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ABSTRACT
Hard carbons are promising anode materials for sodium‐ion batteries (SIBs), but they face challenges in balancing rate

capability, specific capacity, and initial Coulombic efficiency (ICE). Direct pyrolysis of the precursor often fails to create a

suitable structure for sodium‐ion storage. Molecular‐level control of graphitization with open channels for Na+ ions is crucial

for high‐performance hard carbon, whereas closed pores play a key role in improving the low‐voltage (< 0.1 V) plateau capacity

of hard carbon anodes for SIBs. However, creation of these closed pores presents significant challenges. This work proposes a

zinc gluconate‐assisted catalytic carbonization strategy to regulate graphitization and create numerous nanopores simulta-

neously. As the temperature increases, trace amounts of zinc remain as single atoms in the hard carbon, featuring a uniform

coordination structure. This mitigates the risk of electrochemically irreversible sites and enhances sodium‐ion transport rates.

The resulting hard carbon shows an excellent reversible capacity of 348.5 mAh g−1 at 30mA g−1 and a high ICE of 92.84%.

Furthermore, a sodium storage mechanism involving “adsorption–intercalation–pore filling” is elucidated, providing insights

into the pore structure and dynamic pore‐filling process.

1 | Introduction

Hard carbon (HC), endowed with abundant raw resources, is a
non‐graphitized carbon material distinguished by graphite mi-
crocrystals, turbulent layers, and nanopores. Within sodium‐ion
battery systems [1, 2], the HC anode shows prolonged and

reversible charge/discharge plateaus at low potentials (lower
than 0.1 V), reminiscent of the electrochemical characteristics
observed in graphite anodes within lithium‐ion battery systems
[1–5]. This suggests that HC is a promising anode material for
commercial sodium‐ion batteries [6–9], and compared with
alloy‐based materials, titanium‐based materials, and so forth,
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HC materials have outstanding economic advantages due to
high technological maturity and abundant resources [10–12].

Researchers have extensively explored diverse HCs derived
from various precursors and synthesis conditions. Nevertheless,
HC with plentiful defects and sodium‐ion‐irreversible pores
presents challenges, including low initial Coulombic efficiency,
sluggish sodium storage kinetics, and unstable cycling per-
formance [13, 14]. Varying carbonization temperatures during
HC synthesis can minimize defects and promote the formation
of larger graphite‐like domains, which aids in the insertion of
sodium ions into interlayers and boosts plateau capacity
[15, 16]. However, excessively high temperatures shrink the
interlayer spacing, hindering sodium‐ion intercalation. When
heated to 2000°C, the plateau capacity becomes undetectable
[17]. In addition to optimal layer spacing, the presence of closed
nanopores is crucial for storing sodium [18, 19]. Recent per-
suasive studies have highlighted that closed pore structures
provide excellent plateau capacity [20, 21]. However, creation of
these closed pores presents significant challenges. Conventional
methods often struggle with controlling pore size and distri-
bution, and maintaining structural integrity during carboniza-
tion. For instance, Wang et al. adopted a high‐temperature
carbonization pathway following KOH chemical activation of
anthracite, which initially produced open‐pore disordered car-
bon [22]. These were later converted into closed pores within
short‐range carbon structures, achieving a capacity of
308.4 mAh g−1, primarily contributed by the low‐voltage plat-
form. Zheng et al. developed a CO2‐etching and carbonization
strategy that induced numerous closed nanopores [23]. This
technique enhanced both the size and the storage capacity of
the closed pores, while preserving the microsphere shape,
resulting in a plateau capacity of 351.1 mAh g−1.

