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Abstract: The fabrication of hard carbon anodes with abundant closed pore structures is beneficial for the
development of high—energy—density sodium—ion batteries. However, the design of such closed pore structures
typically necessitates higher carbonization temperatures. In this study, we propose a molecular filling strategy to

synthesize hard carbon materials with rich closed pore structures at low carbonization temperatures. Lignin pyrolytic
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carbon serves as the substrate, while perylene tetracarboxylic dianhydride (PTCDA) acts as the guest molecule to fill
the pores of the pyrolytic carbon through the melting and diffusion process of PTCDA. The pyrolysis product of
PTCDA forms a stacked pseudo—graphitic domain structure on the micropore walls, facilitating the conversion of
open micropores into closed pores, and resulting in the formation of filled hard carbon with abundant closed pore
structures at 1000 °C. By adjusting the amount of PTCDA, the closed pore volume of the filled hard carbon increases
from 0.16 cm’ g to 0.25 em’ g ', while the pore size decreases from 1.79 nm to 1.45 nm. The optimized filled hard
carbon anode exhibits superior sodium storage capacity and rate performance compared to the lignin—based hard
carbon anode, achieving a capacity of 300 mAh ¢ at 0.05 A ¢ and retaining 186 mAh ¢ at 5 A g"'. This work

provides a straightforward and efficient approach for constructing lignin—based hard carbon closed—pore structures

and developing high—performance sodium—ion battery anodes.
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Figure 1 ~ XRD patterns of (a) LHC, (b) PC and (¢) PLHC from 25 “C to 600 °C,

1::(d) FTIR patterns, (e) N, adsorption—desorption isothermal curves, (f) the corresponding pore size distributions.
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Figure 2 SEM images of (a) LHC-1000, (b) PC1000, (¢) PLHC-1000, (d-f) TEM images.
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Figure 3

(a) XRD patterns, (b) N, adsorption—desorption isothermal curves,

#E:(c) the corresponding pore size distributions, (d) Raman spectra, (e) XPS survey spectra,(f) the high resolution of O 1s peak fitting profiles, (g) SAXS

pattern of LHC—-1000, PLHC—1000 and PC-1000, (h) Closed pore volume and closed pore diameter and (i) Open—to—closed pore transformation.
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Figure 4 Electrochemical characterization of carbon samples. (a) The 5th GCD curves and (b) Capacity contribution at a current

density of 50 mA g'. (c) Rate capacity performances.
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