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Abstract 
Corn starch is regarded as one of the most promising negative electrode materials for 
sodium-ion batteries, given its abundance, low cost and environmentally friendly 
composition. Nevertheless, the utilization of hard carbon anodes derived from biomass 
materials is constrained by the restricted capacity and low initial coulombic efficiency. 
In this study, corn starch was combined with varying quantities of citric acid and 
subjected to a series of pre-oxidation and calcination treatments with the objective of 
enhancing the agglomeration and foaming properties of the corn starch. The resulting 
batteries exhibit a high capacity and a markedly high first coulombic efficiency. The 
findings of this study may provide new ideas and methods for the design of sodium-ion 
batteries using corn starch as a precursor. 
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1. Introduction 

Compared to the past, battery resources have changed significantly. Due to the depletion of resources, 
limited material development, coupled with the deterioration of the global environment and other 
reasons, people's expectations of the technology level and quality of batteries have increased 
significantly (Dong et al., 2022). With the gradual deepening of battery research, lithium-ion batteries 
have gradually lost their bright halo (Tan et al., 2023) and been replaced by many other battery 
materials (Chen et al., 2023). On the one hand, there are abundant natural energy sources such as 
solar energy, wind energy, tidal energy, etc., and on the other hand, there are abundant and easy-to-
use materials such as Sulphur compound batteries (Yan et al., 2020; Yu et al., 2013), iron compound 
batteries (Wang et al., 2017), etc. Among these batteries, however, sodium-ion batteries are the most 
popular. as the reason of the material used in sodium-ion batteries: sodium batteries, sodium not only 
has the advantages of abundant reserves, low cost and easy access to materials, but also sodium and 
lithium belong to the same main group in the periodic table (Fan et al., 2024), so they have similar 
chemical properties and working principles (Nayak et al., 2018). This provides many similar research 
methods and ideas for using sodium as the anode of the battery, making sodium-ion batteries 
generally regarded as one of the most promising replacements for lithium-ion batteries in the industry. 

Sodium-ion batteries generally use graphite as an anode material. Biomass carbon material is a kind 
of anode material that can enhance the performance of sodium-ion batteries and reduce the cost of 
sodium-ion batteries. It is an environmentally friendly and inexpensive carbon material (Moctar et al., 
2018). The corn starch used in this paper is a typical biomass carbon material. In comparison with 
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other biomass precursors, such as cellulose, lignin, sucrose, etc. (Cao et al., 2017; Wang et al., 2021; 
Wang et al., 2023), starch exhibits a natural spherical morphology (Li et al., 2011). 

It is a typical polysaccharide with not only a simple composition (Chen et al., 2022), but also a very 
high carbon content, which renders it an ideal carbon precursor for the study of the chemical 
transformation mechanism of the material. In this paper, novel corn starch-based composites were 
prepared by high-temperature calcination pre-oxidation, combining the advantages of corn starch 
biomass carbon and citric acid. These composites were then applied to the anode of sodium-ion 
batteries, after which a set of discussions of the relevant battery properties was conducted. 

2. Experimental 

2.1 Material Synthesis 

As illustrated in Fig. 1, a precise quantity of corn starch was selected and subjected to a drying process 
in a 55°C oven for a duration of one week, with the objective of achieving complete desiccation. In a 
mortar, 2 g of citric acid was manually ground and crushed into a powder, then 10 g of dried corn 
starch powder was added and thoroughly mixed with the citric acid powder. The mixture was 
subsequently placed in a corundum crucible and transferred to a tub furnace for air pre-stabilization, 
producing a black bulk solid pre-stabilized corn starch hard carbon composite (CAHC-0.1). The black 
bulk solid was transferred to a mortar and manually ground for 10 minutes to a black powder state; 
the black powder in the above mortar was placed in an ark for reaction; after the reaction was 
completed and cooled down to air temperature, the ark was removed and the black bulk product was 
manually ground finely to a powder state in a mortar; after grinding sufficiently, the black powder 
was again placed in an ark and reacted under an N2 circumstance. Following the completion of the 
reaction and subsequent cooling to room temperature, the black lumpy product was transferred to the 
mortar and manually ground to a black powder to yield the porous corn-hard carbon composite 
CAHC-0.1. 

