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Abstract: This study clarifies the nonlinear relationship between the softening point of coating asphalt and its oxidative cross-linking
behavior, as well as the sodium storage performance of the derived hard carbon. Comparative analysis of asphaltes with low (80 “C), medium
(160 °C) and high (260 °C) softening points revealed that both the 80 and 260 “C asphaltes incorporated a higher oxygen content (20%—25%)
during oxidation, leading to the formation of a deeply cross-linked structure dominated by anhydride and ester groups. This effectively
suppressed graphitization during carbonization, yielding hard carbon with large interlayer spacing, high disorder, and abundant closed pores.
The derived hard carbon exhibited superior sodium storage performance, the initial charge capacities of EPOC-80 and EPOC-260 reached
314.7 and 306.6 mA-h/g, with first-cycle coulombic efficiencies of 81.3% and 79.3%), respectively, along with excellent cycling stability and
rate capability. In contrast, the medium softening point asphalt (160 “C) showed limited oxygen incorporation (~5%) and insufficient cross-
linking after oxidation, resulting in a densely packed hard carbon with smaller interlayer spacing (3.46 A) and restricted sodium storage sites,
which led to a significantly reduced capacity of 173.2 mA-h/g. This work provides new design principles and theoretical support for
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optimizing hard carbon anode structures through precise control of the precursor softening point.

Key words: coating asphalt; softening point; pre-oxidation; hard carbon; sodium storage performance
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Table 1 Basic properties of coating asphalts with different softening points

Asphalt precursor Softening point/“C Coke yield/% Toluene-insoluble (T1)/% Quinoline-insoluble (QI)/%
EP-80 78.4 37.7 4.7 <0.1
EP-160 156.8 60.2 204 <0.1
EP-260 263.2 75.3 38.6 0.42

Note: the basic properties of the above-mentioned asphalt were determined in accordance with Chinese National Standards (GB).
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Table 2 Elemental analysis of asphalt with different softening points before and after oxidation

Asphalt precursor Cw/% H w/% O w/% C/H
EP-80 92.04 6.88 1.08 1.11
EP-160 93.74 6.19 0.07 1.26
EP-260 94.36 5.61 0.03 1.40
EPO-80 76.05 3.39 20.56 1.87
EPO-160 89.52 4.79 5.69 1.55
EPO-260 72.02 2.79 25.19 2.15
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Fig. 2 Infrared spectrum of asphalt before oxidation (a) and after oxidation (b)
Note: The sample was mixed and ground with potassium bromide (KBr) at a mass ratio of 1:100 and then pressed into a
pellet for Fourier transform infrared (FT-IR) spectroscopic analysis, and the spectrum was recorded in the
wavenumber range of 4000 to 600 cm .
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Fig. 3 EPR spectra of (a) raw asphalt and (b) oxidized asphalt
Note: Electron paramagnetic resonance (EPR) measurements were conducted at room temperature with a

magnetic field sweep range of 332 to 340 mT.
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Fig. 4 TG-MS curves of EPO-80, EPO-160 and EPO-260
Note: For the thermogravimetric analysis, the sample was heated to 1400 °C at a heating rate of 10 °C/min, and the signals at
mass-to-charge ratios (m/z) of 2, 16, 18, 28 and 44 were tracked using the selected ion monitoring mode.
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Fig. 5 XRD patterns (a), Raman spectra (b), N, adsorption/desorption isotherm (c) and pore size distribution curves (d) of
asphalt-derived carbon with different softening points
Note: X-ray diffraction (XRD) patterns were collected within a 26 range of 10° to 60°. Raman spectra were acquired in the
wavenumber range of 1000—2000 cm™'. The specific surface area and pore structure were determined by nitrogen adsorption-desorption
measurements at 77 K and the BET model was applied to calculate the surface area.
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Table 3  Structural parameters of pitch-derived carbon with different softening points

Sample do/ A L/nm N SB;HN_Z; Open [;orcjlsz Pore dy, Ture densij}y Pie Closed p0f3e Vie
M(m™-g ) flem g ) /(nm) /(g-em 7) Ng-em ™)
EPOC-80 3.99 1.23 3 16.7 0.0067 4.04 1.61 0.179
EPOC-160 3.46 2.51 8 20.2 0.0081 4.20 1.87 0.092
EPOC-260 3.89 1.43 4 32 0.0011 5.99 1.62 0.175

Note: The dy,, L. and N were measured by XRD; the surface area, pore size and volume were determined from nitrogen sorption
isotherms by BET and NLDFT methods; closed pore v was measured by true density, respectively.
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Table 4 Comparative analysis of recent related studies

Precursor Experimental method  Carbonization temperature/C  Reversible capacity/(m A.h.gfl) Reference
Coal tar pitch air pre-oxidation 1400 300.6 [7]
Isotropic pitch oxygen pre-oxidation 1400 312.7 [10]
Cross-linked pitch oxygen pre-oxidation 1100 300.8 [17]
Coal pitch solvothermal oxidation 1100 306.7 [26]
Key component of air pre-oxidation 1400 309.7 [27]
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