Herein, we utilize zinc gluconate (ZG)‐assisted carbonization of
low‐cost lotus seed shell waste to fabricate HC anodes for SIBs.
Without multiple steps or harsh conditions, the HCs are prepared
using a facile one‐step pyrolysis process, which significantly reduces
defects and introduces nanopores. This straightforward strategy
enables the transformation of ZG into zinc oxide and its eventual
volatilization at elevated temperatures to create extensive nanopores
and etched carbon microcrystals. The resulting microstructure fea-
tures curved, long‐layered graphene with well‐distributed nano-
pores and optimal layer spacing. Moreover, the persistence of trace
zinc atoms as single atoms within the HC matrix enhances sodium‐
ion transport and recombination rates. These isolated metal atoms
function similarly to non‐metallic heteroatoms, providing a uniform
coordination structure that minimizes the formation of electro-
chemically irreversible sites. The constructed carbon anode shows a
remarkable reversible capacity of 348.5mAh g−1 with an excellent
initial Coulombic efficiency (ICE) of 92.84%, along with excellent
cycling stability (90.05% capacity retention after 500 cycles) and
outstanding rate capability (218.0mAhg−1 at 500mAg−1), making
it a commercially viable solution.

2 | Result and Discussion

In this research endeavor, advanced HC anodes are developed
utilizing cost‐effective lotus seed shells as the primary material.
The precursor is milled with ZG to establish essential cross‐links

with zinc ions, which catalytically integrate short‐range graphite
fragments into extensive, low‐defect graphitic layers during
pyrolysis (Supporting Information S1: Figure S1). Carbonization
is conducted at three different temperatures (1200°C, 1400°C,
and 1600°C), resulting in three samples denoted as HC‐1200, HC‐
1400, and HC‐1600 (Figure 1A). Scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) analyses
show that all samples have a blocky structure with abundant
channels, both on the surface and internally (Supporting Infor-
mation S1: Figure S2). However, the carbonization temperatures
strongly influenced the microstructures. Specifically, as depicted
in Figure 1B, the high‐resolution TEM (HRTEM) image of HC‐
1200 displays a short‐range disordered lattice. In contrast, HC‐
1400 shows long‐range curved graphene layers that contain a
significant number of nanopores; these structural features en-
hance the effective transportation and retention of Na+

(Figure 1C). On increasing the temperature to 1600°C, further
graphitization occurs, resulting in the formation of thicker car-
bon layers. This narrowing of the interlayer spacing subsequently
hinders the intercalation of Na+ ions (Figure 1D). The selected
area electron diffraction (SAED) patterns provide confirmation of
the structural changes that have occurred, with HC‐1200 show-
ing enhanced disorder and HC‐1600 indicating increased
graphitization (Supporting Information S1: Figure S3) [24–26].
This result indicates that as the carbonization temperature
increases, pore size also increases due to the merging of micro-
pores into mesopores, and the degree of microstructure ordering
and graphitization also improves, albeit at the cost of reduced
interlayer spacing. This study highlights the balance required
between graphitization and interlayer spacing to optimize Na+

ion storage and transport in HC anodes.

X‐ray diffraction (XRD) and Raman tests are utilized to analyze
and compare the microstructural differences among the various
samples. XRD patterns (Figure 1E) clearly distinguish the
crystallographic properties of HC‐1200, HC‐1400, and HC‐1600.
All three samples inherit peaks at approximately 23° and 43°,
which can be attributed to the characteristic (002) and (100)
crystal planes, respectively, of disordered graphite domains [27].
As the carbonization temperature increases, the (002) peak
undergoes a shift toward a higher angle, accompanied by a
notable sharpening effect, indicating more ordered graphitic
microcrystals, enhanced crystallization, and reduced interlayer
spacing. According to HRTEM analysis, the layer spacings of
HC‐1200, HC‐1400, and HC‐1600 are 0.44 nm, 0.38 nm, and
0.35 nm, respectively, showing excellent agreement with the
XRD results. Typically, a reduction in defects and an elevation
in the level of graphitization occur. This, in turn, results in a
lower intensity ratio of the D‐band to the G‐band (ID/IG) in
Raman analysis [28]. Surprisingly, contrary to expectations, the
ID/IG ratio increases from 0.93 to 1.27 as the pyrolysis temper-
ature increases (Figure 1F). This anomaly may be ascribed to
the presence of abundant closed pores in HC‐1600, which
contribute to the disorder [29]. Furthermore, elemental map-
ping (Supporting Information S1: Figure S4) unveils the uni-
form dispersion of C, N, and O in the HC‐1400 sample. Fourier
transform infrared spectroscopy (FTIR) further confirmed the
C═O and C–N sites (Figure 1G) [30]. This shows that ZG‐
assisted carbonization not only retains nonmetallic elements
from the native material but also facilitates sodium‐ion storage
capability through the adsorption of sodium by the detected
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functional groups. Overall, these findings indicate that higher
carbonization temperatures lead to increased graphitization and
closed pore formation, which can influence the material's dis-
order and sodium storage properties.