 

 
Fig. 1. Fabrication process of corn starch hard carbon composites 

2.2 Battery Assembly Process 

The investigation involved the utilization of a CR2032-type button sodium battery to assess the 
electrochemical properties of the subject. The assembly process was meticulously executed within an 
argon-filled glove box to ensure the integrity of the experimental environment. The diaphragm 
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comprised a Celgard 2400 microporous polyethylene membrane, while the electrolyte consisted of 
1.0 M LiPF6, dissolved in a 1:1 volume ratio of EC to DEC. For the sodium cell, the electrolyte was 
1.0 M NaPF6 dissolved in an organic solvent, DIGLYME (diethylene glycol-dimethyl ether), and the 
diaphragm was a Whatman glass fibre filter paper. 

The experiment was assembled by means of reverse mounting. Following the preparation of the 
experimental drugs, the glove box was accessed. Initially, the negative shells were arranged in a flat 
configuration according to the specified quantity. Subsequently, the sodium tablets were positioned 
face up within the negative shells following the removal of the sodium tablets' packing septum using 
pointed tweezers. The cut septum was then covered with the sodium tablets. The next stage of the 
procedure involved the use of a disposable rubber-tipped dropper to apply 4-5 drops of electrolyte to 
the diaphragm, ensuring its adequate moistening. The vacuum-dried pole piece, with the carbon side 
facing downwards, is then placed on the diaphragm, with the objective of positioning it centrally 
within the battery. Subsequent to this, the spacer and shrapnel should be placed in turn, and finally, 
the positive shell should be covered and the battery firmly pressed in the pressing machine. The 
completed assembly should then be placed in the constant temperature drying box for the drying 
process. 

2.3 Electrochemical Testing 

The scanning electron microscope (SEM) model Sigma300 (Carl Zeiss, Germany) was utilised for 
the observation and detection of the pore shape of the material. The XRD model XRD-6100 
(SHIMADZU, Japan) was employed for the analysis. The Raman model DRX 2xi, manufactured by 
Thermo Fisher, U.S.A., was utilised to detect the material by microporous conditions. The BET model 
Autosorb-IQ2, manufactured by Quantachrom, U.S.A., was employed to detect the material. 
Quantachrom, USA, the materials were examined under microporous conditions. 

3. Results and Discussion 

As illustrated in Figs 2(a) through 2(c), the electron micrographs depict the sintering process of pure 
cornstarch hard carbon material. Figs 2(d)-(f) illustrate the scanning electron micrographs of the 
composite CAHC-0.1, and Figs 2(h)-(j) depict the scanning electron micrographs of the composite 
CAHC-0.5. An analysis of Fig. 2(a)-(c) reveals that the pure corn starch itself, after being subjected 
to firing without the addition of any organic components, exhibits a relatively flat surface with a 
paucity of pore structures. As illustrated in Fig.2(b), the sintering of pure corn starch at elevated 
temperatures does not result in significant agglomeration, predominantly manifesting as a laminar 
structure with a dispersed distribution. The images of the composite material CAHC-0. It is evident 
that the number of pore structures on the surface of material CAHC-0.1 is significantly enhanced, 
exhibiting a wide range of sizes and a high degree of density. This outcome demonstrates that the 
addition of citric acid has effectively facilitated the creation of pores in the original pure corn starch 
material. This finding suggests that the abundant microporous structure (Kumaresan et al., 2021). 
(especially the pore structure formed by the curved stacked carbon layers surrounded by the pore 
structure) could accommodate more Na+ (Wang et al., 2024) stored in the hard carbon (Shen et al., 
2024), which was more favourable to the transfer and diffusion of Na+ and thus led to the 
improvement. 

