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Starch is an ideal choice for hard carbon anode precursors in sodium-ion batteries because of its diverse
sources and high carbon content. Nevertheless, starch experiences melting and foaming in the initial
stages of pyrolysis, which results in low yields and hinders the large-scale production and application of
starch-derived hard carbon. Herein, we employed phenolic resin and maleic anhydride to esterify and
cross-link starch to prepare hard carbon. The starch foaming was successfully inhibited through the
synergistic effect among composite precursors. Benefiting from abundant micropores/mesopores and
larger microcrystalline structure, the prepared hard carbon delivers a high specific capacity of up to
342.28 mA h g~ and an impressive initial discharge capacity of 85.89%. The capacity retention is as high
as 87.24% after 100 cycles of charge and discharge. Furthermore, the hard carbon demonstrates
excellent rate performance with a capacity recovery rate of 95.11%. The stabilized starch-derived hard
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1 Introduction

Lithium-ion batteries (LIBs) are well-known for their excellent
energy density, which makes them a top choice for a variety of
applications, including consumer electronics and electric
vehicles."> However, recent challenges have arisen for LIB
technology. The limited availability of lithium resources has
become a major concern, driving up production costs and
raising questions about the long-term sustainability and scal-
ability of LIBs. In contrast, sodium-ion batteries (SIBs) have
gained considerable attention as a promising alternative.
Sodium is abundant in the Earth's crust, with an abundance
approximately 400 times that of lithium, making it an appealing
option in terms of resource availability.>* The extraction and
processing of sodium are also relatively straightforward and
cost-effective. Additionally, SIBs can function efficiently in
aqueous environments, allowing for the use of inexpensive
electrolytes and simpler manufacturing processes.>” This not
only significantly lowers the overall cost of battery production
but also positions SIBs as a viable option for large-scale energy
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potential for commercialization on a large scale.

storage applications, potentially complementing or replacing
LIBs.>™

Hard carbon has emerged as a leading candidate among
various anode materials being explored for sodium-ion
batteries (SIBs). The attractiveness of hard carbon is based on
several key factors. These include its wide availability and cost-
effectiveness, the environmental benefits arising from the non-
toxic nature of its production process; the low working potential
resulting from its unique sodium storage mechanism; the
cycling stability due to the minimal volume change during the
sodiation and desodiation processes; and the excellent elec-
trochemical performance attributed to its unique microstruc-
ture composed of randomly stacked and curved graphene-like
sheets.>™™* As a result, it is well-positioned for commerciali-
zation as an anode material for SIBs in the near future. During
the pyrolysis of hard carbon precursors, graphite microcrystals
form locally and aggregate in a disordered yet functionally
important manner. This unique microstructure features a long-
range disordered and short-range ordered arrangement, which
gives hard carbon multiple reversible sodium storage sites.'>™"”
These sites include intercalation sites within the graphite
layers, atomic clusters trapped within closed pores, capacitive
adsorption sites on the surface that interacts with the electro-
Iyte, and pseudocapacitive storage sites linked to internal
defects.'®2¢

Starch, due to its simple elemental composition, high carbon
content, and wide availability at a relatively low cost, has been
considered a potential precursor for hard carbon.*® However,
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directly carbonizing starch presents several challenges. The
crystalline regions of starch melt during this process, leading to
the formation of a porous and foamy structure. This results in
the cleavage of glycosidic linkages and the depolymerization of
p-glucose units into small volatile molecules, leading to
areduced carbon yield and poor sodium storage performance of
the resulting hard carbon.**?* Despite such challenges,
researchers have made many efforts to address them. For
example, Yang et al.”” implemented a solvent heat stabilization
pretreatment, which successfully addressed the aforemen-
tioned issues, producing a hard carbon with a stable sodium
storage capacity of 110 mA h g at a rate of 0.4 C. Additionally,
chemical cross-linking has been explored as a method to
improve the properties of starch-derived hard carbon.”® Maleic
anhydride, a small organic compound, is frequently used to
modify starch. When maleic anhydride esterifies starch, it
consumes many hydroxyl groups within the starch molecular
chains, disrupting the crystalline structure of the starch gran-
ules. This effectively reduces the problems associated with
starch melting, foaming, and microstructure degradation
during pyrolysis, leading to a significant improvement in
carbon yield. Song et al.*® demonstrated the promising cycling
performance of esterified starch-derived hard carbon as an
anode material in lithium-ion batteries, following the initiation
of the esterification reaction with maleic anhydride. However,
despite these advancements, the sodium storage properties of
maleic anhydride-esterified starch-derived hard carbon remain
relatively underexplored, with a lack of comprehensive and
representative studies in this area.