To examine the effect of the carbonization process on the phase
composition of HC and ZG mixtures, we analyzed the structural
evolution and nanopore formation at various temperatures of
100, 200, 400, 600, 800, and 1000°C (denoted as ZG/HC‐200,
ZG/HC‐400, ZG/HC‐600, ZG/HC‐800, and ZG/HC‐1000,
respectively). The XRD patterns of the pristine HC and ZG at
room temperature (Supporting Information S1: Figure S5)
reveal distinct peaks for each ingredient. Upon mixing, XRD
reveals the emergence of broad shoulder peaks attributed to the
pristine HC, alongside intricate diffraction peaks stemming
from the ZG component. As the carbonization process
(Figure 2A) proceeds, noticeable changes begin at 100°C, pri-
marily due to the decomposition of ZG. At 200°C, significant
decomposition of ZG takes place, resulting in the disappearance
of characteristic peaks associated with the products, leaving
behind amorphous characteristics. In this process, the

molecules of ZG undergo degradation, leading to the volatil-
ization of gas products and the generation of residual organic
molecules. Upon reaching 400°C, the formation of zinc oxide
crystal initiates, with their crystallinities and sizes continuing to
increase above 600°C. As the temperature further increases,
there is a slight catalysis of partial graphitization of the HC.
Concurrently, a bulk‐etching phenomenon is observed within
the graphitic layers by the reaction ZnO+C= Zn+CO↑,
mostly producing metallic Zn, which can evaporate above
900°C [31]. Notably, this process results in the formation of
plenty of small voids within HC, further impeding directed
graphitization and generation of a large number of nanopores.
However, as the carbon layer densifies, a minute portion of
internal ZnO is reduced to form zinc monoatoms, which
become embedded within the HC. This phenomenon is
reflected in the subsequent characterization. HRTEM images
(Supporting Information S1: Figure S6a,b) demonstrate that
ZG/HC‐200 displays a high degree of disorder, and as the
temperature increases, ZnO begins to emerge at 400°C, with a
small amount of ZnO lattice becoming visible (Figure 2B,C).
The appearance of ZnO persists at 600°C (Figure 2D,E), where

FIGURE 1 | (A) Schematic illustration of the preparation process of HC. HRTEM images and structural illustrations of HC regulated by different

temperatures of (B) HC‐1200, (C) HC‐1400, and (D) HC‐1600. (E) XRD patterns, (F) Raman spectra, and (G) FTIR of as‐prepared HC anodes.
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metal lattice is scarcely observed and smaller nanopores begin
to appear. At 800°C (Figure 2F,G), nanopores continue to grow,
and the carbon layer becomes slightly more ordered. Further
heating to 1000°C results in additional growth of nanopores,
accompanied by a slight improvement in carbon layer orderli-
ness (Supporting Information S1: Figure S6c,d). TEM results
align well with XRD findings, illustrating that the formation of
closed pores during ZG/HC pyrolysis involves the initial em-
bedding of ZG into the carbon matrix, followed by the growth of
ZnO to metallic Zn, which was then eliminated by high‐
temperature volatilization. The small amount of residual Zn
within the HC contributes to the migration of sodium ions. The
continuous development of graphite domains and shrinkage of
partially open pores drive the transformation of open pores into
closed pores.

