Electrochemical Energy Reviews (2024) 7:34
https://doi.org/10.1007/541918-024-00234-9

REVIEW ARTICLE q

Check for
updates

The Origin, Characterization, and Precise Design and Regulation
of Diverse Hard Carbon Structures for Targeted Applications
in Lithium-/Sodium-/Potassium-lon Batteries

Junjie Liu" - Ling Huang' - Huiqun Wang' - Liyuan Sha' - Miao Liu" - Zhefei Sun' - Jiawei Gu' - Haodong Liu®-
Jinbao Zhao' - Qiaobao Zhang'**® . Li Zhang'

Received: 27 May 2024 / Revised: 24 July 2024 / Accepted: 22 September 2024
© Shanghai University and Periodicals Agency of Shanghai University 2024

Abstract

Hard carbon, a prominent member of carbonaceous materials, shows immense potential as a high-performance anode for
energy storage in batteries, attracting significant attention. Its structural diversity offers superior performance and high
tunability, making it ideal for use as an anode in lithium-ion batteries, sodium-ion batteries, and potassium-ion batteries. To
develop higher-performance hard carbon anode materials, extensive research has been conducted to understand the storage
mechanisms of alkali metal ions in hard carbon. Building on this foundation, this paper provides an in-depth review of the
relationship between the structure of hard carbon and its electrochemical properties with alkali metal ions. It emphasizes
the structural design and characterization of hard carbon, the storage mechanisms of alkali metal ions, and key strategies for
structural modulation. Additionally, it offers a forward-looking perspective on the future potential of hard carbon. This review
aims to provide a comprehensive overview of the current state of hard carbon anodes in battery research and highlights the
promising future of this rapidly evolving field in advancing the development of next-generation alkali metal-ion batteries.

Keywords Hard carbon - Alkali metal ion batteries - Structure design strategy - Electrochemical energy storage - Storage

mechanism

1 Introduction

Over the years, the structural investigation of carbon mate-
rials has become a highly scrutinized field of study. It is
widely recognized that carbon materials synthesized through
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pyrolysis primarily fall into two major categories: graphitiz-
able carbon, also known as soft carbon, and non-graphitiz-
able carbon [1, 2], commonly referred to as hard carbon.
This fundamental classification is rooted in the pioneering
research conducted by Rosalind Franklin on carbon mate-
rials. She undertook extensive studies of coal’s structure,
focusing on crucial aspects, such as density and porosity
[3]. Using X-ray diffraction (XRD) techniques [4], Frank-
lin meticulously analyzed the structural changes in carbon
during the graphitization process at temperatures reaching
up to 3000 °C. Her exceptional contributions have greatly
advanced our understanding of the structural properties of
carbon materials. Hard carbon is characterized by features,
such as short-range order, non-graphitizability, porosity, and
amorphousness [5]. Depending on its application, hard car-
bon may be referred to as amorphous carbon, non-graphitiz-
able carbon, or disordered carbon [6]. While these terms
may not precisely define the structure of hard carbon, they
collectively capture the structural diversity inherent in this
type of carbon material.
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Hard carbon, with its diverse microstructures, is crucial in
various applications, especially in alkali metal ion storage,
where its structural benefits are becoming increasingly rec-
ognized (Fig. 1). Research into hard carbon for energy stor-
age in lithium-ion batteries (LIBs) began in the 1970s [7-9],
driven by the quest for optimal anode materials. Although
graphite has since become the predominant anode mate-
rial in LIBs [10, 11], hard carbon has retained its relevance
due to its versatile microstructural properties, which enable
significant structural tunability. As LIBs technology has
evolved and research into hard carbon has advanced, this
material has demonstrated remarkable cycle performance,
improved low-temperature functionality, and rapid charging
capability [5, 12]. These exceptional attributes have fueled
extensive global research, underscoring hard carbon’s grow-
ing prominence in energy storage solutions.

The unique microstructure of hard carbon significantly
enhances its electrochemical performance in Na™ storage
[2, 13]. Early research into the interaction between hard
carbon and Na* emerged from studies on carbon anodes
used in aluminum smelting [14]. Subsequent investigations
revealed that the complex structure of hard carbon enables
it to achieve a sodium storage capacity notably higher than
that of graphite [15]. As a result, hard carbon has gained
attention for potential applications in sodium-ion batteries
(SIBs) [16]. Notably, in 1996, Dubois and colleagues were
pioneers in reporting the intercalation behavior of hard
carbon derived from poly(para-phenylene) for both Li* and
Na* storage [17]. Subsequently, Dahn and his team made a
pivotal discovery, demonstrating that hard carbon derived
from glucose could achieve a reversible Na* storage capacity
of up to 300 mAh g~!. This breakthrough significantly

advanced the development of SIBs [18]. In recent years, hard
carbon has emerged as one of the most promising anode
materials for potential commercial applications in SIBs [19].
As SIB technology has progressed, there has been a notable
increase in both research and review articles focused on the
sodium storage capabilities of hard carbon [20-24].

Additionally, due to the physical and chemical similarities
between K* and Li* or Na™, hard carbon also shows promise
for K* storage. Initial studies into the performance of carbon
anodes for K* were limited by the larger ionic size of K,
leading to concerns that carbon materials might struggle to
effectively accommodate K* ions [25]. However, a landmark
study in 2016 by Jian and colleagues demonstrated the
electrochemical intercalation behavior of hard carbon for
K*, revealing a reversible capacity of 262 mAh g~! and
notable rate performance [25]. This significant finding
garnered substantial interest and spurred further research
into the structural design of hard carbon and the mechanisms
of K* storage [26-28]. The complex microstructure of hard
carbon provides new opportunities for K* storage, and
ongoing research aims to develop advanced hard carbon
materials for potassium-ion batteries (PIBs).

Given the above, hard carbon demonstrates exceptional
electrochemical performance across LIBs, SIBs, and PIBs.
Compared to other electrode materials, hard carbon offers
distinct advantages, including lower voltage, higher capacity,
lower cost, and excellent fast-charging performance,
which have attracted considerable interest. However, due
to its diverse structure-performance relationships with
different alkali metal ions, precise structural control of hard
carbon is essential. In contrast to the relatively simple and
ordered structure of graphite, the internal structure of hard

Fig. 1 Number of publications
related to hard carbon used in
SIBs, LIBs, and PIBs from 2014
to 2024 (data summarized from
Web of Science)
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carbon is markedly complex and varied. This multifaceted
structure significantly enhances hard carbon’s exceptional
electrochemical performance, with various factors
contributing to its high degree of diversity. To elucidate the
complex relationship between hard carbon’s structure and
its performance, extensive research and experiments have
been conducted. Despite these efforts, a comprehensive
understanding of hard carbon’s structure remains a
significant challenge [10], constrained by our current
knowledge base. Additionally, while numerous studies focus
on specific hard carbon materials, there is a notable lack of
comprehensive reviews exploring the correlation between
hard carbon’s structure and its performance.

This review aims to investigate the fundamental principles
governing the relationship between hard carbon’s structure
and its electrochemical performance in alkali metal-ion
batteries. We begin with a comprehensive examination
of the structural characteristics of hard carbon, detailing
the diversity and evolution of its structure under different
precursors and synthesis conditions. This review will cover
key structural aspects of hard carbon and the methodologies
used for its characterization. More importantly, we will
evaluate how the structure of hard carbon impacts the
storage mechanisms of Li*, Na*, K*, and its influence on
overall electrochemical performance. The paper will also
examine strategies for controlling key structural parameters
of hard carbon and discuss the associated challenges and
future prospects for its use as an anode material in alkali
metal-ion batteries. By systematically reviewing the
correlation between the hard carbon’s structure and its
electrochemical performance, this overview aims to aid
both newcomers and researchers in understanding the
complex relationship between hard carbon’s structure and
its electrochemical behavior. It seeks to offer insights into
methods and technologies for modulating hard carbon’s
structure and identifying effective synthesis strategies,
ultimately advancing the practical application of hard carbon
research in alkali metal-ion batteries.