Phenolic resins have a chemically tunable structure, allow-
ing for the synthesis of hard carbons with a variety of
morphological and property characteristics. For example,
Kamiyama et al.”” achieved a maximum specific capacity of
386 mA h g~ " at 10 mA g~ " by carefully adjusting the carbon-
ization temperature of phenolic resin. Similarly, Wang et al.*®
and Jin et al.*® produced hard carbon microspheres and mate-
rials with excellent cycling stability, respectively, using phenolic
resin as a precursor. However, it is important to note that
phenolic resins are relatively expensive precursors for hard
carbon production. Therefore, there is an urgent need to
develop strategies that combine the high sodium storage
performance of certain components with the cost-effectiveness
of biomass-derived starch to help reduce overall costs.

In this work, a combination of low-cost starch and high-
performance phenolic resin has been used as precursors for
HCs. Additionally, maleic anhydride was introduced to initiate
an esterification reaction. The cross-linking between starch,
maleic anhydride, and phenolic resin formed a larger and
denser carbon structure. During the pyrolysis process, these
precursors were transformed into graphite crystallites of larger
size, leading to an increased sodium storage capacity. Due to
the synergistic effect of the three components, the resulting
HCs demonstrated excellent sodium storage properties. The
discharge specific capacity reached up to 342.28 mA h g™, with
an initial coulombic efficiency as high as 85.89% at a rate of 0.05
C, which is superior to that of individual precursors made only
from starch or phenolic resin. This discovery not only presents
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a novel method for synthesizing high-performance hard carbon
materials but also paves the way for the large-scale utilization of
low-cost SIBs.

2 Materials and methods
2.1 Materials synthesis

The precursors were prepared by ball milling food-grade tapioca
starch with ash content =0.2% (Guangxi Gaoyuan Starch Co.,
Ltd); high-purity phenolic resin containing <0.1% free phenol
(Shandong Shengquan New Materials Co., Ltd); maleic anhy-
dride of analytical reagent (AR) grade with purity =99.5%
(Chengdu Cologne Chemical Co., Ltd). The mass ratios were 5 :
0:1,0:5:1,7:3:0,7:3:1, 7:3:2, and 7:3:3, respectively.
The rotational speed was 200 rpm and the duration time was 30
minutes. After thorough mixing the precursors, the samples
were transferred to a stainless steel reactor and maintained at
a constant temperature of 80 °C for a period of three hours.
Afterward, the samples were placed into the stainless steel
reactor and heated at a constant temperature of 220 °C for six
hours. After cooling to room temperature, the samples were
crushed. Finally, the samples were placed in a tube furnace and
heated to 1300 °C under a nitrogen atmosphere at a heating rate
of 3 °C min~" for a duration of 3 hours. The resulting hard
carbon materials were designated as ST-M-51, PR-M-51, ST-PR-
73, ST-PR-M-731, ST-PR-M-732, and ST-PR-M-733, where ST
represents starch, PR denotes phenolic resin, and M stands for
maleic anhydride.

