have the Coulombic efficiency retention
rate of 98.9%, 98.6%, and 97.6 %, respectively, under the same test
conditions. These data indicate that the cross-linking strategy of
anthraquinone-type organic small molecules, especially the incor-
poration of DAAQ, significantly improves the cycle stability of HCs
[38]. This performance improvement is mainly attributed three fac-
tors: Firstly, the hard carbon formed by DAAQ cross-linking has a
more stable network structure, which can effectively inhibit struc-
tural degradation during cycling. Secondly, the introduced nitrogen
atoms by DAAQ not only improve the conductivity of the material
but also provide additional active sites, enhancing structural stabil-
ity. Lastly, the optimized surface chemical properties promote the
formation of a stable SEI layer, reducing the occurrence of side re-
actions [39].

Fig. 4g shows the rate performance test results of HC-B, HC-AQ,
HC-DQ, and HC-DAAQ. As the current density gradually increases
from 0.1 C to 2 C, the specific capacity of all samples shows a reg-
ular attenuation, which is mainly attributed to the transition in the
sodium ion storage mechanism from pore-filling processes at low
current densities to surface adsorption-dominated at high current
densities [11]. Notably, when the current density is restored to 0.1
C, all samples can recover to their initial capacity values, fully con-
firming that the material has excellent reversibility and structural
stability. Among these materials, HC-DAAQ exhibits superior rate
performance, maintaining a reversible capacity of 160 mAh/g even
at a high current density of 2 C. To further evaluate its cycle stabil-
ity at high-rate conditions, a long-term cycling test of 1000 cycles
was performed on HC-DAAQ at 2 C (Fig. 4h). The test results show

that after 1000 cycles, HC-DAAQ can still maintain a reversible ca-
pacity of 128 mAh/g, and the average Coulombic efficiency remains
stable at 99.8%.

To further evaluate the optimization effect of the cross-linking
strategy on electrochemical performance, CV tests were conducted
on HC-AQ, HC-DQ, and HC-DAAQ at scan rates from 0.1 mV/s to
1.0mV/s, and the results are shown in Figs. 5a-c. As the scan rate
increases, the CV curves of all samples maintain good shapes, in-
dicating that the electrodes have small polarization and excellent
structural stability [40]. To analyze the kinetic characteristics of the
samples, the test data were fitted using the power law equation.
The relationship between peak current (i) and scan rate (v) can be
described by the following equation:
i=avb

(2)

logi =blogv + loga (3)
where i and v represent peak current and scan rate, respectively,
and a and b are fitting constants. The b value, as an important Ki-
netic parameter, has a clear physical meaning: when the b value
is close to 1, it indicates that the electrode material mainly under-
goes surface capacitive behavior; when the b value is close to 0.5,
it reflects a diffusion-controlled Faraday process. As shown in Figs.
5d and e, the b values of all samples are between 0.5 and 1, indi-
cating that indicating that the electrode material is influenced by
a combination of both processes [41].

To further quantify the capacitive contribution and diffusion-
controlled contribution of the samples, the CV curves were fitted
using Eq. 4:

i=kqv+kyvi/? (4)
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Fig. 5. (a-c) CV curves at different scan rates. (d, e) Linear relationship between log(i) and log(v). (f) CV curves displaying the capacitive contribution (red area) to the total
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where i represents peak current, v is the scan rate, and k; and k;
are fitting constants for capacitive contribution and diffusion con-
tribution, respectively. As shown in Fig. 5f, the filled part shows
the capacitive control contribution at a scan rate of 0.1 mV/s. As
the scan rate increases from 0.1 mV/s to 1 mV/s, the capacitive con-
tribution significantly increases from 60.9% to 96.9% (Fig. 5g). This
trend indicates that at lower scan rates, the sodium ion storage
process includes both capacitive behavior and diffusion-controlled
behavior, where the diffusion-controlled behavior mainly origi-
nates from the intercalation/deintercalation of sodium ions be-
tween carbon layers; as the scan rate increases, the capacitive con-
tribution gradually dominates, reflecting that at high rates, sodium
ions are mainly stored through the surface adsorption mechanism.
This rapid response surface capacitive behavior is key to the excel-
lent rate performance of the material [32].

