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An oxygen doped porous hard carbon derived from
durian shell for high-performance sodium ion
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Hard carbon is one of the most promising anodes for sodium ion batteries (SIBs) because of its low charge/

discharge voltage platform, high specific surface area and higher layer spacing. However, the disadvantages

of its unsatisfactory sodium storage capacity and high cost owing to low carbonization yield of precursors

frustrate its practical applications. In this paper, we have developed a porous hard carbon derived from

durian shell (DSHC) synthesized via acid washing and secondary calcination by adjusting carbonization
temperature. As an anode for SIBs, the durian shell carbonization at 700 °C (DSHC700) with suitable

graphite layer spacing (0.382 nm) delivered a high capacity of 297.2 mAh g~

1 after 100 cycles at

25 mA g~*. The excellent electrochemical performance is attributed to the moderate interlayer spacing
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due to oxygen doping, and the natural rich porous structure which can increase the active site of Na*,

shortened the diffusion distance of Na*, and promoted the transport of electrolyte. This study could
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1 Introduction

With the rapid development of modern society, people's
demand for energy is increasing,"” and obtaining sustainable
new energy has become an important research topic for
researchers, such as wind energy, hydropower, solar energy,
geothermal energy, tidal energy, etc.>* However, these energy
sources have issues such as uncertainty, intermittency, and
unsustainability, which greatly limit their widespread applica-
tion in specific fields.”” Lithium ion batteries (LIBs) have
become the most mature energy storage systems because of
their high energy density and long cycle life.*® They have been
widely used in portable electronic devices, large power grids,
and other fields. However, due to the limited and uneven
distribution of lithium, the high-cost LIBs are unable to meet
the growing demand of people.’®* Compared with lithium,
sodium has attracted much attention due to its significant
advantages such as uniform distribution, and low cost, and is
considered an ideal candidate for LIBs.**** In addition, due to
the similar working principle between sodium ion batteries
(SIBs) and LIBs, SIBs have become the most promising alter-
native to LIBs in large-scale energy storage demand.'>'®
However, the radius of Na'(0.103 nm) is larger than that of
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provide a simple method to prepare high performance anodes for SIBs using durian shell as carbon
source, and this design strategy could be extended to other biomass-based carbon materials.

Li*(0.076 nm), while the interlayer spacing of graphite is smaller
(0.335 nm),"”* which is not conducive to the insertion and
extraction of Na' in the graphite layer when used as a negative
electrode material for SIBs.?*?! Only a small amount of Na' can
be stored in the graphite layer, resulting in the inhibition of
reversible capacity. Hard carbon with larger interlayer spacing is
an ideal negative electrode material for SIBs and has been
widely studied, but its high cost limits its industrial
application.”*>* Therefore, the development of low-cost SIB
negative electrode materials has become a key solution to the
current commercialization problem.

Durian is a species of the durian genus, cultivated in
southeast Asia, and has been introduced to various parts of the
world.”**” In addition to being used as an edible fruit, it is also
used in cooking dishes, jams, jellies, cakes, potato chips, sau-
ces, and can be used as an ingredient in ice cream, candies,
milkshakes, desserts, and beverages.”®** However, its large-
scale application in the food processing industry is hindered
by a large amount of durian residues, which mainly exist in the
form of durian shells, accounting for 60-75% of the entire
durian.*®** In formal practice, a portion of these residues are
used as boiler fuel, with the majority being discarded by open-
air combustion.*”*® Durian shells are composed of 60.5%
cellulose, 13.1% hemicellulose, and 15.4% lignin.>*** The high
cellulose content ensures a high carbon content, making durian
shells as an ideal raw material for producing porous activated
carbon.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Herein, we will report a porous hard carbon derived from
durian shell (DSHC) through acid washing and calcination by
adjusting carbonization temperature. The effect of carboniza-
tion temperature on the structure of durian shell based carbon
materials was investigated, and their sodium storage mecha-
nism was analyzed in SIBs. When used as the negative electrode
for SIBs, the durian shell carbonization at 700 °C (DSHC700)
with a suitable graphite layer spacing (0.382 nm) delivered
a high capacity of 297.2 mAh g~ * after 100 cycles at 25 mA g .
The excellent electrochemical performance is attributed to the
moderate interlayer spacing, and the natural rich porous
structure which can increase the active site of Na*, shortened
the diffusion distance of Na', and promoted the transport of
electrolyte. This study could provide a simple method to
prepare high performance anode materials for sodium ion
batteries using biomass durian shell as carbon source, and this
design strategy could be extended to other biomass-based
carbon materials.