2.2 Material characterization

The microscopic morphology and structure were observed by
scanning electron microscope (SEM, JSM-IT500LV, JEOL). The
crystal structure was analyzed using an X-ray diffractometer
(DX-2700BH) with a Cu target Ko-ray source (wave length A =
0.15406 nm) and scanning rate of 8° min '. Raman spectra
were recorded by using a Thermo Raman spectrometer (HE
Evolution, HORIBA) with a laser wavelength of 532 nm and
a spectral range of 200-2500 cm ‘. The functional groups
present in the samples were identified and analyzed using
a Fourier transform infrared spectrometer (FT-IR, Nicolet i520,
Thermo Fisher Scientific Ltd). A thermogravimetric analyzer
(TG209F3) was used to study the pyrolysis behavior of the
samples under a nitrogen atmosphere within the temperature
range of 25-900 °C at a heating rate of 10 °C min™~". The specific
surface area and pore size distribution of the samples were
determined by nitrogen adsorption measurements using
a specific surface area and pore size analyzer (V-Sorb 4800TP,
Ultrametrics).

2.3 Electrochemical tests

For the electrochemical tests, an electrode slurry was prepared
by dispersing 80 wt% of the active substance, 10 wt% of the
conductive agent (Super-P), and 10 wt% of the binder (NaCMC :
SBR = 1:1) in deionized water. The mixture was stirred thor-
oughly to ensure homogeneity and then cast onto a current
collector to form pole pieces. The fabricated discs were vacuum
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dried at 80 °C for 12 hours in a vacuum oven. The CR2032
button cells were assembled in an argon-filled glove box. A glass
fiber diaphragm (GF/D, Whatman) was used as the separator,
and the electrolyte consisted of 1 M NaPF dissolved in a ternary
solvent mixture of ethylene carbonate (EC), dimethyl carbonate
(DMC), and ethyl methyl carbonate (EMC) in a volume ratio of
1:2:2. Galvanostatic charge and discharge (GCD) testing was
carried out on a battery test system (Newell, China) at 25 °C with
potential range of 0.005-2.5 V versus Na‘/Na. Cyclic voltammetry
(CV) tests were performed on a potentiostat (CHI660E, Chen-

hua, Shanghai, China) with a sweep rate of 0.1 mV s .

3 Results and discussion

The preparation process of HCs with composite precursors is
depicted in Fig. 1. The apparent states of each stabilized sample
are shown in Fig. S1.f It is clear that in comparison to the HC
from pure starch, HCs from composite precursors are less
foaming. Fig. 2 presents the SEM images of different HCs. As
depicted in Fig. 2a, ST-M-51 retains the original morphology of
natural starch (Fig. S2). The HC particles are approximately 10
pum in size and display a tendency to agglomerate. In contrast,
PR-M-51 in Fig. 2b possesses an irregular lumpy morphology,
with a particle size ranging from 10 to 20 pm. The ST-RC-73
sample, obtained through the physical mixing and carboniza-
tion of starch and phenolic resin, displays a morphology
composed of a mixture of spherical particles with a diameter of
around 10 pm and irregular lumpy particles of approximately 20
pm (Fig. 2c). Notably, ST-PR-M-731 (Fig. 2d), ST-PR-M-732
(Fig. 2e), and ST-PR-M-733 (Fig. 2f) reveal a more pronounced
transformation in the morphology. With increasing maleic
anhydride content, the spherical hard carbon particles derived
from starch and the irregular lumpy hard carbon particles
derived from phenolic resin gradually coalesced. This led to the
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Fig. 1 Scheme of preparation of composite precursors derived HCs.
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disappearance of the distinct spherical particle characteristics
and the emergence of pores with a diameter of 10 pm or less on
the surface of the HCs. These newly formed pore structures may
provide more pathways for the transportation of Na', thereby
achieving considerable sodium storage performance. In addi-
tion, we found that except for sample ST-M-51, in all other
samples, there are nanoscale small particles attached to hard
carbon. The difference common to ST-M-51 and the other
samples is the addition of phenolic resin, and irregular
phenolic resin is likely to form local stress concentration points
during ball milling. Therefore, we speculate that the small
particles originate from the rupture of phenolic resin. To
further verify that the small particles are not due to the intro-
duction of impurities, we conducted SEM-EDS tests (Fig. S31) on
each sample. The tests found that there is no difference in
element composition between the small particles and their
adjacent hard carbon blocks.