In Figure 3A, the nitrogen adsorption–desorption isothermals
for samples show a characteristic type IV adsorption curve,
indicating a sharp pore size distribution that is concentrated
primarily around 3.8 nm (Figure 3B), ideal for Na+ ion diffu-
sion. The pore numbers decrease with increasing temperature
[32, 33]. The nitrogen adsorption–desorption measurements
show sensitivity exclusively to the examination of external pore
structures (those open, interconnected with the external en-
vironment), rendering them unsuitable for the analysis of
internal pore structures (closed pores, enclosed areas within the
material). During the process of carbonization at high temper-
atures, the formation of microcrystalline structures during a
process can cause some external pore structures to transform
into internal ones [34]. Figure 3C displays the microstructure of
the samples obtained from small‐angle X‐ray scattering (SAXS)
method. In the SAXS spectra, the medium region shows scat-
tering from nanometer‐sized structures, attributed to nanopores

in HC. The lower Q region of the spectrum indicates scattering
originating from larger‐scale microstructural features, such as
meso/macropores and particles. SAXS curves at ≈ 0.01‐0.2 Å−1

(Figure 3C inset) suggest an intensification of nanopore scat-
tering as the charring temperature increases, suggesting the
growth of closed nanopores. This phenomenon arises from
the fusion of cellulose and other substances into a graphite‐
like layer, which contract in the presence of Zn to form closed
pores [29]. The brightness of 2D SAXS images indicates a
rich isotropic pore distribution, confirming diverse porosity
(Figure 3D). The results of nanopore growth are consistent with
the distribution of nanopore in HRTEM. The elemental makeup
and states were investigated using X‐ray photoelectron spec-
troscopy (XPS). The oxygen content of HC‐1600 (3.53%) is sig-
nificantly lower than that of HC‐1200 (4.37%), indicating a loss
of sp3‐hybridized carbon and C–O functional groups in the
high‐temperature carbonization process (Figure 3E, Supporting
Information S1: Figure S7). The reduced oxygen content can
minimize the initial capacity loss from irreversible Na+

adsorption, enhancing the ICE and favoring practical electrode
application [35, 36]. Additional, XPS results confirm the pres-
ence of Zn in the HC‐1400 material. The elemental analysis by
inductively coupled plasma mass spectrometry (ICP‐MS) shows
a Zn content of 0.005 wt% (Supporting Information S1:
Table S1). The high‐angle annular dark‐field scanning trans-
mission electron microscopy (HAADF‐STEM) image displays a
sparse, evenly distributed scattering of bright spots across the
HC substrate (Figure 3F), revealing the atomic dispersion of Zn
species. These trace zinc single atoms boost the ion transport
rate [37].

To further elucidate the role of zinc single atoms, density
functional theory (DFT) calculations are used to explore their

FIGURE 2 | (A) XRD patterns of composite samples treated at different temperatures. HRTEM images of composite samples treated at different

temperatures (B, C) ZG/HC‐400, (D, E) ZG/HC‐600, and (F, G) ZG/HC‐800.
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impact on Na+ storage kinetics. Two idealized models, graphite
without metal atoms (GR) and graphite with zinc single atoms
(Zn‐GR), are constructed based on the microstructural features
of HC. These models are used to simulate the Na+ diffusion
process within the graphite domains of Zn‐HC and HC
(Figure 3G,H). The adsorption sites and corresponding Na+

adsorption energies are shown in Supporting Information S1:
Figure S8, where GR shows a lower adsorption energy
(−4.52 eV) compared to Zn‐GR (−2.41 eV), suggesting that Zn
single atoms do not serve as active sites for Na+ adsorption.
However, the calculated Na+ diffusion energy barrier for Zn‐GR
(0.36 eV) is significantly lower, indicating that Zn single atoms
promote Na+ diffusion, which is a key factor contributing to the
material's excellent rate capability (Figure 3I).