2 Experimental section
2.1 Materials

Durian shell was purchased from Zhenjiang Fruit Market.
Hydrochloric acid (Shanghai Aladdin Biochemical Technology
Co., Ltd)was purchased from Shanghai Aladdin Biochemical
Technology Co. Ltd.

2.2 Synthesis of DSHC

Durian shells were thoroughly clean and then dried in a blast
oven at 80 °C for overnight, crushed and passed via a 80 mesh
screen. Then, 10 g of durian shell powder was annealed in
a 800 °C tube furnace for 2 h in argon atmosphere to get black
powder. Then, the black powder were soaked in a solution of
2 M HCI and stirred continuously for 6 h, and separated by
centrifugation by mixing with deionized water (DI) until the
filtrate become to neutral, and then kept in a blast oven at 80 °C
for 12 h to obtain the black precursor carbon.

The black precursor carbon was further heated to 500 °C,
700 °C, 900 °C, 1100 °C and 1300 °C to establish a stable carbon
framework and regulate the microstructure at a rate of 5 °
C min~" in argon atmosphere for 2 h, respectively, and then
cooled naturally to room temperature to obtain hard carbon
derived from durian shells. The samples carbonized at different
temperatures were labeled as DSHC-x (x is calcination temper-
ature, 500 °C, 700 °C, 900 °C, 1100 °C and 1300 °C).

2.3 Materials characterization

Using a field emission scanning electron microscope (FESEM),
the surface particle size and distribution of the material are
precisely observed. Further analysis of the material's internal
structure is conducted using the Hitachi HT7800 Transmission
Electron Microscope (TEM). The crystalline structure of the
material is analyzed by scanning in the 26 range of 10° to 80°
using the Shimadzu PXRD-6000 X-ray powder diffractometer
(scanning rate: 8° min~'). Molecular structure analysis is
carried out using the Renishaw1000 Raman spectrometer, and
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the surface area and pore size distribution are measured using
the Quantachrome Instruments V-sorb 800 surface area and
pore size analyzer. The elemental composition and chemical
states of the material are deeply analyzed using the Shimadzu
AXIS X-ray photoelectron spectrometer (XPS).

2.4 Electrochemical measurements

The sodium storage performances of the DSHC-x were evalu-
ated by assembling CR2032 button half-cell with sodium sheet
as counter electrode. In order to prepare the working electrode,
80 wt% active material, 10 wt% acetylene black and 10 wt%
PVDF were ground and mixed, and N-methylpyrrolidone was
added for continuous stirring for 12 hours to obtain a slurry
containing active material. Then the slurry was coated on the
copper foil according to a certain thickness, dried in the shade
and vacuum dried at 80 °C for 12 hours. The unit mass density
of the material on the copper foil is about 1.1 mg cm™ >, The
electrolyte of sodium ion battery is EC/PC mixed solvent con-
taining 1 M NaClO, (volume ratio of 1:1).