Taking starch and phenolic resin as units, maleic anhydride
is introduced to enable the three components to undergo
nucleophilic substitution and form ester groups. In order to
verify these esterification reactions, FT-IR analysis was per-
formed on HCs. As shown in Fig. 3a, the peak observed around
3300 cm ™ is ascribed to the O-H stretching vibration associ-
ated with hydrogen bonding. Notably, upon the addition of
maleic anhydride, a decrease in the intensity of this peak is
discernible. This demonstrates that the precursor has engaged
in a chemical reaction, leading to the consumption of the
hydroxyl groups. Subsequent to the introduction of maleic
anhydride, the absorption peaks at 1720 cm™ " in the spectra of
ST-PR-M-731, ST-PR-M-732, ST-PR-M-733, PR-M-51, and ST-M-
51 are attributed to the stretching vibration of the C=0 bond
within the ester linkage. In contrast, the ST-PR-73 did not
exhibit a characteristic peak. This disparity unequivocally
suggests that the incorporation of maleic anhydride instigated
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Fig. 2 SEM images of HCs. (a) ST-M-51, (b) PR-M-51, (c) ST-PR-73, (d) ST-PR-M-731, (e) ST-PR-M-732, (f) ST-PR-M-733.

an inter-precursor esterification reaction among the constitu-
ents. As shown in Fig. 1 the introduced ester groups act as
a bridge to cross-link the different precursors. Additionally in
Fig. 3a, it can be observed that the intensity of the peaks near
520 cm™ ' significantly decreases in the sample with maleic
anhydride incorporation. These peaks typically correspond to
local lattice distortions caused by sp® hybridization in disor-
dered carbon structures of high-temperature carbonized
samples. This phenomenon suggests that the three-
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dimensional cross-linked network formed by maleic anhy-
dride likely guides a more ordered sp> carbon arrangement
during carbonization, thereby reducing sp® defects.

To investigate the influence of esterification-based cross-
linking reactions on the pyrolytic behavior of starch, the ther-
mogravimetric analysis was applied. The TG and DTG curves of
the HCs are depicted in Fig. 3b and S4.7 The direct carboniza-
tion of starch alone yielded a relatively meager carbon yield of
ca. 5.4%. However, the combined addition of maleic anhydride

Mass lost 3.75%

ST-PR-M-733 | 0

{-2

Mass lost 61.68%

i RN Y - 414

Mass remaining:34.57%

DTG (%/min)

of {-6

0 200 400 600 800 1000
Temperature (°C)

D-Band  G-Band

ST-PR-73 S/ v\ 1,/1;1.03

ST-PR-M-731

1/1,=1.05

ST-PR-M-732 AN A 11111

ST-PR-M-T33 AN A_

ST-M-51 S\ 1,/1,=1.08
"

500 1000 1500 2000 2500
Raman Shift (cm™)

1,/1,=1.10

Intensity (a.u.)

Fig.3 Physicochemical characterization of HCs. (a) FTIR spectrum of HCs. (b) TG-DTG curves of ST-PR-M-733. (c) X-ray diffraction patterns and

(d) Raman spectrum of HCs.
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and phenolic resin led to a significant transformation. A more
intricate and densely intertwined network of molecular chains
was formed, and the crystalline regions of the starch were
partially disrupted. This structural modification culminated in
a maximum carbon yield of 41.87%, signifying a substantial
improvement in the carbon yield.

