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Abstract: Driven by limitation in lithium supply and the rapidly growing demand for large-
scale energy storage, sodium-ion batteries have emerged as promising alternatives because
of their low cost and high safety. Hard carbon (HC) is currently regarded as one of the most
promising anode materials for sodium-ion batteries and has already entered preliminary
commercial use. However, its practical application remains restricted by several intrinsic
issues, including relatively low initial Coulombic efficiency, limited reversible capacity (300 mAh/g), and
slow Na* diffusion kinetics. To address these challenges, this study proposes a fluorine-doping
strategy that takes advantage of the strong electronegativity of fluorine. Using
tetrafluoroterephthalic acid (TFA) as the fluorine source, a series of phenolic resin-derived
fluorine-doped HC materials were successfully prepared through a simple high-temperature
carbonization and secondary calcination process. The effects of fluorine doping on the

Wi AHA: 2026-05-19; f&RisHHA: 2026-05-22.

EEWAH: WA TR ERA IR RS H: B2z T (SDUTYKC202425).

F—EE: && (19990, J), WILHIAL, BT ROARIRL TS BRI, E-mail: 15615538093@163.com: @fE(EE: KAER, A1, of
FI7FAREIEAL T, E-mail: wmzhang@sdut.edu.cn.

SIAAS: 44, LIk, 45501, 5 . R GRS A bk O PEBEJ]. fhRER Y 54K, 2026, 15(8): 3344-3355.

Citation: JIN Lei, WANG Xinru, LI Wengqian, et al. Doping modification of hard carbon anode materials and sodium storage performance[J].
Energy Storage Science and Technology, 2026, 15(8): 3344-3355.



¥ 8 M &

Rl SRR AR} R 5 2% DX 2 A e e

3345

microstructure and sodium storage behavior of HC were systematically investigated. The

results demonstrate that fluorine doping effectively regulates the interlayer spacing, defect

structure, and closed-pore characteristics of the carbon matrix. It also increases the
availability of active sites for sodium storage and accelerates Na* transport kinetics, thereby

improving overall electrochemical performance. Electrochemical measurements show that the

optimal sample was obtained at an HC/TFA mass ratio of 1 © 2 and a secondary calcination
temperature of 600 °C. This material exhibited a high initial Coulombic efficiency (92.61%) and
delivered a reversible specific capacity of 354.64 mAh/g at 20 mA/g. In addition, the electrode
maintained stable cycling performance over 800 cycles at a high current density (500 mA/g).

Keywords: sodium-ion batteries; hard carbon; fluorine doping; sodium storage performance;

structural regulation
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Fig.1 SEM images and particle size distribution diagrams of (a) HC and (b) FHC-1 : 2; HRTEM images and
corresponding lattice spaces of (c) HC and (d) FHC-1 : 2; EDS element maps of (e) FHC-1 : 2
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Fig. 3 (a) High-resolution C 1s spectrum of HC, (b) High-resolution C 1s spectrum of FHC-1 : 2, (c) High-
resolution F 1s spectrum of HC; (d) High-resolution F 1s spectrum of cycled HC, (e) High-resolution F 1s
spectrum of FHC-1 : 2, (f) High-resolution F 1s spectrum of cycled FHC-1 : 2
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Fig. 4 (a) First-cycle capacity, (b) GCD curves, and (c) cycling performance of FHC with different ratios at
600 °C. (d) First-cycle capacity bar chart, (e) GCD curves, and (f) cycling performance of FHC-1 : 2 with the
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