3 Results and discussion
3.1 Structural characterizations and analyses

Scheme 1 shows the synthesis process of DSHC-x and its
application in SIBs. Fig. 1a exhibits the micromorphologies of
DSHC-x. From Fig. 1a-e, it can be observed that the SEM images
of the DSHC-x samples composed of irregular flake-like struc-
tures. With the increase of the secondary calcination tempera-
ture, the surface morphology of the DSHC-x samples tends
towards more ordered structures, resulting in a tighter
connection between the flake-like structures. The block-like
structures are most prominent at 500 °C, possibly due to
insufficient calcination temperature. We further conducted
a thorough analysis of the well-performing DSHC700 from the
perspectives of microstructure, composition, and defects using
high-resolution transmission electron microscopy (HRTEM).
From Fig. 1f, it can be observed that the DSHC700 is enveloped
by densely packed pore structures, which are somewhat
dispersed in certain areas while densely distributed in others.
Therefore, overall observation of this pore distribution does not
follow a clear pattern. Upon further observation of the gap
between carbon layers, a larger lattice spacing of 0.382 nm is
computed by the computer, being attributed to the doping of
oxygen heteroatoms.****® For Na' ions with relatively large
atomic radii, such wide pores are more conducive to the
extraction/insertion of Na' ions, significantly improving and
enhancing the diffusion efficiency of ions. Additionally, such
uniform pore distribution not only can accommodate the
volume expansion caused by the charging/discharging process
of hard carbon, but also provide better transmission space for
the electrolyte, accelerating charge transfer rates and enhancing
transmission stability.*® Fig. 1g-i depict the elemental mapping
regions and corresponding elemental distribution of the
DSHC700. EDS characterization clearly reveals the homoge-
neous distribution of oxygen and carbon elements on the
DSHC700 material. The oxygen in DSHC700 mainly comes from
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Scheme 1 Preparation process of durian shell-based hard carbon and schematic diagram of Na//DSHC half-cell.

the natural oxygen-containing functional groups (such as carbonization process, these functional groups are not
hydroxyl OH, carboxyl COOH, carbonyl-C=0, etc.) of its completely decomposed, but exist in the form of residual
precursors  (lignin, cellulose). During the pyrolysis oxygen in the hard carbon structure. Actually, the oxygen in

Fig.1 (a—e) SEM pictures of DSHC500, DSHC700, DSHC900, DSHC1100 and DSHC1300; (f) HRTEM images of DSHC700; (g) element mapping
selected area; (h and i) red and green represent C and O, respectively.
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biomass hard carbon significantly can enhances the specific
capacity, rate performance, and interfacial stability of SIBs by
regulating the microstructure (interlayer spacing, defects) and
surface chemistry (functional groups, wettability), which is one
of the key advantages that distinguish natural biomass carbon
materials from graphite or synthetic hard carbon.*® The
electrochemical performances can be further optimize by
precisely regulating the form and content of oxygen, such as
calcination temperature.

To deeply explore the internal microstructures of these
DSHC-x composites, we conducted XRD spectra, as shown in
Fig. 2a. It is obviously seen that all five DSHC-x behave distinct
peaks near 24° and 44°. The peak around at 24° corresponds to
the (002) characteristic peak, representing the (002) crystal
plane diffraction peak of hard carbon.’” This peak reflects the
distribution of the internal lattice and layered structure, while
the XRD spectrum at 44° corresponding to the (100) character-
istic peak more clearly indicates the presence of graphite crystal
structures within the hard carbon.*®*° We extracted the (002)
peak value and, using Bragg's law equation (Text S1), calculated
the dy, values for DSHC500, DSHC700, DSHC900, DSHC1100,
and DSHC1300 to be 0.378 nm, 0.381 nm, 0.391 nm, 0.367 nm,
and 0.362 nm, respectively (Table S1). It is noted that when the
material synthesis temperature exceeds 1000 °C, the smaller the
interlayer spacing, indicating that the high temperature leads to
a collapse of carbon layers, resulting in smaller lattice spacing.
In comparison, the samples calcined at 500 °C, 700 °C, and
900 °C showed more larger lattice spacing. We also conducted
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Raman spectroscopy analysis on these DSHC-x composite. As
shown in Fig. 2b, the Raman spectra of the five samples at
different secondary calcination temperature exhibit a similar
trend, with two distinct diffraction peaks observed around
1350 cm ™! and approximately 1590 cm ™, which represent the
typical D band and G band of hard carbon, respectively.*** The
D band indicates defects and some amorphous phases in the
hard carbon materials, with a higher intensity of the D peak
suggesting a higher defect density. Meanwhile, the vibration of
sp> hybridized carbon atoms inside the hard carbon materials
causes the G band, usually reflecting the degree of graphitiza-
tion and the characteristics of the crystal structure. By using I'p/
I ratio, we can specifically determine the composition of the
materials, with Ip/I; values for DSHC500, DSHC700, DSHC900,
DSHC1100, and DSHC1300 calculated as 1.03, 1.01, 1.00, 1.11,
and 1.08, respectively (Table S1). These results indicate that the
DSHC-x composites possess disordered structural characteris-
tics, indicating a more disordered structural feature. We further
calculated the crystallite size (L,, nm) using the I/I; values, an
important parameter describing the characteristics of the
crystal structure, reflecting the reference value of the material's
crystal particle size and average size.'® According to the formula
in Text S2, the L, values for DSHC500, DSHC700, DSHC900,
DSHC1100, and DSHC1300 are 19.697 nm, 18.978 nm,
19.167 nm, 17.319 nm, and 17.801 nm, respectively.*
Comparatively, DSHC1100 and DSHC1300 have smaller L,
values, indicating that the growth of these materials is restricted
and their crystal structures are relatively incomplete. In
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Fig. 2