2 Structures and Characterization
Techniques of Hard Carbon

2.1 The Origin of Hard Carbon Formation and Its
Structural Diversity

Understanding the formation process of hard carbon is
essential for gaining insights into its diverse structures. Hard
carbon is typically produced through the thermal treatment
of organic macromolecules or biomass materials [29-31],
referred to as “precursors.” During this “carbonization”
process, the carbon content of the material increases [6].
This process is inherently complex and can be divided into

stages, such as pyrolysis, carbonization, and graphitization
[32]. Each of these interconnected stages contribute to the
structural diversity observed in hard carbon.

The diversity in precursor structures plays a fundamental
role in determining the various structures of hard carbon.
These precursors, ranging from biomass and resins to
fossil-based materials, exhibit significant differences in
their post-carbonization structures [33—35]. This variation
is primarily influenced by two factors: the spatial structure
of the precursor and its chemical composition. First, the
spatial structure of the precursor is crucial. Precursor
materials are organic macromolecular substances with
intricate spatial arrangements. During carbonization, the
macromolecular structure of the precursor does not fully
collapse. Instead, a portion of the original molecular
framework is preserved, leading to similar microscopic
structures and morphologies between the precursor and the
resulting hard carbon. For instance, the pyrolysis products
of walnut shells and natural leaves retain microscopic
structures similar to their precursors [36, 37]. Additionally,
variations in the chemical composition and content of
different precursors lead to diverse structures in the final
pyrolysis products [38]. Precursors are typically mixtures
of organic macromolecules, and even a single precursor
often contains molecules with varying molecular weights
and chemical formulas [39]. Moreover, the differences
in chemical composition and content among precursors
significantly contribute to the structural diversity observed
in hard carbon.

The intricate nature of precursors, combined with the
complex thermal processing conditions and methodologies,
significantly enhances the structural complexity of hard
carbons. The transition through the phases of precursor
pyrolysis and carbonization exhibits considerable variability.
Pyrolysis generally occurs at temperatures below 1000 °C
[6]. As previously noted, the structures formed post-pyrolysis
are influenced by various chemical constituents, leading to
diverse reaction pathways. The pyrolysis stage involves
multiple concurrent reactions, resulting in distinct pyrolysis
pathways for various precursors [40]. Moreover, even
identical chemical components do not undergo a singular
pyrolysis reaction. In the pyrolysis of organic compounds,
numerous reactions often occur simultaneously, and
variations in reaction conditions can alter the predominant
reaction. For instance, starch undergoes different principal
reactions at various temperatures during this pyrolysis
[41]. This process is also characterized by the emission
of small molecular gases, such as H,O, CO, and N, [42,
43]. The generation rate and dispersion pathways of these
gases further impact the spatial architecture of hard carbon
materials [6]. Consequently, the pyrolysis of precursors is
a complex, multifactorial process. Research by Jeff Dahn
and colleagues supports this notion, demonstrating that
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variations in pyrolysis conditions, such as the heating rate
and gas flow rate, significantly influence the final structure
of hard carbon [44]. The carbonization process, which
typically occurs at temperatures above 1000 °C, involves a
range of simultaneous reactions, including dehydrogenation,
condensation, hydrogen transfer, and isomerization [6,
42]. Through these reactions, carbon atoms rearrange,
leading to the formation of expanded carbon layers and the
development of rigid, cross-linked structures within the
hard carbon. However, this recombination does not result in
a perfect graphene structure, instead producing numerous
defects, micropores, and residual oxygen functional
groups [45, 46] These imperfections contribute to the hard
carbon structure. Additionally, under certain conditions,
the process of precursor pyrolysis and carbonization can
occur concurrently, with each process influencing the other,
thereby further complicating the structure of the carbon
material.

Hard carbon’s structural complexity is attributed to its
characterization as a “carbon alloy” [47], which includes
pseudo-graphitic microdomains and amorphous carbon.
The presence of C—O-C bonds and cross-linked structures
inhibits the transition to a fluid phase at high temperatures
[5, 48], resulting in a disordered, swirled structure. During
graphitization, defects within the carbon layers decrease,
and local layers rearrange to form graphite microdomains.
These microdomains, which vary in size and distribution,
persist in a randomly stacked, turbostratic arrangement [1].
In summary, the diversity in hard carbon structures arises
from the variety of precursors and the intricate thermal pro-
cesses involved in its formation. This rich structure variety
contributes to hard carbon’s unique properties and makes it
a valuable material for various applications (Fig. 2).

2.2 Hard Carbon Microstructures Trigger Complex
Alkali Metal lon Storage Mechanisms

The structural diversity of hard carbon is most apparent in
its complex carbon layer arrangement. During the carboniza-
tion process, as heteroatoms are expelled and carbon atoms
rearrange, a broad network of carbon predominantly com-
prises sp>-hybridized carbon atoms. Macroscopically, this
work appears as discrete, profiled carbon sheets, commonly
referred to as graphene sheets [6]. On these sheets, carbon
atoms are interconnected through sp? bridging bonds and
sp> diamond bonds, leading to various structural formations,
including pentagons, heptagons, hexagons, triangles, edge
sites, and methyl sites (Fig. 3a) [49]. The six-membered
ring network, predominantly composed of sp>-hybridized
carbon, represents the ideal structure of graphene sheets and
is the most prevalent. Deviations from this ideal structure are
classified as defects [50]. These defects can be categorized
into intrinsic and extrinsic types. Intrinsic defects include
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Fig.2 The overview of what this review covers

vacancies, voids, and edges on nanosheets, which are mainly
characterized by dangling bonds and sp>-hybridized carbon
[20] This category also encompasses formations, such as
pentagons, hexagons, heptagons, and other non-hexagonal
structures. In contrast, extrinsic defects primarily involve
heteroatoms and oxygen functional groups, often found
at vacancies and edges. Notably, some defects play a dis-
tinctive role in the structure of hard carbon. For example,
Stone—Wales defects prevent graphene sheets from achiev-
ing a fully flat configuration, leading to a profiled state and
subsequent rearrangement of carbon layers. Additionally,
these graphene sheets are not isolated; they exhibit complex
properties related to their scale and orientation. The size of
graphene sheets in hard carbon ranges from 5 to 500 nm,
displaying diverse orientations and appearing isotropic
on a larger scale [5]. These sheets are interconnected by
sp>-hybridized carbon bonds or “bridges,” which are cru-
cial for anchoring the sheets, including wrinkles and folds,
and impeding the graphitization process [48]. The abundant
free graphene sheets in hard carbon provide an exceptionally
high specific surface area, which enhances the pseudoca-
pacitive adsorption of alkali metal ions [51]. Additionally,
the numerous defects on the graphene sheets, such as het-
eroatoms, vacancies, and varied oxygen functional groups,
further augment the adsorption capacity for alkali metal
ions (Fig. 3 b—e) [52]. Consequently, hard carbon with a
significant proportion of free graphene sheets often exhib-
its excellent rate performance and high-capacity. However,
the strong binding energies and diffusion barriers associ-
ated with these defects present challenges in releasing the
bound ions, leading to a considerable amount of irreversible
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Fig.3 a Schematics representation of key structural motifs in HC:
hexagonal rings, 7-membered rings, edge sites, pores (~3.8 A diam-
eter shown), 5-membered ring, methylene sites, methyl sites, 3-mem-
bered rings, sp> diamond bonds, and sp? bridging bonds. Reprinted
with permission from Ref. [49]. Copyright © 2022, Wiley-VCH
GmbH. b Simulation cell showing the spatial arrangement, with

capacity during the initial cycle. This phenomenon contrib-
utes to lower initial coulombic efficiency (ICE) and a higher
average potential in hard carbon [50, 53-55].