Electrochemical impedance spectroscopy (EIS) was used to sys-
tematically analyze the reaction kinetics and sodium ion diffusion
coefficient of the electrode materials. Fig. 5h shows the Nyquist
plots of the electrodes at room temperature. The impedance spec-
tra of all samples exhibit typical characteristics: The semicircle in
the high-frequency region corresponds to the charge transfer resis-
tance (Rct), while the linear tail in the low-frequency region re-
flects the Warburg diffusion impedance (W) [42]. The test data

show that the Rt values are 97.6 2 (HC-B), 87.9 @ (HC-AQ), 68.6
2 (HC-DQ), and 52.9 2 (HC-DAAQ). These findings clearly illus-
trates that the cross-linking strategy of anthraquinone-type organic
small molecules, especially the introduction of DAAQ, significantly
reduces the charge transfer resistance of the material. This opti-
mization helps improve the reversible capacity and Coulombic ef-
ficiency of the material, which is highly consistent with the elec-
trochemical performance test results. In addition, based on the EIS
test data, the sodium ion diffusion coefficient (D) of the electrode
material was calculated using Eq. 5:

>2
where R: Gas constant (8.314] mol~! K-1), T: Absolute tempera-
ture (K), A: Effective surface area of the electrode (cm?2), n: Num-
ber of charge transfers, F: Faraday constant (96,485 C/mol), C: Bulk
concentration of sodium ions (mol/cm3), o: Warburg coefficient,
which can be determined by the linear fitting slope of the real part
impedance Z' versus the square root of the angular frequency w1/
in the low-frequency region of the Nyquist plot.

Fig. 5i shows the linear fitting relationship between Z' and
@12 of the electrode materials. The analysis shows that the

1

2

RT

<An2F2C0 (3)
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Warburg coefficient o values of HC-B, HC-AQ, HC-DQ, and HC-
DAAQ are 412.04, 443.6, 407.7, and 271Qs1/2 respectively. Among
them, HC-DAAQ exhibits the smallest fitting slope, indicating that
it has the best sodium ion diffusion characteristics. Based on
Eq. 5, the sodium ion diffusion coefficients (D) are calculated
as: HC-B (8.43x10719 cm?2/s), HC-AQ (7.28x1071° cm?2/s), HC-DQ
(8.61x10~'® cm?/s), HC-DAAQ (1.95x10-'8 cm?/s). This strongly
confirms the significant improvement in the sodium ion diffusion
kinetics of hard carbon materials by the cross-linking strategy of
anthraquinone-type organic small molecules [43].

To further analyze the sodium ion diffusion kinetics of HC-
DAAQ, galvanostatic intermittent titration technique (GITT) was
used for systematic characterization. The sodium ion diffusion co-
efficient (Dy,+) can be calculated according to Fick's second law,
using the following Eq. 6:

b _4(mv><AE) ©)
7T\ MgS AE;

In the formula, 7 is the relaxation time, mg is the mass of the
active material, Mg is the molar volume of HC, V) is the molar
volume of HC, S is the electrode surface area, and AEs and AE;
are obtained from the GITT curve. As shown in Figs. 5j-1, the GITT
test results reveal the sodium ion diffusion behavior of HC-DAAQ
in different potential regions [44]. During the discharge process, a
higher Dy,+ is observed in the slope region (1.0-0.2V), which is
mainly due to the rapid adsorption of sodium ions in open pores
and surface defect sites; in the 0.2-0.1V range, Dy,+ drops sharply,
reflecting the saturation of available active sites, and sodium ions
begin to intercalate between graphite layers; when the voltage
drops below 0.1V, Dy,+ rises significantly again, mainly due to the
process of sodium ions filling closed pores. Correspondingly, dur-
ing the charging process, Dy,+ shows a completely opposite trend
to the discharge process, indicating that the material has excellent
reversibility [35,45,46].

In this study, we developed an innovative cross-linking strat-
egy that utilizes functionalized AQ-based organic molecules to pre-
cisely regulate the microstructure of biomass-derived HCs, signif-
icantly enhancing their electrochemical performance in SIBs. By
using AQ, DQ and DAAQ as cross-linking agents, we achieved ef-
ficient cross-linking of bamboo biomass and optimized the pore
structure, interlayer spacing, and surface chemical properties of
the prepared HCs. Among them, DAAQ, containing amino func-
tional groups, exhibited superior cross-linking efficiency, resulting
in a more ordered carbon structure and successful nitrogen dop-
ing, both of which improving electrical conductivity and providing
additional sodium ion storage sites. Consequently, the HC-DAAQ
demonstrated outstanding performance, with a reversible capac-
ity of 351.7 mAh/g and an ICE of 86.4%. This work highlights the
potential of functionalized anthraquinone molecules as effective
cross-linking agents for tailoring the microstructure of HCs, and
contributes to the development of biomass-derived HCs for sus-
tainable and cost-effective SIBs.
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