(a) XRD patterns of DSHC-x composites; (b) Raman spectra of DSHC-x composites. (c) N, adsorption—desorption isotherms and pore size

distribution of DSHC700 composites; (d) XPS full spectrum of DSHC700; (e) C 1s high resolution spectra of DSHC700; (f) O 1s high resolution

spectra of DSHC700.

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

RSC Adv, 2026, 16, 9214-9223 | 9217


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra09761d

Open Access Article. Published on 16 February 2026. Downloaded on 3/13/2026 5:28:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

contrast, the higher L, values of DSHC500 and DSHC900 imply
a more ordered structure, while the lower L, value of DSHC700
suggests a more disordered internal structure with a good
content of sp” hybridized carbon atoms, which can provide
more free space for ions, accelerating electrolyte transport,
consistent with previous analyses.

Further exploration using BET and BJH analyses on the
DSHC700 revealed a high surface area of 512.25 m”> g ' and
a rich pore structure as shown in Fig. 2c. The high BET can
provide more space for Na' intercalation/deintercalation, allow
the electrode material to be fully absorbed and contacted by the
electrolyte,** and enhance ion transport efficiency, and thereby
improving cyclic performance. This porosity also helps to
provide Na' ions with more room to move, allowing for shorter
ion transport and diffusion paths compared to microstructures
with fewer pores. The DSHC700 not only contains a small
amount of micropores but also many large mesopores, mostly
with diameters between 2-30 nm, due to the gaps between
carbon particles, and the presence of numerous mesopores can
provide more active sites for Na'. Fig. 2d shows the full spec-
trum XPS diagram of the DSHC700 to investigate the chemical
composition and state. It can be clearly seen that there are two
distinct peaks through fitting analysis as C 1s and O 1s peaks,
located at 285.08 eV and 533.08 eV, respectively. This confirms
that the DSHC700material is composed of carbon and oxygen,
consistent with previous analyses. The high-resolution C 1s
spectrum of DSHC700 in Fig. 2e includes three bonds: C-C
(~284.8 eV), representing the content in the defect region, C-O
(~285.78 eV), and C=0 (~290 eV). The presence of C-C
provides support for the material's overall structure and main-
tains the chemical stability within, while during the charge-
discharge cycle of the battery.*** The C-O reacts with Na' to
promote ion activity and affect the internal charge distribution
and electron transfer, and C=O0 is involved in more complex
redox reactions to enhance electrochemical performance.**¢
Fig. 2f shows the presence of oxygen, helping to expand inter-
layer spacing to promote Na” embedding, provide surface active
sites to enhance pseudocapacitive contribution, improve elec-
trolyte wettability, and inhibit side reaction. The DSHC700
maintains a moderate oxygen content with a balanced propor-
tion of electrochemically active oxygen species, which contrib-
utes to an appropriate interlayer spacing and abundant Na*
adsorption sites, leading to electrochemical
performance.

superior

3.2 Electrochemical performances

Fig. 3a presents the cyclic voltammetry (CV) curves of DSHC700
tested at a voltage range of 0.01-3 V and a scan rate of 0.1 mV,
displaying the typical CV characteristics of hard carbon mate-
rials. The similarity in the CV curves across the five DSHC-x
samples indicates their analogous electrochemical properties
(Fig. S1). In the first cycle, two reduction peaks were observed in
all electrodes between 1.0-1.5 V, being attributed to the inter-
action of Na' insertion with oxygen-containing groups, while
areduction peak appeared within the 0.2-0.5 V range due to the
formation of the solid-electrolyte interface (SEI) layer.'** The
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absence of reduction peaks in the 1.0-1.5 V range during the
first discharge suggests the formation of a more stable and
irreversible SEI layer, with the peak at 0.01 V indicating the
gradual insertion of Na' into the carbon to form NaC,
compounds, and an oxidation peak around 0.15 V corre-
sponding to Na" extraction from hard carbon. Subsequent CV
cycles almost perfectly overlap, indicating good kinetic perfor-
mance and cycling stability of the electrodes.