Due to van der Waals forces, some graphene layers within
hard carbon tend to stack at high temperatures, forming,
forming localized nanodomains known as quasi-graphite
microcrystals or pseudo-graphitic microdomains [6, 56].
This concept originates from the "house of cards" model
proposed by Dahn and colleagues, which describes hard
carbon as consisting of pseudo-graphitic microdomains
(stacked graphene layers in a pseudo-graphitic arrangement
with sp? hybridization) and amorphous regions (including
edges and defects in graphene layers with sp> hybridization)
[57]. These pseudo-graphitic microdomains display
crystalline characteristics and a certain degree of anisotropy,
making them resemble crystalline domains. During the
formation of these pseudo-graphitic microdomains, free
graphene layers within hard carbon are consumed, altering
the balance between crystalline and amorphous regions.
Unlike graphite crystals, pseudo-graphitic microdomains
are generally smaller, exhibiting short-range order but with
random orientation on a larger scale [18]. Additionally,
their stacking order is less regular than in graphite due to
the profiled nature of graphene layers, leading to what is

Defect Position

Defect Position

brown spheres representing carbon atoms and green spheres indi-
cating carbon atoms at the general defect positions. The red arrow
denotes the x-direction, green the y-direction, and blue the z-direc-
tion. Metal adsorption energies for ¢ Li, d Na, and e K in the VC, NC,
and OC defect systems. Reprinted with permission from Ref. [52].
Copyright © 2021, Wiley-VCH GmbH

known as imperfect stacking. This imperfect stacking creates
larger interlayer spacing (d(002)), which is crucial for alkali
metal ions storage. Larger interlayer spacing facilitates
superior ion transport kinetics, especially improving the
electrochemical performance under low temperatures and
under high-rate conditions. The interlayer spacing also
significantly impacts the storage efficiency for specific
alkali metal ions [58]. For sodium ions, smaller interlayer
spacing is generally less favorable for insertion, with optimal
spacing for sodium storage typically between 3.7 and 4.2 A
[59, 60]. Lithium and potassium ions, which face fewer
energy barriers, can be stored effectively in spacings above
35A [61]. Furthermore, as the temperature increases, the
size of pseudo-graphitic microdomains grows. Relevant
metrics used to describe these microdomains include the
coherent length along the basal plane (L,) and the coherent
length along the stacking direction (L,) [20, 50]. Research
indicates that below a carbonization temperature of 1500 °C,
growth along the a-axis is more energetically favorable
than along the c-axis [20]. The presence of pseudo-
graphitic microdomains facilitates intercalation reactions
of alkali metal ions, providing numerous active sites for
such processes. Typically, hard carbon contains both free
graphene layers and stacked pseudo-graphitic microdomains,
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offering both adsorption and intercalation sites. This dual
mechanism in hard carbon opens up broader possibilities and
more nuanced control for alkali metal ion storage.

Despite local stacking, the orientation of pseudo-graphitic
microdomains within hard carbon remains largely random
on a broader spatial scale [7]. These microcrystals merge to
form a complex porous structure, with the porous regions
predominantly composed of pseudo-graphitic microdo-
mains often referred to as having a turbostratic structure
[48]. This extensive porous structure is advantageous for
hard carbon, as it typically exhibits minimal volume expan-
sion during alkali metal ion storage, a critical factor con-
tributing to the material’s commendable cycling stability.

The porous structure of carbon materials has been exten-
sively investigated, generally characterized by micropores
and mesopores with diameters of less than 2.0 nm and up
to 50.0 nm, respectively. In the context of alkali metal-ion
batteries, ultra-micropores, averaging less than 1.0 nm in
diameter, are essential for enhancing hard carbon’s electro-
chemical capacity [6]. These ultra-micropores, featuring
a distinctive closed pore architecture, are integral to hard
carbon’s structure (Fig. 4a) [62]. Hard carbon pore struc-
tures are differentiated into closed and open pores. Open
pores, frequently highlighted in carbon material research,
have larger openings that allow gases such as N, and CO,
to enter [20, 42]. These pores increase the interface area

N W & o
N i i 1

Pore diameter/mm

d(002)/A

Potential

Pyrolysis temperature

Type 3

O/(% by atom)
i A 2

Fig.4 a Model of micropore closure depicting open micropo-
res (Type 1), partially closed micropores (Type 2) and fully closed
micropores (Type 3). Reprinted with permission from Ref. [62].
Copyright © 1999, Elsevier. b Summary of the structural evolu-
tion of hard carbons with increasing pyrolysis temperature (lines are
a guide for the eye only). ¢ Schematic illustration of the proposed
sodium storage mechanism. Note that stack thickness and plane size
are not to scale, and defects and curvature are not explicitly shown.
Reprinted with permission from Ref. [63]. Copyright © 2020, Royal
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Fig.5 Characterization techniques to analyze structural information of hard carbon

between hard carbon and the electrolyte, thereby playing a
crucial role in the material’s functionality. However, elec-
trolyte decomposition on the hard carbon surface can lead
to the formation of a solid electrolyte interface film, which
results in irreversible capacity loss. Thus, the specific sur-
face area of open pores is a vital determinant of the initial
ICE of hard carbon [50]. Contrastingly, closed pores, char-
acterized by their diminutive openings, impede the entry of
gas molecules and require metal ions to penetrate the interior
through solid-state diffusion.

Additionally, the pores in hard carbon can transition
from open to closed states under certain conditions. During
the precursor carbonization process, the decomposition of
organic polymers and the gas evolution result in numerous
open pores [5, 65]. These pores gradually close at elevated
temperatures, transitioning into closed pores. The presence
of defects within the carbon material plays a crucial role in
this process, as it affects the closure of open pores at high
temperatures. If defect content is insufficient, open pores
may fail to self-heal [66—-69]. As temperatures continue
to increase, the evolution of graphene layers and pseudo-
graphitic microdomain structures leads to the formation,
growth, and merging of new closed pores (Fig. 4b). These
closed pores in hard carbon are acknowledged as potential
sites for alkali metal ion storage (Fig. 4c [63]. The walls
of these pores serve as adsorption sites, and recent studies
indicate the possibility of storing alkali metal ions in the
form of quasi-metallic clusters within these pores (Fig. 4d,
e) [64]. This utilization of pore size significantly enhances
the theoretical capacity for alkali metal ion storage in hard
carbon. Notably, different alkali metal ions exhibit varying
interactions with these pores, requiring specific pore
diameters for optimal storage [70]. Therefore, optimizing

the pore diameter and quantity in hard carbon is essential
for maximizing its contribution to overall efficiency and
capacity in alkali metal-ion batteries.

In conclusion, the intricate microstructures of hard
carbon lead to multiple alkali metal ion storage mechanisms
coexisting within the material. This complexity allows for
extensive modulation and optimization of the performance
of hard carbon, underscoring its potential as a versatile and
efficient material for energy storage applications.