Building on these results, we carried out an in‐depth exploration
of the electrochemical characteristics of the materials utilized
within a battery system. Charge/discharge curves of HC‐1200,
HC‐1400, and HC‐1600 half‐cells show distinct regions at the
slope and plateau region, indicating quintessential sodium‐ion
storage behavior observed in HC materials (Figure 4A and Sup-
porting Information S1: Figure S9). The obvious potential plateau
visible in the charge curve of HC‐1400 at approximately 0.5 V is

attributed to a redox reaction involving Na+ and C═O [38, 39]. It
is noteworthy that the sloping region associated with the C═O
reduction reaction may be influenced by factors such as the C═O
group and defects, potentially resulting in slopy charge/discharge
behavior [40]. HC‐1600, characterized by fewer defect counts and
a decreased specific surface area, displays a notable high‐voltage
plateau. Conversely, HC‐1200, with a higher defect content and
lower degree of graphitization, displays an overall gradual charge/
discharge curve [32, 34, 38, 41, 42]. Remarkably, HC‐1400 delivers
a much greater initial reversible capacity of 348.5mAhg−1 at
30mA g−1, compared to HC‐1200 (224.9mAhg−1) and HC‐1600
(274.5mAh g−1). Additionally, it achieves an ICE of 92.84%. The
HC without ZG displays a capacity of 291.0mAh g−1, with an ICE
of 86.60% (Figure 4A). This enhancement is attributed to its ultra‐
small nanopores that selectively allow Na ion insertion while
preventing electrolyte molecules from accessing the inner surface,
thereby effectively avoiding excessive SEI film formation. Similar
results are found in the cyclic voltammetry (CV) curve, which
shows an irreversible redox peak in the first cycle, indicating
electrolyte decomposition and the formation of an SEI film,
accompanied by minimal side reactions (Figure 4C). The CV
curve shows repetition in subsequent cycles and has a prominent
redox peak pair within a low potential range. This observation

FIGURE 3 | (A) N2 adsorption–desorption isotherms of HC‐1200, HC‐1400, and HC‐1600. (B) Pore size distribution obtained from Barrett‐
Joyner‐Halenda method. (C) Scattering vector Q (Å−1). (D) 2D‐SAXS images. (E) XPS spectra of HC‐1200, HC‐1400, and HC‐1600. (F) HAADF‐STEM
image of HC‐1400, showing the single atoms. Diffusion paths of Na+ in (G) GR, and (H) Zn‐GR. (I) Diffusion barrier energies of Na+ in GR and

Zn ‐GR.
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suggests that the storage of sodium ions within the carbon
matrix has excellent reversibility (Supporting Information S1:
Figure S10). More detailed analysis reveals that the plateau por-
tion of HC‐1400 (0.1–0.01 V) constitutes 69.50% of the total
capacity, surpassing HC‐1200 and closely aligning with HC‐1600
(Figure 4B). Such a salient plateau capacity in HC‐1400 can be
attributed to its abundance of closed pores, recognized as superior
Na+ storage sites [23]. These findings emphasize the link between
Na+ storage capacity and a closed pore structure [22]. Further-
more, HC‐1400 demonstrates outstanding rate capability,
achieving an excellent capacity of 218.1mAh g−1 at 500mA g−1,
outperforming HC‐1200 and HC‐1600, which have capacities of
162.8 and 146.9mAh g−1, respectively (Figure 4D). Although the
capacity reduction at high current densities is partly attributable
to the sluggish kinetics of closed pores serving as Na+ storage
sites, the presence of zinc single atoms significantly enhances ion
transport rates, thereby improving high current densities per-
formance compared to other biomass‐derived carbon materials.
All samples demonstrate remarkable stability over multiple
cycles. Particularly noteworthy is HC‐1400, which maintains a
capacity of 340.5mAhg−1 after 50 cycles, even at a current den-
sity of 30mA g−1 (Figure 4E). Furthermore, at higher current
densities, HC‐1400 demonstrates impressive performance,
retaining 90.05% capacity after 500 cycles at 200mA g−1 and

