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Abstract: Anthracite is considered to be a promising precursor for hard carbon anodes in
sodium-ion batteries (SIBs), primarily due to its naturally high fixed-carbon content, structural
stability, and low cost. However, the direct carbonization of anthracite tends to induce
excessive graphitization, which results in insufficient interlayer spacing (d002) and
consequently leads to limited sodium-storage capacity. In particular, it diminishes the plateau
capacity in the low-potential region that is critical for achieving high energy density in SIBs. To
overcome these structural limitations, in this work we systematically investigated and
compared multiple pre-oxidation strategies—including air oxidation, single-acid treatments,
and mixed-acid oxidation—aimed at modifying the microstructure of anthracite before
carbonization. We identified a mixed-acid oxidation method using sulfuric acid (H,SO,) and
nitric acid (HNO,) as the most effective one. Under optimized conditions of 70°C for 9 hours,
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this method successfully modulates the graphite-like microdomains in the carbon precursor. In
this process, sulfuric acid acts as a sulfonating and intercalating agent, introducing sulfonic
groups (—SO,H) that help break the dense aromatic structure of anthracite and expand the
interlayer spacing. Nitric acid serves as a strong oxidant, incorporating nitrogen- and oxygen-
containing functional groups that promote cross-linking between aromatic layers, thereby
suppressing graphitization during high-temperature treatment. The synergistic effect of both
acids also facilitates the formation of abundant ultramicropores and closed pores. The
optimized hard carbon material exhibits significantly improved electrochemical performance. It
delivers a reversible capacity of 321.15 mAh/g at 0.02 A/g, with a plateau capacity of
210.7 mAh/g. Even at the high current density of 2.0 A/g, it maintains a capacity of 207.3 mAh/g,
demonstrating excellent rate capability. To investigate the sodium-storage mechanism of the
best-performing sample, we employed cyclic voltammetry and a galvanostatic intermittent-
titration technique. The results suggest that the capacity in the low-potential region (0.01-
0.1 V) arises mainly from sodium-ion insertion into the expanded interlayers and filling into
closed pores, supporting a combined "adsorption-intercalation/filling" mechanism. In summary,
this study demonstrates a rational and effective pre-oxidation strategy for achieving molecular-
level structural tailoring of anthracite-derived hard carbon. The proposed mixed-acid treatment
not only enhances the interlayer spacing and introduces beneficial functional groups but also
creates a favorable pore structure for sodium storage. These findings offer valuable new
insights into the design of low-cost, high-performance carbon anodes for SIBs and underscore
the importance of precursor engineering in regulating sodium-storage behavior for next-
generation energy-storage systems.
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Fig. 1 Schematic diagram of the preparation process and microstructure changes of hard carbon derived from
anthracite under different pre-oxidation methods
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Table 1 The main performance parameters of the material
Samples dp L, o) A, Seerw, Seer-co, Open Reversible . Plateau
P /nm  /nm  content/% /A, /(m?/g) /(m?g) PoreVolume/(cm®/g) capacity/(mAh/g) ’ capacity/(mAh/g)
HC 0.362 1.78 0.00 1.36 1.851 1.968 0.00066 191.1 66.6 80.6
HC-Air 0.363 1.77 0.01 1.33 1.972 2.007 0.00088 204.8 69.6 100.2
HC-HNO, 0.368 1.72 0.07 1.52 11.978 22.719 0.00695 252.9 72.4 143.5
HC-Mixed-70-3 0.368 1.78 0.21 1.37 57.314 137.780 0.037 263.5 725 157.6
HC-Mixed-70-6 0.378 1.71 0.48 1.56 41.624 168.819 0.050 309.8 75.7 191.1
HC-Mixed-70-9 0.380 1.56 0.27 1.67 67.609 164.222 0.064 321.15 76.7 210.7
HC-Mixed-60-6 0.368 1.77 0.20 1.46 20.664 57.109 0.019 273.6 75.9 168.0
HC-Mixed-80-6 0.380 1.57 0.35 1.59 42.216 278.643 0.076 310.9 76.8 198.8
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Fig. 3 (a) FTIR spectra of precursors obtained via different pre-oxidation treatment methods; (b) Raman
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Fig. 4 Fitted SAXS results of (a) HC, (b) HC-Air, (c) HC-HNO,, and (d) HC-Mixed
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Fig. 5 SEM images of the (a) HC, (b) HC-Air, (c) HC-HNO,, and (d) HC-Mixed samples
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Fig. 6 HRTEM images of the (a) HC, (b) HC-Air, (c) HC-HNO,, and (d) HC-Mixed samples
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Fig. 7 (a) Initial charge/discharge profiles of the HC, HC-Air, HC-HNO,, and HC-Mixed electrodes at a current
density of 20 mA/g; (b) Variation trends of the capacity in the high-potential sloping region and the low-potential
plateau region; (c) Rate performance plots; and (d) Cycling performance of the HC-Air, HC-HNO,, and HC-Mixed
electrodes at a current density of 50 mA/g
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Fig. 8 (a) The first three cyclic voltammetry(CV) curves of the HC-Mixed electrode at a scan rate of 0.1 mV /s;
(b) CV curves of the HC-Mixed electrode at different scan rates; (c) Linear fitting results between log(i) and log
(v) for the HC-Mixed electrode; (d) (Top) Discharge potential vs. normalized discharge specific capacity and
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diffusion coefficient during charge/discharge presses; (g) EIS spectrum before discharge and (h) EIS spectrum
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electrode during the first charge-discharge cycle at a
current density of 30 mA/g
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Table 2 Modification methods and electrochemical performance of recently reported anthracite-based hard

carbon materials
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