2.3 Characterization Technologies of Hard Carbon

The microstructure of hard carbon is pivotal to its electro-
chemical performance, and utilizing advanced characteriza-
tion techniques facilitates a deeper and more intuitive under-
standing of this structure. Within the complex architecture
of hard carbon, key structural structures, such as graphene
layers, quasi-graphite microcrystals, and pores, play a sig-
nificant role in determining its electrochemical efficiency
[20]. This section focuses on introducing and elucidating the
characterization techniques specifically designed to analyze
these three critical structural elements (Fig. 5).

2.3.1 Graphene Layers

The analysis of graphene layers within hard carbon focuses
on the characterization of defects and crystallinity. Raman
spectroscopy, a widely used technique in this field, effec-
tively distinguishes the hybridization states of carbon atoms
in hard carbon by analyzing the sp? and sp> hybridizations,
thereby determining the concentration of defects within gra-
phene layers. Figure 6a and b shows different Raman spectra
of carbon-based and graphene-based materials [71]. In the
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Raman spectrum of hard carbon, the D-band appears around
1350 cm™! and the G-band around 1580 cm™" (Fig. 6¢) [72].
The D-band is indicative of the stretching vibrations of sp>
carbon atoms, while the G-band corresponds to the vibra-
tions of sp® carbon atoms and 7 electrons. The ratio of the
intensities of these bands, denoted as Ijy/I;, is a commonly
used metric to assess the concentration of defects in hard
carbon, with a lower Ip/Ij; ratio suggesting a reduced con-
centration of defects. Further deconvolution and fitting of
the D-band can yield more precise insights into sp* hybridi-
zation. This band can be subdivided into D, D,, D3, and
D, components, allowing for the separation and identifica-
tion of specific sp® hybridization information (Fig. 6d, e)
[72]. The D, and D, bands correspond to the vibrational
modes of microcrystalline graphite and disordered graphite
lattices, respectively. The D5 band is associated with sig-
nificant amounts of amorphous carbon, while the D, band
is linked to terminal groups of C—C bonds or, more broadly,
to adsorbed molecules or molecular fragments. Analyzing
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the D5 and D, bands provides independent insights into sp
hybridized carbon.

Additionally, X-ray photoelectron spectroscopy
(XPS) serves as a crucial surface analysis technique
for determining the chemical composition, oxidation
states, and molecular structures on a material’s surface.
Widely applied in characterizing defects in hard carbon,
XPS enables both qualitative and quantitative analyses
of heteroatoms like N, O, and S, revealing the types
and concentrations of defects present (Fig. 6f, g) [73].
Further, the analysis of the C spectrum via XPS can
reveal pertinent details about C—C and C =C bonds.
Comparing the peak areas of these bonds offers insights
into the proportions of sp? and sp® carbon, allowing for
an assessment of defect concentrations in hard carbon.
Emerging technologies, such as X-ray absorption
spectroscopy (XAS) and electron paramagnetic resonance
(EPR), are also becoming crucial for detecting and
analyzing edges and vacancies in graphene layers. These
technologies offer detailed insights into deviations from
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the ideal hexagonal carbon network and the complexities
of & electron structures. X-ray Absorption Near-Edge
Spectroscopy (XANES), a subset of XAS, utilizes
absorption peak positions and intensities to explore the
electronic states and bonding configurations of carbon
atoms, uncovering subtle variations in the electronic
structure of carbon atoms and providing a deeper
understanding of the nature of defects and their impact
on the material’s properties [73, 74]. Conversely, EPR,
known for its sensitivity to unpaired electron states,
excels at detecting vacancy defects in carbon materials
[75]. The technique measures the magnetic fields at
which electrons in unpaired states resonate, providing
information about the nature and density of these defects.
Changes in EPR peak intensity, particularly when tested
across equivalent sample volumes, offer a reliable metric
for assessing variations in vacancy concentrations
within carbon materials[76]. Recent studies have also
explored the relationship between EPR signals and the
capacity of hard carbon, demonstrating that EPR can
predict the capacity of hard carbon and the extent of
charge stored in both sloping and plateau regions during
constant current testing [77, 78]. The integration of
these advanced spectroscopic methods into the analysis
of hard carbon structures significantly enhances our
understanding of its microstructure, particularly in terms
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Fig.7 a Typical XRD pattern of a hard carbon sample. The inset
shows a schematic of a graphitic structure, with the (002) plane
marked in blue and the (100) plane in red. b Empirical measure
of amorphicity. ¢ Schematic illustration of expected coordina-
tion lengths on a graphene sheet, accompanied by the simulated
PDF measurement of a single graphene sheet, demonstrating both
short- and long-range order. Reprinted with permission from Ref.
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of defect concentrations and electron configurations,
thus facilitating the tailoring of hard carbon materials
for specific applications, especially in fields that require
precise control over material properties.

2.3.2 Pseudo-Graphitic Microdomains

XRD is a primary tool for acquiring information about
pseudo-graphitic microdomains in hard carbon. Typical
XRD patterns of hard carbon feature prominent peaks, such
as (002) and (100) (Fig. 7a) [79]. Further analysis of these
interlayer (002) and in-plane (100) diffraction peaks sheds
light on the layered structures and microdomain architecture.
Commonly, by examining the angle of the (002) peak and
applying Bragg’s equation, the interlayer distance d(002)
can be calculated. Due to peak broadening in hard carbon,
the average thickness L. and width L, of the internal vortex
layered nanodomains can be determined by using the Scher-
rer equation, based on the full width at half maximum of
the peak. By employing the formula L=kA/Bcos@, the num-
ber of graphene layers within the domains can be estimated
by dividing the domain thickness by the calculated aver-
age interlayer spacing [80]. Another method to assess the
degree of graphite stacking in hard carbon involves compar-
ing the intensity of the (002) peak to the background inten-
sity (Fig. 7b) [79]. A lower ratio suggests a more disordered

Background

[79]. Copyright © 2018, Elsevier. d Schematic diagram of struc-
tural parameters extracted from PDF analysis and the actual model
obtained after practical analysis. Reprinted with permission from
Ref. [82]. Copyright © 2021, American Chemical Society. e HRTEM
images of biomass-derived hard carbons pyrolyzed at different tem-
peratures. Reprinted with permission from Ref. [83]. Copyright ©
2019, Wiley—-VCH GmbH
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structure, though this method is not widely used currently
and is referenced in only a few publications [81].

Pair distribution function (PDF) analysis allows for the
investigation of short-to-medium range order in carbon,
revealing pertinent local atomic structures (Fig. 7¢) [79].
Compared to traditional XRD, PDF offers more detailed
information on nearest-neighbor bonding. Employing PDF
to analyze the size of crystalline domains and microdomains
provides an additional approach to understanding the
structural characteristics of hard carbon (Fig. 7d) [82].