86.02% after 1000 cycles (Figure 4F). In addition, the properties of
electrode materials obtained by mixing HC with different mass
ratios of ZG are compared (HC:ZG= 1:0.5 or 1:2). Too little ZG
results in a synthesized hard carbon material without a rich
closed pore structure, while too much ZG results in a large
amount of Zn volatilizing at high temperatures to produce an
unclosed pore, leading to a low ICE. And the HC‐1400 anode
shows the best rate performance and long cycle Performance
(Supporting Information S1: Figure S11). Comparative analysis
with previous reports on biomass‐derived carbon materials
highlights the significantly higher reversible capacity and ICE of
the as‐prepared HC‐1400 (Figure 4H) [38, 43–52]. In a practical
application, HC‐1400 serves as an anode paired with a Na3V(PO4)3
cathode to construct a full cell. Also, this full cell demonstrates a
high discharge capacity of 265.0mAh g−1. Additionally, it offers an
output voltage of 3.2 V and maintains excellent capacity retention
of 60.83% even after 100 cycles (Figure 4G and Supporting
Information S1: Figure S12). These results highlight its significant
potential for practical commercial applications.

In order to investigate the impact of microstructural modifica-
tions on the storage behavior of sodium ions, a kinetic study of
HC‐1400 was carried out using CV and the galvanostatic
intermittent titration technique (GITT). The CV curves of

FIGURE 4 | (A) Comparison of the first discharge/charge curves for carbonized HC containing ZG at 1400°C and pure HC in half‐cells.
(B) Contribution ratios of the slope capacity and plateau capacity. (C) CV curves of HC‐1400 at 0.2 mV s−1. (D) Rate performances of HC‐1200, HC‐
1400, and HC‐1600 at current densities from 30mA g−1 to 500mA g−1. (E, F) Cycling performance of HC‐1200, HC‐1400, and HC‐1600 at current

densities of 30mA g−1 cycling performance of HC‐1400 at current densities of 200mA g−1, respectively. (G) Second, fifth, tenth, and twentieth cycles

of the full cell based on Na3V2(PO4)3//HC‐1400. (H) Comparison of the ICE and specific capacity of representative HC anodes.
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HC‐1400 were recorded at various scan rates of 0.2 ~ 1mV s−1

(Figure 5A). On the basis of the relationship between current
and scan rate, the storage behavior of Na+ can be calculated
from the b‐value using the following formulas:

i av= ,b (1)

i b v alog = log + log , (2)

where a and b are the relevant parameters; i and v are the current
and scanning rates, respectively. When the value of b approaches
1, it is shown that the storage mechanism of the material is
controlled by capacitive contribution. Also, when the b value is
0.5, a diffusion‐controlled process occurs in the HC anode [53,
54]. In Figure 5b, the calculated b value for the peak (HC‐1400)
approaches 0.5, which demonstrates the presence of a diffusion‐
controlled mechanism. In contrast, the b value is 1.0/0.92 for the
peak at 0.5 V, which means that the slope region is determined
by capacitive behavior (Supporting Information S1: Figure S13).
Other materials show similar results (Supporting Information S1:
Figure S14–S16). Moreover, the sodium‐ion storage mechanisms
of HC‐1400 are also uncovered by in situ XRD measurement
(Figure 5C) [55]. When discharged from the initial voltage to
0.1 V, the (002) peak of the sample was hardly displaced, dem-
onstrating that Na+ ions were predominantly adsorbed on the

surface. After the voltage dropped below 0.1 V, significant shift
of the (002) peaks toward the left confirms the insertion of Na+

ions into the carbon layers (see the schematic illustration in
Figure 5D). In the process of charging, the (002) peak of HC‐1400
is retained in the same place, and when the cell is charged to
2.5 V, the (002) peak of HC‐1400 returns to its original position.
These data provide additional evidence that the suitable inter-
layer spacing of HC‐1400 favors the reversible reactions of Na+,
thus contributing to outstanding cycling stability.