The morphology and structure of the electrode materials were characterized by TEM. Fig. 3(a) shows 
that the carbon crystal plane spacing of CAHC-0.1 is as high as 0.363 nm, which is much larger than 
that of graphite, suggesting that the firing of corn starch and citric acid together contributes to the 
increase of the carbon crystal plane spacing (Gao et al., 2018), which is more suitable for the storage 
and migration of sodium ions. The elemental mapping photographs of CAHC-0.1 (Fig. 3, c-f) 
demonstrate the uniform distribution of elements C, N and O within the material, indicating a uniform 
distribution of citric acid within the corn starch matrix. This uniform distribution is crucial for 
ensuring the stability of the composite (Kumar et al., 2021), which is beneficial for enhancing battery 
performance and stability (Zhu et al, 2019). 
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Fig. 2. (a)-(c) SEM electron micrograph of the composite HC; (d)-(f) electron micrograph of the 

composite CAHC-0.1; (g)-(j) SEM electron micrograph of the composite CAHC-0.5 

 

 
Fig. 3. TEM electron micrograph of the composite CAHC-0.1 

 

As illustrated in Fig. 4, the XRD patterns of the composite CAHC-0.1 and pure corn starch HC exhibit 
two distinct diffraction peaks, located at approximately 23° and 43°, respectively. These two peaks 
correspond to the (002) and (100) crystal planes of graphite (Yin et al, 2024). The broadness of the 
diffraction peaks indicates that CAHC-0.1 is highly disordered (Pang et al., 2024).This is This is in 
accordance with the typical structural feature that hard carbon is mainly disordered. The layer spacing 
(d002) of CAHC-0.1 was found to be 0.381 nm (Kim et al., 2017) by Bragg calculations. The layer 
spacing of the composites was gradually reduced with the increase of the refining temperature, but 
all of them were larger than that of the standard layer spacing of graphite, which is 0.335 nm. The 
larger layer spacing is conducive to the storage and diffusion of sodium ions in the micro-crystalline 
structure of hard carbon (Zhang et al., 2017). Consequently, the composite CAHC-0.1 exhibits 
superior performance in comparison with pure corn starch (see Fig. 5, which illustrates the Raman 
spectra of the composite CAHC-0.1 and pure corn starch HC). Two characteristic wave peaks, the D 
peak and the G peak, can be observed at 1350° and 1590°, respectively. The D peak corresponds to 
the structural defects in the carbon lattice, while the D peak represents the expansion and contraction 
vibration within the sp2 hybridized carbon atomic plane in the ordered carbon structure (Arie et al., 
2019). The intensity ratio of the D and G peaks (ID/IG) is a commonly used metric to assess the 
degree of disorder or graphitization (Li et al., 2021) of carbon materials. A larger intensity ratio 
(ID/IG) indicates a greater degree of structural disorder in the material, and a high degree of 
graphitization can enhance the multiplicative properties of hard carbon (Wang et al., 2020). The 
calculated ratios for CAHC-0.1, CAHC-0.5, and HC are 1.10, 0.725, and 1.065, respectively. This 
indicates that the degree of disorder and the degree of graphitization of the carbon material within 
CAHC-0.1 is relatively large (Li et al., 2018). Therefore, it can be concluded that doping 2g HC is a 
more appropriate choice. 
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Fig. 4. Comparison diagram of XRD between CAHC-0.1and HC of the multiplicity performance of 

sodium-ion batteries 

 

 
Fig. 5. Raman spectra of HC, CAHC-0.1 and CAHC-0.5 

 

The isothermal curves of N2 desorption and pore size distributions of pure corn starch and materials 
CAHC-0.1 and materials CAHC-0.5 are shown in Fig. 6. From Fig. 6(a), it can be seen that the 
isothermal desorption curves of pure corn starch have a larger rise, while the curves of CAHC-0.1 
have a steady rise relatively, all samples have a small specific surface area. This is a very good 
phenomenon because a low specific surface area is favorable for improving the first round Coulomb 
efficiency of corn starch hard carbon composites (Guo et al., 2022). 