For the sodium-ion half-cell assembled with DSHC700, we
analyzed the voltage-capacity relationship across the 1st, 2nd,
50th, and 100th cycles tested at a current density of 25 mA g7,
as depicted in Fig. S2a. The DSHC700 exhibited a high
discharge capacity of 1689.4 mAh g~ in the first cycle due to the
presence of porosity and a high surface area. While the first
charge cycle capacity was only 312.5 mAh g * with a low initial
coulombic efficiency (ICE) of 18.5%. It should be noted that the
ICE is lower than some reported carbon materials (Table
S2).#3%3 The low ICE mainly stems from three core factors: the
high specific surface area and hierarchical porous structure of
biomass carbon expand the electrode-electrolyte contact area,
exacerbating excessive SEI formation on pore surfaces; in
addition, incomplete carbonization and tiny micropores in the
carbon matrix lead to irreversible Na* trapping and residual
organic decomposition, causing further irreversible capacity
loss; oxygen-containing functional groups in biomass carbon
trigger irreversible side reactions with electrolytes during the
first Na" intercalation, consuming active Na* for the formation
of solid electrolyte interphase (SEI) films.** The DSHC700
sample behaved a discharging voltage plateau of 1.75 V and
charging voltage plateau of 0.25 V, suggesting irreversible
capacity loss, which aligns with the CV curve results. The
discharge capacity normalized to 330 mAh g~ in the second
cycle and gradually improved, stabilizing above 98.5%, indi-
cating gradual formation of the SEI layer on the electrode
surface. The near-identical charge-discharge curves at the 50th
and 100th cycles demonstrate the structural stability of the as-
prepared hard carbon material, further proving the excellent
reversibility of the DSHC700. Meanwhile, Meanwhile, the
voltage-capacity curves at the 1st, 2nd, 50th, 100th, 500th and
1000th cycle are provided (Fig. S2). It can be clearly observed
that the charge curves from 2nd cycle almost overlap, indicating
that the DSHC-x materials exhibit good capacity retentions and
overall electrochemical performances.

The conductivity of DSHC-x electrode was studied through
electrochemical impedance spectroscopy (EIS) testing. As
shown in Fig. 3b and S3, the curves plotted for the five DSHC-x
samples consist of a semicircle and a diagonal line, corre-
sponding to the resistance in the high and low frequency
regions, respectively.*® From the graph, it can be roughly seen
the magnitude of the charge transfer resistance (R.) of the
material and the diffusion impedance (R;). As shown in Table
S3, the R.; values of the DSHC700 is much smaller than other
four DSHC-x samples at 25 mA g~ after 100 cycles. As the
number of cycles increased, the electrolyte continued to diffuse
to the interior, promoting the gradual activation of the material
and improving the electron transfer efficiency inside the
battery. The lower the R.. and Ry values of the DSHC700, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) The first 3rd CV curves of the DSHC700 at a scanning rate of 0.1 mVs™%; (b) the EIS spectra of DSHC-x before cycling; (c) the cycle
performances of DSHC-x at a current density of 25 mA g~ (d) the rate performances of DSHC-x at the different current densities of
25 mA g 150 mA g~1,100 mA g~1,200 mA g2, and 500 mA g%, respectively; (e) the long cycle performances of DSHC-x at a current density of

500 mA g%,

better its conductivity. In this regard, due to its internal struc-
ture being more conducive to the transport of sodium ions, the
R, and R, values of DSHC700 after cycling are significantly
lower than other materials, thus exhibiting better electro-
chemical performance.