Fig. 3c illustrates the X-ray diffraction (XRD) patterns of all
the HC samples. All samples exhibit two typical amorphous
broad peaks near 23° and 43°, which correspond to the crys-
tallographic planes (002) and (100), respectively. These broad
peaks are indicative of the amorphous nature of the materials.
When the mass ratio of the carbon source to maleic anhydride
is less than or equal to 5: 1, the position of the diffraction peak
corresponding to the (002) crystal plane remains relatively
stable with changes in the maleic anhydride content. However,
when the mass ratio reaches 10 : 3, a shift in the diffraction peak
towards a higher angle is observed. This shift can be attributed
to the further increase in the maleic anhydride content during
the pretreatment process, which leads to a more extensive
esterification reaction. As a result, a denser carbon chain
structure is formed. Upon pyrolysis, the carbon layers are
compressed against each other, leading to a reduction in the
interlayer spacing and, consequently, a shift in the diffraction
peak position to a higher angle.*® To further understand the
structure of the HCs, several key parameters, including the layer
spacing, the apparent microcrystalline width on the g-axis, the
apparent microcrystalline thickness on the c-axis, and the
number of graphene sheet stack, were determined using the
following equations:**

2dsin 6 = nA (1)
L = kMBcos bl 2)
N = L/dgs + 1 3)

Here, 4 is 0.15406 nm, § represents the half-height width of the
X-ray diffraction peaks. The k value is taken as 0.9. L. represents
the thickness of the graphite-like microcrystals in the material
along the stacking direction. dyo, represents the average
spacing between adjacent graphene layers. N is the actual
number of stacked graphene layers obtained by relating the
thickness of the microcrystals to the interlayer spacing through
the formula. The results are listed in Table 1 (specifically add
the error bar to Tables S1 and S27). It is seen that the ST-PR-M-
733 exhibits the smallest d,, value of 0.375 nm, and the rest of

Table 1 Structural parameters of HCs
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the samples have similar dgy, values. Cao et al.** calculated
theoretically that the carbon layer spacing suitable for Na'
intercalation ranged from 0.37 nm to 0.47 nm. It is clear that
doop of all HC samples met this condition. Moreover, as the
maleic anhydride content increases, both L. and N of the HCs
also increase. This phenomenon can be primarily attributed to
the role of maleic anhydride in enhancing the cross-linking
degree of the precursors and increasing the carbon network
density.** Such enhancements are favorable for the formation of
larger-sized graphite microcrystals during the pyrolysis process,
which consequently provides more sodium storage sites.

The Raman spectra of the HCs, shown in Fig. 3d, display two
characteristic peaks at 1350 cm ™" and 1580 cm ™", the former
representing the A, vibration mode of the sp® carbon ring
caused by defects, and the latter representing the E,, vibration
mode of the sp” carbon atom.? The degree of disorder in the
carbon materials is commonly quantified by the ratio of the
intensities of the D-band (associated with defects) to the G-band
(representing graphitic carbon), denoted as Ip/Is. As shown in
Table 1, all the HCs exhibit a relatively low degree of graphiti-
zation. The ST-PR-M-732 and ST-PR-M-733 samples show the
highest degree of disorder, which implies a greater concentra-
tion of defects in these samples. Previous studies demonstrated
that the slope region at the high potential in the discharging
curve is related to the Na* adsorption at the edge and defect
sites of graphite microcrystals.***® Therefore, it can be
hypothesized that the ST-PR-M-732 and ST-PR-M-733 samples
may possess a greater slope capacity for sodium storage.

It is well-known that the pore structure is of paramount
importance in dictating the behaviors of Na" diffusion and
storage.®>*>¥-% Na' can be stored by filling the pores, thereby
contributing to a high platform capacity. The specific surface
areas and pore size distributions of HC samples were charac-
terized through nitrogen isothermal adsorption tests. The N,
adsorption/desorption isotherms and pore size distribution of
HCs are presented in Fig. 4. The corresponding specific surface
areas of the HCs were measured to be 1.28, 1.43, 1.56, 2.86, 1.21,
and 1.20 m> g ' (Table 1). The pores were predominantly
micropores and mesopores with pore sizes less than 10 nm,
exhibiting a relatively narrow distribution. This abundant
“microporous plus mesoporous” system is favorable for the
efficient transport and storage of Na’, thus facilitating the
attainment of enhanced sodium storage performance.***
Among the samples, ST-PR-M-733, ST-PR-M-732, and ST-M-51