Raman spectroscopy also provides valuable insights into
pseudo-graphitic microdomains. According to the empirical
equation L, (nm) = (2.4 x 107'9A(I¢/I;,), the I5/I;, ratio offers
relevant information about L, [20, 84]. Additionally, the less
frequently mentioned 2D-band, located around 2700 cm™!,
reflects graphitization information and is typically associated
with the stacking number of graphene layers, making it
useful in studying short-to-medium range ordered structures

Fig.8 a Schematic represen-
tation of gas adsorption and
small-angle scattering applied
to analyze porosity in carbon
materials (dark gray area).
Reprinted with permission
from Ref. [42]. Copyright

© 2018, Wiley-VCH GmbH.

b N, adsorption—desorp-

tion isotherms and pore size
distribution of ES-CO,, HCMP
and HCMP-CO,. Reprinted
with permission from Ref. [65].
Copyright © 2023, Wiley-VCH
GmbH. ¢ Top panel: schematic
representation of the geometry
of the SAXS instrument used
for the present study. Bottom

a Gas adsorption

[85]. High-resolution transmission electron microscopy
(HRTEM) is a commonly used tool for visualizing the
projection morphology of microcrystals (Fig. 7e) [83]. TEM
enables direct imaging of lattice parameters, defects, and
other structures within the pseudo-graphitic microdomains
of hard carbon. Given the heterogeneous internal structure
of hard carbon, TEM allows for quantitative, site-specific
analysis of its local structure [86]. Recent developments
have leveraged HRTEM to analyze lattice fringe lengths,
tortuosity, and average curvature [6]. However, due to the
relatively small characterization area in TEM, the results
obtained may lack representativeness.

In summary, a comprehensive understanding of pseudo-
graphitic microdomains in hard carbon comprehensively
requires integrating the insights provided by XRD, Raman
spectroscopy, and TEM, allowing for a holistic view of these
complex structures.
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2.3.3 Open/Closed Pores

Characterizing the porous structure of hard carbon is crucial
for understanding its electrochemical properties, particularly
in distinguishing between open and closed pores (Fig. 8a)
[42]. Open pores, which allow gas molecules to enter, are
typically assessed using the Brunauer—-Emmett—Teller (BET)
gas adsorption—desorption method. This technique involves
generating adsorption and desorption profiles of gas mol-
ecules on the material’s surface, which aids in identifying
pore types and determining the specific surface area of
the material (Fig. 8b) [65]. Additional modeling provides
insights into parameters, such as pore size and volume for
open pores. However, the results of this method can vary
depending on the gas used for adsorption tests, making BET
a tool for relative comparison. Notably, BET is less effective
for analyzing closed pores, as gases cannot penetrate the
interior of hard carbon.

In contrast, small-angle X-ray scattering (SAXS) offers
several advantages for porosity determination in hard carbon.
SAXS involves passing a beam of X-rays or neutrons through
a sample, where it interacts with atoms or molecules,
causing scattering at very small angles (typically less than
10°). X-rays, capable of penetrating materials without
causing damage, allow for non-destructive characterization.
SAXS is effective in providing topological information from
the molecular to the mesoscale, irrespective of the sample’s
crystallinity. Typical SAXS patterns reveal the relationship
between absolute scattering intensity and the scattering
vector Q [Q = (4nsind)/A] (Fig. 8c) [87]. By combining true
density testing with model fitting of scattering profiles,
SAXS can accurately depict the complex structure of
disordered carbon, extracting quantitative data on pore
size, volume, and more. It is important to note that SAXS-
derived pore data encompass both closed and open pores,
necessitating the subtraction of the closed pore volume from
the total to obtain an accurate representation.

While BET is instrumental in assessing open pores in hard
carbon, SAXS excels in providing a comprehensive view
of both open and closed pores, offering a more thorough
understanding of the material’s porous architecture. This
level of detailed characterization is essential for tailoring
hard carbon for specific applications, especially in fields
where pore structure is critical to performance. To achieve
a complete quantitative evaluation of hard carbon’s
pore structures, combining SAXS with BET analyses is
indispensable.

However, despite these advanced techniques, accurately
characterizing the intricate structure of hard carbon remains
a formidable challenge. The complexity and disordered
nature of hard carbon means that current characterization
methods often provide only averaged structural data, and the
resolution limitations make it difficult to precisely determine

specific aspects, such as the proportions of amorphous
versus crystalline regions, local orientations, and precise
pore shapes. Moreover, the reliance on model fitting in
SAXS and BET analyses introduces potential discrepancies
between observed and actual values, highlighting the
limitations of existing methods. These challenges underscore
the need for ongoing development and refinement of
characterization techniques. Enhancing methods will enable
a more nuanced and detailed understanding of hard carbon’s
structure, crucial for tailoring its properties for targeted
applications. As such, advancing more sophisticated and
accurate characterization technologies remains a priority
in the study of hard carbon materials, driving progress on
material science and enhancing our ability to harness hard
carbon’s full potential.

3 Storage Mechanism of Various Alkali
Metal lons in Hard Carbons

The complex structure of hard carbon makes it an
exceptionally effective anode material for alkali metal-ion
batteries, with extensive applications in this field. Lithium,
sodium, and potassium ions, all belonging to the alkali metal
ion group, share similar physical and chemical properties,
leading to broadly analogous storage behaviors in carbon
materials. Nonetheless, differences in ion radius and energy
significantly affect the structure-performance relationships,
resulting in distinctive electrochemical behaviors.

This section explores the storage behaviors of Li, Na, and
K ions in hard carbon anode materials, aiming to unravel
the intrinsic connections between these behaviors and the
structural characteristics of hard carbon. By conducting
thorough investigations into the storage of alkali metal
ions in hard carbon, a more comprehensive understanding
of their characteristics can be obtained. This knowledge is
instrumental in advancing the development of innovative
energy storage systems, particularly in sodium-ion and
potassium-ion batteries, where optimizing these interactions
between ions and hard carbon is essential for optimizing
performance and efficiency.

3.1 The Correlation Between Hard Carbon Structure
and Li* Storage Electrochemistry

The diverse structural features of hard carbon materials
result in varying electrochemical performances during the
lithium-ion storage. Although significant insights have
emerged from ongoing research, a definitive consensus
on the lithium storage mechanism within hard carbon
has not yet been established. It is broadly accepted that
both “intercalation” and “adsorption” mechanisms play
major roles in lithium storage; however, the existence of a
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“filling” mechanism remains a topic of debate. The specific
behaviors associated with these mechanisms in hard carbon
are still under discussion within the scientific community
[57, 88-91]. Despite the challenges in pinpointing the
exact mechanisms, understanding the relationship between
the structure of hard carbon and Li* storage is crucial
for elucidating the lithium-ion storage processes in these
materials. Such explorations are anticipated to inform the
future design and optimization of hard carbon materials,
thereby advancing lithium-ion battery technology toward
higher performance and reliability.

For synthesizing high-capacity lithium-ion hard carbon,
the preparation temperature is a key factor. Typically ranging
from 800 to 1300°C, the optimal temperature for synthesiz-
ing lithium-ion hard carbon is generally between 1000 and
1100 °C. At these temperatures, hard carbon experiences
pyrolysis and partial carbonization, resulting in a low degree
of graphitization. This process leads to a hard carbon with
numerous free graphene layers, increased hydrogen atoms
and defects, smaller particle sizes, higher disorder, and fewer
stacking interactions between layers. Additionally, due to
the relatively low sintering temperature, many open pores
remain unclosed, and closed pores are still forming inter-
nally. As a result, this form of hard carbon maintains a high
specific surface area, fewer closed pores, and smaller pore
sizes, attributes that are key for its performance in lithium-
ion storage applications (Table 1).