In order to investigate the effect of temperature on the
sodium storage capacity of DSHC-x series electrodes, cyclic tests
were conducted on DSHC-x at a current density of 25 mA g™ ",
and the results are shown in Fig. 3c. The initial charge/

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

discharge capacities of DSHC500, DSHC700, DSHC900,
DSHC1100, and DSHC1300 are 209.9/1602.2 mAh gfl, 312.5/
1689.4 mAh g, 361.3/1747 mAh g, 179.9/1044.7 mAh g,
and 192.5/732.3 mAh g, with initial coulombic efficiencies of
13.1%, 18.5%, 20.68%, 17.2%, and 26.29%, respectively. It has
been observed that the DSHC-x series materials exhibit lower
initial coulombic efficiency, mainly being due to the formation
of SEI film and electrolyte decomposition during battery
cycling. In subsequent cycling, the coulombic efficiency
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gradually increases due to structural stability. It should be
noted that the specific capacity of the DSHC700 sample can still
maintain 280.2 mAh g~" even after 100 cycles, which is higher
than other DSHC-x samples and some previous carbon mate-
rials derived-from different biomass sources (Table S2). This
result shows the outstanding excellent lithium storage capa-
bility and cycling performances of DSHC700.

We chose the rate performances of electrodes as the research
object and tested the cycling capacity of DSHC500, DSHC700,
DSHC900, DSHC1100, and DSHC1300 at the various current
densities. We aim to delve deeper into the differences in
performance between them. According to the data in Fig. 3d,
the specific capacity of DSHC700 slightly decreased in the first
cycle at a current density of 25 mA g~ ", with a decrease of nearly
11.8% from the initial discharge capacity of 383.5 mAh g™ . As
the cycle progressed, the SEI film formed by the electrode
material and some side reactions gradually occurred, leading to
a change in capacity. At a current density of 50 mA g™ ', the
capacity of the DSHC700 electrode is maintained at 306.4 mAh
g '. As the current density increases to 100 mA g ' and
200 mA g, its cycling capacity decreases to 255.2 mAh g~ * and
216.8 mAh g, respectively. When the current density reaches
500 mA g ', the capacity of the DSHC700 electrode further
decreases to 170.2 mAh g~ . Finally, when the current density
returned to 25 mA g, its cycling capacity returned to 361.9
mAh g, which is basically consistent with the cycling perfor-
mance of the previous 25 mA g~ *, indicating that the DSHC700
has excellent cycling rate performance. Fig. 3e shows the cycling
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performance of DSHC500, DSHC700, DSHC900, DSHC1100,
and DSHC1300 electrodes at a high rate of 500 mA g~ . After
1000 cycles, the specific capacities of the DSHC500, DSHC700,
DSHC900, DSHC1100, and DSHC1300 electrodes remained and
stabilized at 124.8 mAh g™, 153.2 mAh g ', 105.6 mAh g, 82.6
mAh g, and 88.1 mAh g ', respectively. In contrast, the
DSHC700 can still maintain excellent cycling performance at
high current densities, indicating that DSHC700 not only
exhibits good performance at low currents, but also can cope
with capacity storage at high current densities. The superior
sodium storage performance of DSHC700 is ascribed to the
result of a synergistic balance among the pore structure, inter-
layer spacing, oxygen doping, and structural integrity.

To gain deeper insights into the electrode kinetics, we con-
ducted tests on the DSHC700 electrode within the voltage range
of 0.01 to 3 V, employing a scanning rate of 0.2 mV s~ by 0.2 mV
increments until reaching 1.0 mV s~ * for CV measurements. As
depicted in Fig. 4a, the area under the CV closed curves
continuously increased with increasing scan rate, indicating
a correlation between scan rate and the electrode's electro-
chemical reaction capability due to the influence of diffusion
and electron transfer processes at higher scan rates, resulting in
decreased electrochemical reaction ability for the battery.
Typically, the total electrode capacitance comprises two parts:
the ion adsorption-controlled capacitance and the ion
diffusion-controlled capacitance. The relationship between
peak current (i) and scan rate (v) can be analyzed in detail using
Text S3, where a value close to 0.5 suggests diffusion-controlled
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Fig. 4 (a) Cyclic voltammetry curves of the DSHC700 electrode at scanning rates of 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 mV s~%; (b) logarithmic
relationship between scanning rate and peak current of DSHC700 electrode and linear fitting of b value; (c) the contribution of capacitance
behavior in the cyclic voltammetry curve of DSHC700 electrode at 0.8 mV s™%; (d) the capacitance contribution of DSHC700 electrode at 0.1—
1.0 mV s%; (e) apparent diffusion coefficient of Na* in DSHC-x during charging; (f) apparent diffusion coefficient of Na* in DSHC-x during