display relatively high cumulative pore volumes. Given

Surface area Total pore volume

dooz (Nm) L. (nm) L, (nm) N Ip/lg (m>g™ (em®*g™)
ST-PRC-73 0.390 1.22 1.53 1.31 1.03 1.28 0.003
ST-PR-M-731 0.389 1.32 1.70 1.34 1.05 1.4 0.004
ST-PR-M-732 0.387 1.88 1.75 1.48 1.11 1.5 0.007
ST-PR-M-733 0.375 1.52 2.04 1.40 1.10 2.86 0.013
PR-M-51 0.390 1.70 1.64 1.44 1.06 1.2 0.007
ST-M-51 0.386 1.69 1.56 1.44 1.08 1.2 0.005
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Fig. 4 (a) N, adsorption/desorption isotherms and (b) pore size distribution of HCs.

a similar pore size distribution, a higher cumulative pore
volume implies a greater number of pores. This suggests that
these samples may possess a more pronounced advantage in
the platform region, potentially leading to superior sodium
storage capacities.

Fig. 5a shows the CV curves of the hard carbon ST-PR-M-733
from the first to the fiffth cycle at a sweep rate of 0.1 mV s~ . The
pair of redox peaks observed below 0.1 V and at 0.3 V corre-
spond to the embedding/pore-filling and extraction of Na',
respectively. However, after the first cycle, the complete depo-
sition of the SEI film typically causes irreversible deactivation of
some sodium storage sites on the material surface, thereby
reducing the peak current of the oxidation peak at 0.3 V. It
should be noted that peak currents in CV curves do not directly
reflect material capacity but rather the reaction kinetics. The
peak current at 0.3 V gradually stabilizes by the third cycle. The
stabilization of the SEI film reduces interfacial resistance and
enhances sodium-ion diffusion rates. Since CV scanning rates
are faster than GCD testing, complete SEI formation is not
achieved during the first CV cycle. Additionally, the reaction of
the negative electrode of the sodium ion battery is not
composed of a pair of reversible REDOX reactions.*® Starting
from the second cycle, a pair of broad redox peaks appears in
the 0.1-0.6 V and 0.3-0.5 V ranges, corresponding to Na'
adsorption/desorption in the slope region. The gradual increase
in peak intensity from the first to the third cycle aligns with the
progressive stabilization of the SEI film.

The electrochemical performance of HCs was further evalu-
ated through a galvanostatic charge-discharge (GCD) test. As
shown in Fig. 5b, a “step” at approximately 0.6 V is evident in
the first discharge curve of the HCs, which is attributed to the
formation of the SEI. This observation is consistent with the CV
curves depicted in Fig. 5a. Regarding the discharge specific
capacity and initial Coulomb efficiency at a rate of 0.05C, the
materials ST-PR-73, ST-PR-M-731, ST-PR-M-732, ST-PR-M-733,
PR-M-51, and ST-M-51 exhibited the following values:
30211 mA h g /86.98%, 31097 mA h g '/87.10%,

© 2025 The Author(s). Published by the Royal Society of Chemistry

342.28 mA h g '/85.89%, 345.16 mA h g '/88.68%,
329.99 mA h g '/84.46%, and 333.05 mA h g '/90.40%,
respectively. Notably, ST-PR-M-732 and ST-PR-M-733 exhibited
the highest discharge-specific capacities. This can be explained
by the increased content of maleic anhydride, which intensifies
the esterification reaction. As a result, the precursor forms
larger carbon chain structures with a highly cross-linked carbon
network. During the carbonization process, the formation of
larger graphite microcrystals occurs, leading to the creation of
more sodium storage sites. This enhanced structural develop-
ment contributes to a higher sodium storage capacity, which
aligns well with the X-ray diffraction (XRD) results.