The intricate and varied surface of hard carbon mate-
rials, characterized by numerous free graphene layers,
offers a plethora of active sites for adsorption, including
both physical and chemical modalities. It is widely recog-
nized that the surfaces and internal graphene layers of hard
carbon serve as physical adsorption sites for lithium ions
[106], enabling adsorption similar to double-layer capaci-
tors (Fig. 9a) [104]. Moreover, the abundant free graphene
fragments within hard carbon provide substantial chemi-
cal adsorption sites, facilitating the storage of lithium ions
through pseudocapacitive adsorption mechanisms (Fig. 9b)
[105]. The capacity achieved through chemical adsorption
significantly surpasses that of physical adsorption, making
chemical adsorption the predominant process (Fig. 9¢) [91].
The presence of oxygen functional groups, albeit limited,
at the edges of graphene fragments, enhances adsorption
capacity through redox reactions [107]. During lithium
ion adsorption, physical adsorption processes are charac-
terized by rapid reaction kinetics (Fig. 9d) [91], which is
reflected in the higher diffusion coefficients of hard carbon
at elevated voltages. Reactions involving oxygen functional
groups demonstrate similar rapid kinetics. Conversely,
chemical adsorption shows a marked decrease in diffusion
coefficients and occurs just below the potential of physical
adsorption. This difference is evident in the characteristic
inclined profiles observed in charge—discharge cycles during
Li* storage. Given the abundance of chemical adsorption

Table 1 Reported high-capacity hard carbon materials for LIBs, including precursors, structures, and relevant electrochemical performances

Precursors 7/°C d(002)/nm VI(V vs. Li*/Li) CD/((mA g~Y/(mA cm™2)) C/(mAh g™ References

Potato starch 1000 0.407 0-2.0 CCO0.1Cto0V 531 [92]
CVOVto3mA

Sucrose 1100 0.402 0.002-2.0 25mA g7! 551 [75]

Pitch/NH,S,04 1100 - 0.001-1.3 CClmAcm2to0V 470 [93]
CVOVtol12h

Mangrove wood 1000 - 0.003-1.5 30 mA g! 424 [94]

Lignin 800 0.381 0-2.0 0.1C 550 [95]

Sugar 1050 - —-0.02-3.0 4.65mA g 627 [96]

Pistachio nut shell/ Propion- 1000 0.381 0.01-1.5 40 mA g~ 404 [97]

aldehyde

Phenolic resin 1100 - 0-2.0 100 mA g_1 420 [98]

Cellulose 1100 0.451 0-2.0 40mA g™ 397 [99]

Cellulose 1000 0.383 0.005-1.5 18.6 mA g™ 385 [33]

Glucose 1100 - 0-15 20mA g 350 [100]

Phenolic-formaldehyde 900 - 0.001-1.5 50 mA g’1 550 [101]

resin

Sweet Gum 1000 0.389 0.005-2.5 50 mA g~! 375 [102]

Anthracites 1100 - 0-3.0 CC30mAg'to0V 370 [103]
CVOVto6h

T pyrolysis temperature (°C), d(002) interlayer spacing (nm), V voltage window (V vs. Li*/Li), CD current density ((mA g‘l)/(mA cm™?), C
specific capacity (mAh g™!), CV constant voltage CC constant current. Data are extracted from multiple data sources, and thus are with different

significant digits
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Fig.9 a Diagrams of EDLC structures: Helmholtz model, Gouy—
Chapman model and Gouy—Chapman—Stern model. Schematic rep-
resentation of the charge storage mechanisms in pseudocapacitors.
Reprinted with permission from Ref. [104]. Copyright © 2020,
Springer Nature. b Schematic illustrations of lithiated graphene with
different microstructures. Reprinted with permission from Ref. [105].
Copyright © 2022, Elsevier. ¢ Discharge—charge profiles of the initial

sites in hard carbon, this form of adsorption significantly
contributes to the overall capacity for lithium-ion storage.
Moreover, the excellent kinetic behavior of lithium ions
under the adsorption mechanism enhances the magnification
and low-temperature performance of hard carbon materials.
Therefore, an increase in the contribution of the adsorption
mechanism will help improve these properties. However,
while the extensive specific surface area and rich internal
structure of hard carbon offer numerous adsorption sites,
they also lead to increased electrolyte consumption [108].
Research indicates that defects and higher hydrogen content
in the graphene layers can cause voltage hysteresis, impact-
ing the ICE of hard carbon [109]. Therefore, it is crucial to
carefully manage the defect content and concentration of
free graphene layers in hard carbon to maintain an optimal

10 cycles of HC-1300/Li and the capacities of different carbonization
temperatures in LIBs. d Apparent lithium-ion diffusion coefficients
calculated from GITT profiles during the lithiation and delithiation.
e CV profiles of HC-1300 at scan rates ranging from 0.1 to 1.00 mV
s~!in LIBs. Reprinted with permission from Ref. [91]. Copyright ©
2018, Wiley-VCH GmbH

balance. This balance is crucial to maximizing the material’s
efficacy and efficiency in lithium-ion storage applications.
Further investigations have revealed that the stacking of
graphene layers in hard carbon leads to the formation of
pseudo-graphitic microdomains, which provides potential
sites for Li* intercalation [18, 110]. Early studies on inter-
calation in carbon materials primarily focused on graphite,
and due to structural similarities between graphite and hard
carbon, insights from graphite intercalation have greatly
enhanced our understanding of Li* storage in hard carbon.
In graphite, Li* forms intercalation compounds, such as
LiCg (Fig. 10a) [111]. The long-range ordered structure and
distinct stacking pattern of graphite enable Li* to insert in
a stepwise manner [112], resulting in a characteristic three-
stage pattern in its electrochemical profile. In contrast, hard
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Fig. 10 a Illustration of the intercalation of secondary species into
the layered graphite structure via the staging mechanism according
to Riidorff-Hofmann (RH) theory (top pathway) and Daumas-Herold
theory (bottom pathway). Reprinted with permission from Ref. [111].
Copyright © 2014, Royal Society of Chemistry. b Schematic illustra-
tion for the coexistence of two types of Li sites in poly(p-phenylene)-
based carbons, with Li ions and atoms denoted by empty and solid

carbon’s pseudo-graphitic microdomains exhibit short-
range order and less regular stacking, which leads to dif-
ferent electrochemical charge characteristics compared to
graphite [5]. Researches have indicated that the strong Li—C
interactions in hard carbon results in lithium predominantly
existing in an ionic state [64]. It has been also suggested
that lithium ions in hard carbon can occupy both ionic and
covalent sites on the carbon layers, forming structures such
as Li," and combining with carbon layers as LiC, (Fig. 10b)
[113], which has a high energy density. The imperfect stack-
ing and larger interlayer spacing in hard carbon facilitate a
more continuous intercalation process, typically resulting in
a single, inclined profile in the electrochemical data, which
contrasts with the characteristic profiles observed in graphite
(Fig. 10c) [114].