discharge.
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processes dominating the electrochemical reaction, while
a value close to 1 indicates the predominance of capacitive
processes.”*® By analyzing the CV curves, the relationship
between the logarithm of current density (log(i)) and the loga-
rithm of scan rate (log(v)) can be observed to determine the
control mechanism of the electrochemical reaction. As shown
in Fig. 4b, the capacitive contribution of the DSHC700 electrode
exhibits ion adsorption-controlled capacitance behavior
combined with ion diffusion control. Using Text S4, we can
accurately calculate the contribution rates of electrode capacity-
related components, enabling the estimation of currents k; and
k, to determine pseudocapacitive behavior and the resulting
current.*>® Fig. 4c illustrates the relationship between the
pseudocapacitive contribution area (gray area) and the diffusion
contribution area (pink area) at a scan rate of 0.6 mV s ', with
the pseudocapacitive contribution area reaching 64%, indi-
cating its dominant behavior. According to Fig. 4d, as the scan
rate increases, the contribution rate of pseudocapacitive
behavior continually increases, indicating that the surface
control effect increasingly determines the size of the capacity
contribution as the scan rate increases. The DSHC700 exhibits
excellent rate performance and pseudocapacitive behavior at
different scan rates, demonstrating good dynamic performance.

Further exploration of the dynamic characteristics of
DSHC700 was conducted using the galvanostatic intermittent
titration technique (GITT), which studies the voltage variation
of SIBs at constant current at each interval to analyze the
diffusion coefficient of Na* (Dy,") (Fig. S4). Dy, was calculated
using Fick's second law (Text S5), AEs; and AE, were obtained
from the voltage variation within single time intervals from the
GITT curve. The GITT curve reflects the trend of voltage varia-
tion in the material over a period, where DSHC700 exhibited
significantly longer recording times and smaller voltage varia-
tions compared to the other four samples. This result indicated
a larger amount of Na* storage and higher ion output capacity of
DSHC700, whereas DSHC1100 and DSHC1300 performed the
worst. The relatively stable open circuit voltage also confirms
the good electrochemical stability of DSHC700. Plotting the
relationship between Dy, and voltage (Fig. 4f and g), the
diffusion coefficient of DSHC700 is significantly higher than
that of the other samples, indicating its excellent diffusion
performance. The outstanding dynamic performance of
DSHC700 may be attributed to an appropriate number of
micropores and mesopores, which provide effective channels
for ion recombination and facilitate electrolyte penetration.
Therefore, the DSHC700 exhibits significant potential as
a negative electrode material for SIBs.

4 Conclusions

In summary, we utilized durian shell as a carbon source to
prepare a series of durian shell-based negative electrode for
SIBs via acid washing and adjusting the carbonization
temperature for secondary annealing. The effect of carboniza-
tion temperature on the structure of durian shell-based carbon
materials was investigated, and its sodium storage mechanism
in SIBs as well as its impact on the electrochemical properties of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the material were analyzed. Employed as the negative electrode
for SIBs, the DSHC700 delivered a reversible capacity of 297.2
mAh g~ after 100 cycles at a current density of 25 mA g~ *. Even
after 1000 cycles at 500 mA g, its capacity could still reach
163.7 mAh g~ '. The excellent electrochemical performance is
attributed to moderate interlayer spacing (0.382 nm), and the
natural rich porous structure which can increase the active site
of Na*, shortened the diffusion distance of Na*, and promoted
the transport of electrolyte. This work provides a possible
approach for designing environmentally friendly, low-cost,
high-performance negative electrode for SIBs, which is of
significant importance for the future application of carbon-
based materials in sodium ion energy storage.
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