 

Table 1. BET results of HC, CAHC-0.1 and CAHC-0.5 

Samples BET surface area (m2 g-1) Total pore volume (cm3 g-1) 

HC 98.038 3.409 

CAHC-0.1 6.598 0.002 

CAHC-0.5 0.397 0.005 

 

As illustrated in Fig. 6(b), the adsorption isotherms of CAHC-0.1 and CAHC-0.5 exhibit a type III 
behaviour, as reported in (Lakienko et al., 2022). Specifically, CAHC-0.1 achieves an adsorption 
capacity of 11.2 m3g-1 at a P/P0 ratio of 1.0, while CAHC-0.5 attains a significantly lower adsorption 
amount of 0.4 m3g-1 under the same conditions. The adsorption amount is comparatively negligible 
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in relation to that of pure corn starch, with the adsorption amount of the pure corn starch HC at 
P/P0=1.0 reaching 72.6 m3g-1. However, its image does not exhibit a closed image at P/P0=0.6. One 
hypothesis for this phenomenon is that the functional group of pure phase corn starch is more special, 
which will lead to the adsorbed gas molecules can not be completely detached (Zhang et al., 2021), 
i.e., which is conducive to the adsorption of sodium ions but not conducive to the desorption of 
sodium ions, and in general is unfavorable for the transport of sodium ions. This suggests that it is 
most important to find the right amount of doping to enhance the performance of the Talent material 
first, and for this experiment (Lin et al., 2019), doping citric acid with 2g is the most preferred. As 
illustrated in Fig. 6, the majority of pure corn starch (HC) is concentrated between 0 and 25 nm, while 
the 20 nm pores are present in abundance at 0.16 cm3g-1. In contrast, the composite CAHC-0.1 
predominantly contains 30-40nm pores, though the number of pores is slightly lower than in HC, with 
the 30nm pores accounting for approximately 0.22cm3g-1. The data indicates that both composite 
materials are mesopore-rich, but the composite material CAHC-0.1 exhibits a slightly lower number 
of holes: the number of 30nm pores is approximately 0.22 cm3g-1. The results indicate that 
mesoporous materials are present, but the composite CAHC-0.1 exhibits comparatively larger 
mesopore diameters and superior properties (Li et al., 2024). 

 

 
Fig. 6. The N2 desorption isotherms and pore size distribution of HC, CAHC-0.1 and CAHC-0.5 

 

 
Fig. 7. (a) Infrared test image of CAHC-0.1; (b) CV curves of the CAHC-0.1; (c) Charge discharge 

blue cycle diagram of CAHC-0.1; (d) Blue charge discharge rate chart of CAHC-0.1 

 

The XPS images of HC, CAHC-0.1, and CAHC-0.5 are displayed in Fig. 7(a) presents the XPS image 
of material C element, exhibiting a peak of sp3C at 284.80 eV and a peak of sp2C at 284.06 eV. 
Concurrently, a peak of C=O is observed at 288.74 eV, and a peak of C-O bond is observed at 286.01 
eV. Fig. 7(b) shows the XPS image of the O element in the material, with the -OH. As can be seen in 
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Fig. 7(b), the XPS image of the O element in the material shows the -OH bond peak at 532.14 eV, 
the O=C bond peak at 531.08 eV, the O-C bond peak at 533.35 eV, and the nearby measured Na KLL 
peak, indicating a small impurity in citric acid. The XPS image shows that citric acid is uniformly 
doped into corn starch (Luo et al., 2018). 

As illustrated in Fig. 8(a), the initial charge discharge curve of the hard carbon sample at a current 
density of 30 mA/g demonstrates an enhancement in both the initial charge and discharge capacity of 
pure corn starch material compared to the hard carbon sample doped with citric acid. 

 

 
Fig.8. (a) Charge-discharge profiles of HC, CAHC-0.1, CAHC-0.5; (b) the first three CV curves of 

CAHC-0.1 at 0.1 mV/S; (c) Charge-discharge cycle curve of HC and CAHC-0.1; (d) Charge -
discharge rate curve of HC and CAHC-0.1 

 

The initial three-turn CV curves of the CAHC-0.1 electrode at a sweep rate of 0.1 mV/s in the button 
half-cell are presented in Fig. 8. The initial turn CV curve displays a discernible reduction peak, 
indicating that corn starch and its composites are approximately -0.00025, which is attributable to the 
decomposition of the electrolyte and the formation of the SEI film during the initial discharge, 
resulting in irreversible sodium storage capacity (Lu et al., 2017). The second and third turns of the 
CV curves show a pair of reversible redox peaks between -0.00025 and 0V, which corresponds to the 
embedding and disembedding of Na+. The CV curves of the last two turns overlap almost completely, 
indicating excellent reversibility in the sodium storage behavior of CAHC-0.1 (Jiang et al., 2016), 
which is consistent with the analytical results of the constant-current charge-discharge test (Natarajan 
& Aravindan, 2019).  