Compared to adsorption, the intercalation of lithium
ions into hard carbon exhibits lower reaction kinetics
and a reduced diffusion coefficient due to the narrower
interlayer spacing. This results in poor rate performance
and lower performance at low temperatures. During lithium
intercalation, hard carbon experiences changes in the
layered structure of pseudo-graphitic microdomains. Unlike
the phase transitions in pseudo-graphitic microdomains,
which result in significant peak shifts and new peaks in
XRD patterns, the structural changes in hard carbon are
relatively subtle. This was demonstrated by Dahn, who
used in situ XRD to observe a decrease and subsequent
recovery in the intensity of the (002) peak in the XRD
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circles at sites A and B, respectively. Covalent bonds between two
Li atoms on site B are shown by bold lines. Reprinted with permis-
sion from Ref. [113]. Copyright © 1994, AAAS. ¢ Constant current
discharge/charge profiles of graphite and hard carbons. Profiles were
reprinted with permission from Ref. [114]. Copyright © 1998, Wiley-
VCH GmbH

spectrum upon lithium ions insertion and removal [14,
18, 57]. Similar findings have been reported in subsequent
studies. Additionally, during Li* insertion, enhancements
in the G-band of the Raman spectrum suggest changes in
the electron cloud density and a weakening of C—C bonds
in the carbon layers [90]. These research findings provide a
comprehensive understanding of the intercalation behavior
and mechanisms of hard carbon in Li* storage, providing
critical insights for optimizing hard carbon materials for
LIBs. The intricate nanoscale pore structure within hard
carbon plays a crucial role in the storage of Li*, often in the
form of clusters. The pioneering research by Jeff Dahn and
colleagues, using BET testing, identified Type I isotherms
and hysteresis between adsorption and desorption branches
[14], indicating the presence of restricted nanoscale pores
within hard carbon. Their work suggested that electron cloud
density changes during low-voltage discharge correspond to
the insertion of Li* into these nanoscale pores. Subsequent
research proposed that defects within these pores prompt
lithium ions to absorb onto pore walls and fill the pores.
Ishida and colleagues further advanced the understanding
of this nanoscale pore lithium storage mechanism, utilizing
nuclear magnetic resonance (NMR) technology [115],
revealing that lithium can exist as clusters within these
nanoscale pores, typically during constant voltage discharge
(CV) mode [116]. Unlike underpotential deposition, these
quasi-metallic lithium clusters comprise both ionic and
covalent lithium, forming a cationic network structure, a
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concept initially introduced in studies on LicC [117]. This
quasi-metallic lithium storage mechanism enhances the
theoretical capacity of hard carbon. Research into lithium
clusters suggests that these clusters do not result in lithium
dendrite formation [115]. Further investigation indicates that
ionic Li gradually transitions to metallic Li upon interaction
with the carbon plane, forming Li, dimers and planar Li,
clusters [75]. Due to the small radius of Lit and weak
Li-Li interactions, the formation of large lithium clusters
is constrained [64]. Additionally, the non-uniformity of
internal pores in hard carbon can lead to uneven removal of
lithium clusters, potentially causing voltage hysteresis and
contributing to partial irreversible capacity.

Although a unified consensus on the mechanism of
lithium storage in hard carbon remains elusive, exploring
the interaction between the structure of hard carbon and
Li* can illuminate the relationship between Li* adsorption,
intercalation, and filling behaviors, and the internal structure
of hard carbon. By tailoring specific structures within hard
carbon, it is possible to enhance the capacity of these
processes and regulate their contributions to Li* storage.
For instance, optimizing the defect structure within hard
carbon is crucial for applications requiring fast-charging
or low-temperature performance. Furthermore, in order to
achieve high energy density in hard carbon, it is crucial to
generate more pseudo-graphitic microdomains and minimize
pore closure. It is important to note that due to limited
understanding of the filling mechanism, a significant portion
of pores in hard carbon remains unexplored. As we advance
toward the next generation of hard carbon anode materials,
focusing on refining the filling behavior while maintaining
effective adsorption and intercalation mechanisms will be
crucial for improving Li* storage performance.

3.2 The Correlation Between Hard Carbon Structure
and Na™ Storage Electrochemistry

The chemical similarities between Na*™ and Li* lead to
analogous storage mechanisms for SIBs and LIBs when hard
carbon is used as the anode material. While findings from
LIB research offer valuable insights, significant differences
arise due to the larger ionic radius and higher potential
of Na*. These differences mean that not all principles
applicable to Li" storage are directly transferable to Na*
systems, leading to distinct storage mechanisms for Na*
in hard carbon [61]. Typically, the capacity-voltage profile
for Na* storage in hard carbon shows a sloping region at
higher voltages and a plateau at lower voltages. The specific
storage mechanism for Na™ remains a topic of debate, with
two major viewpoints: “adsorption-filling” and “adsorption-
intercalation/filling” [30, 70, 118, 119]. There is ongoing
discussion about whether intercalation occurs in the sloping
region or the plateau region [18, 70].

Structurally, the optimal temperature range for
synthesizing high-capacity Na* hard carbon is higher
than that that for Li* hard carbon, typically between 1200
and1500 °C. This higher temperature range ensures complete
pyrolysis and carbonization while avoiding excessive
graphitization. This results in numerous free-standing
graphene layers, with a certain degree of defects. These
layers are typically larger, more densely stacked, exhibit
short-range order, and have reduced interlayer spacing.
Consequently, many open pores in hard carbon close up,
leading to a reduction in specific surface area and an increase
in the number and size of closed pores compared to lithium-
ion based hard carbon. In this section, we will focus on
the structural aspects of hard carbon to explore potential
sodium-ion storage mechanisms and their characterization
methods, which are crucial for optimizing hard carbon for
sodium-ion storage and advancing SIB technology (Table 2).

The adsorption mechanisms for Na* on graphene layers
in hard carbon, encompassing both physical and chemical
adsorption, are similar to those observed for Li*. The
presence of hydrogen and other heteroatoms (like N, O,
S) on the graphene layers enhances the electron density at
defect sites, creating favorable bonding sites for Na* [50].
The surface of hard carbon also serves as a site for physical
adsorption, which augments the storage capacity of Na* in
the material. Analogous to Li*, hard carbon materials with
a higher ratio of adsorption mechanisms exhibit improved
rate and low-temperature performance. Additionally, surface
reactions during initial charge—discharge cycles in SIBs can
lead to electrolyte decomposition, contributing to the low
ICE often observed in hard carbon [139, 140]. Furthermore,
the free-standing graphene layers offer abundant active sites
for the chemical adsorption of Na* [141]. Techniques such
as the galvanostatic intermittent titration technique (GITT)
and cyclic voltammetry are useful for distinguishing and
characterizing the physical and chemical adsorption
behaviors of sodium ions [91]. These methods facilitate
the calculation of the pseudo-capacitance ratio, offering
a more detailed understanding of these processes. During
adsorption, defect sites in the carbon material are gradually
filled, leading to observable changes in the electron cloud
density of the carbon layer. This is reflected as a decrease in
the I/l ratio and a redshift of the G-bond in Raman spectra
during discharge [70, 142, 143]. Although Na™ has a larger
radius compared to Li* and thus a lower storage capacity, it
still contributes significantly to the overall capacity.

The intercalation behavior of Na™ differs markedly from
that of Li* and remains a subject of ongoing debate. Some
researchers categorize sodium ion intercalation as inser-
tion into pseudo-graphitic domains, while others view it as
regular insertion at defects or increased d-spacing [63, 70,
144]. Despite these differing perspectives, the fundamen-
tal relationship between the pseudo-graphitic microdomain
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Table 2 Reported high-capacity hard carbon materials for SIBs, including precursors, structures, and relevant electrochemical performances

