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Releasing Free Radicals in Precursor Triggers the Formation
of Closed Pores in Hard Carbon for Sodium-lon Batteries

Yilin Wang, Zonglin Yi, Lijing Xie, Yixuan Mao, Wenjun Ji, Zhanjun Liu, Xianxian Wel,
Fangyuan Su,* and Cheng-Meng Chen*

1. Introduction

Sodium-ion batteries (SIB) have been regarded as the supple-
ment for lithium-ion batteries due to the abundance of Na ele-
ment worldwide.['}] Unfortunately, there are still shortcomings
such as power density and energy density that limit the large-
scale application of SIB. SIB with exceptional electrochemical
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performance primarily rely on the con-
struction of superior anode.**! Therein,
hard carbon (HC) is the most cost-effective
anode candidate and is gaining recent
attention for scalable production.l®8] HC
consists of turbostratic graphene struc-
tures and internal pores enclosed by
them! Although the sodium storage
mechanism of HC is disputed, the plateau
capacity below 0.1 V, which is the main
source of sodium storage capacity, is
highly correlated with pore structure.!'*!!)
Modification of HC precursors is found
to be an effective approach to regulating the
structure of closed pores. Among various
precursors that can prepare HC, lignocellu-
losic biomass possesses innate cross-linked
structure that originates from the bonding
of the structural bio-macromolecules such
as cellulose, hemicellulose, and lignin.*! It
makes lignocellulosic biomass precursors
precisely modified at molecular level to regulate closed pore
structures in HC. Xia and co-workers report the introduction
of carbonyl groups into pine wood to regulate the closed pore
structure.'?) Huang and co-workers use chemical-enzymatic
fractionation method to improve the amount of dosed pores in
grain-derived HC."! Chou and co-workers construct rich closed
pore structures in tissue-derived HC by regulating the molecular
structure of cellulose by Mn?* catalysis.|'*| Although closed pores
are successfully constructed by applying these methods, these
works lack insights into the formation mechanisms of closed
pores. Based on this, Wang and co-workers utilize waste wood
as model materials to comprehensively construct the formation
mechanism of closed pores.!'¢l By adjusting the ratio of crys-
talline (cellulose) to amorphous (hemicellulose/lignin) compo-
nents in the precursor, they find that cellulose with high crys-
tallinity tends to transform into long graphitic layers, and the
amorphous part plays arole in preventing the over-graphitization
of carbon layer. However, they only focus on the evolution of the
structure from the precursor to the final HC and fail to reveal the
mechanisms of closed pore formation at molecular level.
Herein, we propose a strategy of molecular structural design
that can enhance free radical reactions in bamboo precursor and
precisely regulate the abundance of closed pores in HC. Delib-
erate removal of lignin from bamboo exposes free radicals in
cellulose and hemicellulose, resulting in higher utility of small
molecules and acuter free radical reactions during pyrolysis.
Ideal abundance and structure of closed pores are hence formed.

© 2024 Wiley-VCH GmbH
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Lowering Energy Barriers of Free Radicals Facilitates
Defect-Suppressed Carbon Layers of Hard Carbon

Yilin Wang, Zonglin Yi, Shengbin Zhang, Yixuan Mao, Li Li, Hao Liu, Zhanjun Liu,
Lijing Xie,* and Fangyuan Su*

1. Introduction

Hard carbon (HC) is a crucial electrode material for sodium-ion
batteries and other energy storage devices, offering 2 high the-
oretical specific capacity and excellent cycling stability.!'=! With
the growing demand for high-performance energy storage ma-
terials, enhancing the electrochemical properties of hard carbon
has become a key research focus. The Length of microcrystalline
(L,) of HC is an essential parameter that describes the size of
the crystalline domains within the carbon structure.**! A longer
microcrystalline length helps reduce the diffusion resistance of
sodium ions from the electrolyte into the electrode material and
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enhances its electrical conductivity!! More-
over, an extended I, promotes the forma-
tion of closed pores, thereby significantly
improving energy storage capacity and ini-
tial coulombic efficiency (ICE)!”! Studies
have shown that the microcrystalline length
of HC not only influences the performance
of its energy storage capacity but is also
closely related to its rate capability, cy-
cling lifespan, and other electrochemical
properties.(? Therefore, it is imperative to
optimize the microcrystalline length of HC
to enhance its sodium storage performance.

Numerous studies have demonstrated a
significant correlation between the L, of
lignocellulose-based HC and its sodium
storage capacity'*?l By adjusting car-
bonization parameters such as temperature
and heating rate, the I, can be effectively
optimized to enhance the sodium storage
capacity of HC. However, solely optimiz-
ing the carbonization process is insuffi-
cient to fully overcome the challenge of low
capacity in HC.['¥* To address this bottleneck, researchers have
explored the introduction of external factors to further regulate
the microstructure of HC. Tang et al. investigated the preparation
of HC using lignocellulosic precursors with different crystallini-
ties and found that the high content of microcrystalline cellulose
in natural wood could be converted into elongated graphite-like
layers, which enclose and contract around active sites, forming
a closed-pore structure. The resulting HC exhibited a high re-
versible discharge capacity of 430 mAh g at 20 mA g~ Mao
etal. develop HC with long L, by controlling the degree of oxida-
tion. The optimal HC possesses a specific capacity of 335 and 230
mAh g™ of plateau capacity! Chou etal. employa two-step rapid
thermal annealing strategy to prepare highly cross-linked topo-
logically graphitized carbon from corncob. The extended carbon
layers form cavities and tunnels that provide multidimensional
pathways for sodium ion migration, resulting in HC materials
with 2 2100% contribution of the plateau capacity!”! These stud-
ies have highlighted the effect of L, of HC, thereby enhancing its
sodium storage capacity. However, they only focus on the effect
of the modification on the microcrystalline structure of final HC
and fail to reveal the mechanisms of the formation for long car-
bon layers in detail. Therefore, it is imperative to investigate the
fundamental mechanism governing the formation of L, to guide
the rational structural design of HC.

© 2025 Wiley-YCH GmbH
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