Fig. 8(c) The graph illustrates the charge-discharge cycling performance of a button battery composed 
of pure cornstarch hard carbon material, evaluated at a current density of 300 mAg-1. The unique 
carbon structure of starch is characterized by a substantial presence of defects (Soltani et al., 2021) 
and interstices, which have been shown to result in significant electrolyte consumption during the 
charging and discharging processes (Tang et al., 2017). This phenomenon leads to the formation of 
numerous dead sodium sites within the cell, consequently enhancing the irreversible capacity (Liedel, 
2020). These factors contribute to the initial low coulombic efficiency of hard carbon. Consequently, 
the investigation of corn starch as a hard carbon anode material is imperative to address this critical 
issue. As demonstrated in Fig. 8(c), the initial charging specific capacity of the corn starch-based hard 
carbon composite is a primary concern. 

The capacity of CAHC-0.1 was found to be 416.0 mAhg-1, with the initial discharging specific 
capacity measuring 410.8 mAhg-1 and an initial efficiency of 98.75%. Notably, the capacity remains 
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consistent after 100 cycles, and the charging specific capacity after 120 cycles is recorded at 222.2 
mAhg-1, while the discharge specific capacity is 217 mAhg-1. In comparison with the pure corn 
starch material, the initial charging specific capacity is 57.1 mAhg-1, the initial discharging specific 
capacity is 97.9 mAhg-1, and the charging specific capacity is only 40.1 mAhg-1 after the 120th cycle. 
It is evident that, in comparison with the pure corn starch material, the batteries composed of corn 
starch-based hard carbon composites CAHC-0.1 exhibit a significant enhancement in both the initial 
charge/discharge specific capacity and the initial efficiency (Sekar et al., 2020).  

Furthermore, these batteries demonstrate a notable capacity retention even after 100 cycles (Reis et 
al., 2023). This finding indicates that the incorporation of citric acid-doped corn starch-based hard 
carbon composites can effectively enhance the reversible capacity and cycling stability of the 
materials. 

The Fig. 8(d) demonstrates the charging and discharging multiplicity performance of button batteries 
composed of a corn starch-based hard carbon composite (CAHC-0.1), fabricated at current densities 
ranging from 20 to 1500 mAg-1. As demonstrated in Table 2, the initial efficiency of the corn starch-
based hard carbon composite CAHC-0.1 was 97.15%, and its specific charging capacity (given that 
the specific charging and discharging capacities are nearly equivalent, the specific charging capacity 
is employed as a representative example) at 20, 60, 120, 240, 600, and 1,500 mAg-1 current densities 
were 285.5, 232, 205.6, 162.7, 105, and 72.2 mAhg-1. However, as demonstrated in Table 2, the 
initial efficiency of the pure phase corn starch hard carbon material is 72.79%, and its capacity under 
the same multiplicity current density is 94, 78.8, 79.3, 43.5, 14.2 and 5 mAg-1. The findings of this 
study demonstrate the efficacy of citric acid-doped corn starch-based hard carbon composites in 
enhancing the capacity of the material under high current density conditions (Tian et al., 2019). 

 

Table 2. First Coulombic Efficiency of HC, CAHC-0.1 and CAHC-0.5 

 
Efficiency of the first round of the 

cycle(%) 
Efficiency of the first round of multiplication 

(%) 

HC 58.32 72.79 

CAHC-
0.1 

101.27 97.15 

4. Conclusion 

In conclusion, hard carbon composites were prepared by doping citric acid using corn starch as a 
precursor, followed by calcination and further processing. It is evident that the cells prepared by 
CAHC-0.1 exhibit a higher capacity. Consequently, the hard carbon composite material prepared with 
a doping amount of 2g is advantageous in enhancing the performance of sodium ion batteries. This 
material is regarded as one of the most promising candidates for industrialization in the sodium 
electricity market. 
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