To gain a deeper insight into how HC‐1400 stores sodium in the
low‐voltage plateau region, the HC electrodes discharged to
0.5 V, 0.05 V, 0.03 V and 0.01 V were disassembled and soaked
in a solution of phenolphthalein/ethanol. And sodium quasi‐
metal reacts with ethanol to form H2 and CH3CH2ONa. When
the reaction occurs, it causes the phenolphthalein solution to
turn red [23]. As the discharge process continues, the color of
the ethanol solution gradually intensifies (Figure 5E). When
discharged to 0.01 V, a large amount of H2 gas is produced when
the pole piece comes into contact with the solution, and the
solution becomes darker in color, indicating the presence of
quasi‐metallic sodium in the nanopores of the HC‐1400 mate-
rial, which corresponds to the Na filling process. In addition,
the electrode was analyzed using GITT with a pulse current of
30 mA g−1 (Supporting Information S1: Figure S17), and the

FIGURE 5 | (A) CV curves of HC‐1400 at different scan rates. (B) b‐Value fitting diagram of the CV peak of the HC‐1400 electrode. (C) In situ

XRD patterns and the corresponding Galvanostatic charge‐discharge curve at 100 mA g−1. (D) Schematic diagram of the sodium storage mechanism

of HC. (E) Color changes of the HC‐1400 electrode with ethanol at different potentials. (F) Sodium‐ion diffusion coefficients from the sodiation and

desodiation process estimated from GITT curves.
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corresponding diffusion coefficients (DNa+) are presented in
Figure 5F [38, 56]. Impressively, in the slope region, where the
DNa+ value stabilizes, a high level of Na+ diffusivity is observed
during the adsorption process that occurs on the surface of the
carbon material. In the plateau region,DNa+ values decrease and
then increase; the sharp decline in DNa+ values within the range
of approximately 0.1 to 0.05 V is attributed to the intercalation
of Na+ through the carbon layer with the interior of HC‐1400,
whereas at 0.05 V, the diffusion coefficient shows an extremely
rapid increase, which is attributed to the sodium ions starting to
fill the nanopores. The findings suggest that sodium ions pri-
marily undergo three processes: adsorption in the slope region,
intercalation into the carbon layers, and subsequent reduction
to form sodium clusters that fill the enclosed pores. In sum-
mary, the material follows an “adsorption–intercalation–pore
filling” sodium storage mechanism.

3 | Conclusions

In summary, we have developed a HC material with low
defects, abundant nanopores, and long‐order curved graphite
domains using a facile ZG‐assisted catalytic process. The con-
version of ZG into ZnO during preparation results in HC with
expanded interlayer spacings, abundant turbostratic nanor-
egions, and closed pores. With an increase in temperature, a
large amount of ZnO is reduced and volatilized at high tem-
peratures. Additionally, trace amounts of single zinc atoms
remain in the HC, significantly enhancing ion‐transfer mobility.
Our comprehensive investigation confirms the coexistence of
interlayer Na+ intercalation and nanopore Na filling in the low‐
voltage plateau region during cycling. This dual mechanism,
driven by both optimal layer spacing and nanopores, underpins
the excellent performance of the HC material. Consequently,
the HC‐1400 electrode achieves a capacity of 348.5 mAh g−1,
with an ICE of 92.84%, demonstrating its potential for use as a
high‐performance anode material for sodium‐ion batteries.
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