In Fig. 5c¢, a comparison of the slope capacity and plateau
capacity of hollow carbons (HCs) during the initial discharge at
a rate of 0.05 C is presented. Both ST-PR-M-732 and ST-PR-M-
733 show excellent slope capacities. Typically, the Na" ions in
the slope region are stored through adsorption on the surfaces,
edges, and defect sites of the material.*® From Raman spec-
troscopy tests, it can be observed that ST-PR-M-732 and ST-PR-
M-733 exhibit high Ip/I; values. This indicates that these two
HCs can provide more active sites for Na' storage. As expected,
these two samples demonstrate relatively high slope capacities
of 218.08 mA h g ' and 215.66 mA h g, respectively. Addi-
tionally, ST-PR-M-733 also shows a significant plateau capacity
of 129.5 mA h g ' at 0.05 C. This can be attributed to the
abundance of pores in the HC structure (as indicated by BET
results). Na" ions can occupy these pores, resulting in the
observed plateau capacity at low voltage.

The rate capacities of the HCs are presented in Fig. 5d. Both
ST-PR-M-732 and ST-PR-M-733 show satisfactory rate perfor-
mance. Specifically, after reverting to a current of 0.1C following
a high current of 1C, their capacity recovery rates are 95.11%
and 96.94%, respectively. Fig. 5e illustrates the cycling perfor-
mance of the HCs when cycled at 0.2C for 100 cycles. ST-PR-M-
733 maintains a specific discharge capacity of 177.42 mAh g,
with a capacity retention of 87.24% after 100 cycles. The other
components also demonstrate good cycling properties. In
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Fig. 5 Electrochemical performance of HCs. (a) CV curves of ST-PR-M-732 in the first three cycles with the scan rate of 0.1 mV s7* (b)The first
discharge/charge profiles of HCs at 0.05C (15 mA g™). (c) Slope and plateau capacities of HCs at 0.05C (15 mA g™). (d) Discharge capacity at
various rates (1C = 300 mA g~%). (e) Cycling performance of HCs at 0.2C.

comparison to the hard carbon derived solely from phenolic
resin, the combination of starch with phenolic resin, along with
the addition of maleic anhydride for esterification, significantly
enhances the sodium storage properties of the resulting hard
carbon. During the pyrolysis process of the starch/phenolic
resin composite-derived hard carbon, the molecular structure
of the composite precursor rearranges, triggering an aromati-
zation reaction. This reaction leads to the aggregation of
macromolecules into aromatic compounds, which then
undergo polycondensation. This entire process contributes to

14360 | RSC Adv, 2025, 15, 14354-14362

the mechanical stability of the carbon network. The denser
carbon network of the composite system facilitates the forma-
tion of larger graphite layers, providing more active sites for
sodium ion storage. This effect is further enhanced by the
addition of maleic anhydride to the starch/phenolic resin
composite system, which promotes the esterification reaction.
As aresult, the hard carbons derived from the composite system
exhibit superior sodium storage properties compared to those
obtained from either starch or phenolic resin alone.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusion

In summary, an efficient and scalable method has been devel-
oped to prepare starch-based hard carbon (HC) with high
sodium storage properties. The starch was esterified and cross-
linked by maleic anhydride and phenolic resin. The foaming of
starch was successfully inhibited then producing a larger and
denser carbon framework with abundant micropores/
mesopores. In particular, the material, known as ST-PR-M-733
demonstrates excellent performance, achieving a first
discharge-specific capacity of up to 345.16 mA h g~! with an
excellent initial charge efficiency of 88.68%. When the current is
increased to 1C and then returned to 0.1C, ST-PR-M-733 shows
a high capacity recovery rate of 95.11%. This work provides
a new starch pyrolysis stabilization strategy. The prepared HCs
have advantages such as high sodium storage performance and
cost, showing the potential for large-scale
commercialization.
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