Precursors T/°C d(002)/nm VI(V vs. Nat/Na) CD/(mA g’l) C/(mAh g’l) References
Pinecones 1400 0.381 0.001-2.0 30 370 [80]
Borassus flabellifer 1400 0.385 0.001-2.5 20 367 [120]
Maple leaves 1000 - 0.001-2.5 10 358 [37]
Banana peels 1100 0.391 0.001-2.8 50 355 [85]
Lotus stems 1400 0.368 0-3.0 100 350 [121]
Cotton 1300 0.410 0-2.0 30 315 [30]
Corn stalks 1200 0.384 0.01-3.0 50 321 [122]
Mangosteen 1500 0.367 0-2.0 20 330 [123]
Dandelion 1200 0.374 0.001-3.0 50 361 [124]
Corn straw piths 1400 - 0.01-3.0 50 310 [125]
Kelp 1300 0.390 0.01-2.0 25 334 [126]
Coconut endocarp 1100 0.4012 0.01-3.0 50 313 [127]
Wheat starch/Glycerol 1100 0.374 0.001-2.7 30 320 [128]
Walnut 1300 0.370 0.-3.0 25 315 [129]
Camphor wood residues 1300 0.379 0-3.0 20 324 [130]
Reed straw 1300 0.391 0-3.0 25 372 [131]
Rice husk 1300 0.395 0.01-2.0 25 372 [132]
Maple tree 1400 - 0-2.5 30 337 [133]
Wool 1100 0.376 0-2.0 10 303 [134]
Starch 1300 0.398 0.01-3.0 25 487 [65]
Magnesium gluconate/Glucose 1500 0.379 0.002-2.0 25 478 [135]
Zinc gluconate/Glucose 1400 0.377 0.002-2.0 25 418 [136]
DAFR/Zinc acetate 1300 0.408 0.01-2.0 10 546 [24]
MPF 1400 - 0.01-2.5 30 399 [137]
Pitch/Zinc gluconate 1200 3.706 0.01-3.0 30 320 [21]
Pitch 1400 - 0-2.5 30 300 [138]

T pyrolysis temperature (°C), d(002) interlayer spacing (nm), V voltage window (V vs. Na*/Na), CD current density (mA g~!), C specific
capacity (mAh g™'). Data are extracted from multiple data sources, and thus are with different significant digits

structure and sodium ion storage remains consistent.
Although initial studies considered sodium ion intercalation
in graphite as negligible due to the mismatched ion radius
and interlayer spacing, further research has shown potential
for Na* intercalation in hard carbon due to its larger inter-
layer spacing [15, 145]. Hard carbon is thought to form inter-
calation compounds like NaCg, with a theoretical capacity
of 279 mAh g~!, primarily reflected in the plateau region of
the electrochemical profile [60, 70]. Theoretical calculations
suggest that sodium ions require larger interlayer spacings
for effective intercalation compared to Li*, indicating that
expanding the interlayer spacing could enhance Na™ storage
[70]. The intercalation of Na™ distorts the carbon layer struc-
ture, resulting in a sloping plateau on the electrochemical
profile. In situ XRD observations have shown increases and
recoveries in interlayer spacing in hard carbon during charge
and discharge processes [146]. However, some studies have
not observed changes in interlayer spacing, possibly due to
the structural complexity of hard carbon and challenges of
detecting its amorphous nature [60].

@ Springer

In the context of SIBs, the role of hard carbon as an anode
electrode material has been extensively studied, particularly
focusing on how its pore structure influences sodium-ion
storage mechanisms. Early research suggested that nano-
pores within hard carbon serve as active sites for sodium-ion
storage via a "pore filling" process [61]. During discharge,
these nano-pores facilitate the chemical adsorption of
sodium ions onto their walls through a pseudo-capacitance
mechanism [64]. Recent studies have indicated that within
these pores, sodium ions adopt a unique "quasi-metallic
state" (Fig. 11a) [147], forming quasi-metallic sodium
clusters that differ in charge, size, and morphology from
traditional metallic coatings [64]. Defect sites within the
pores are crucial in this process, as they influence the inter-
actions between sodium atoms and between sodium atoms
and carbon, leading to the formation of these unique quasi-
metallic clusters. The concentration of defects in hard car-
bon significantly impacts the formation and characteristics
of sodium clusters. Higher defect concentrations generally
result in smaller clusters filling smaller pores, while lower
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Fig. 11 a Schematic illustration of the steady states of sodium in hard
carbon. The insertion of Na ions into the HC electrode is accompa-
nied by partial electron transfer, resulting in the formation of quasi-
metallic sodium. Reprinted with permission from Ref. [147]. Cop-
yright © 2021, Wiley-VCH GmbH. b Schematic representation of
the microstructure and the storage of sodium ions in closed pores
for HCs synthesized at different pyrolysis temperatures. Circles rep-
resent closed pores whereas black lines represent graphene layers.
The blue scale represents the extent of sodium ion filling: white indi-
cates empty pores, and while dark blue indicates fully filled pores.
Reprinted with permission from Ref. [148]. Copyright © 2023,
Wiley-VCH GmbH. ¢ Chemical reactions of protic solvents of the HC

defect concentrations lead to the formation of quasi-metallic
sodium clusters in average-sized pores (Fig. 11b) [148]. The
amount of defects is a critical factor, as excessive defects can
create barriers to metal migration, thereby hindering ion dif-
fusion. Quasi-metallic sodium clusters typically exhibit a tri-
angular shape [75], with a limit on their maximum size. Not
all pores in hard carbon are suitable for sodium-ion storage;
pores in the range of 1 to 2 nm are particularly favorable for
the formation of quasi-metallic sodium clusters [82]. Various
techniques can be employed to characterize these sodium
clusters within hard carbon, including observing changes
in pore structure and signals indicative of quasi-metallic
sodium (Fig. 11c and d) [147]. Sodium NMR, SAXS, and
XRD are key methods used to analyze the relationship
between the pore structure of hard carbon and the forma-
tion of sodium clusters (Fig. 11e) [149].

electrode after discharged/charged to different voltages. The typical
charge—discharge profile of the HC electrode and the color changes
in ethanol containing 1% phenolphthalein after reaction with HC at
different potentials are shown. The structure and electrochemical
properties of HC before and after being soaked in ethanol are also
depicted. d Schematic illustration of reassembly of the battery after
the fully sodiated HC soaked in ethanol. Reprinted with permission
from Ref. [147]. Copyright © 2021, Wiley-VCH GmbH. e Scattering
patterns of sodium cluster obtained from DFT-molecular dynamics
(MD) simulation. Reprinted with permission from Ref. [149]. Copy-
right © 2019, Wiley-VCH GmbH

The storage mechanisms for Na* in hard carbon differ
from those for Li*, involving both sodium ion intercalation
and pore filling. This distinction underscores the need
for a quantitative analysis of processes and highlights
the importance of controlling structural characteristics
of hard carbon, including defects, interlayer spacing, and
pore size distribution. Future optimization of hard carbon
anode materials will likely involve reducing surface
defects, increasing interlayer spacings, and enhancing
pore utilization. By precisely adjusting these structural
characteristics, it is anticipated that hard carbon anodes
can be enhanced to deliver superior performance in SIBs,
resulting in more reliable and efficient energy storage
solutions.
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3.3 Correlation Between Hard Carbon Structure
and K* Storage Electrochemistry

PIBs are gaining attention as a viable alternative for energy
storage due to their larger capacity and mechanisms similar
to those of LIBs. With a larger ionic radius compared to Li*
and a lower reduction potential of approximately —2.93V vs.
the standard hydrogen electrode [SHE], PIBs have the poten-
tial for higher energy density [28]. Although research on
hard carbon as a storage material for potassium ions is still in
its early stages, it is believed that the storage mechanism for
potassium ions in hard carbon resembles those for lithium
and sodium ions, involving “adsorption,” “intercalation,”
and “pore filling” [23, 26, 91]. Current research is focused
on understanding these specific storage mechanisms and
optimizing the structure of hard carbon to enhance potas-
sium storage performance. In hard carbon, factors such as
pore size, interlayer spacing, and surface defects are crucial
in determining the efficiency of K* storage through these
mechanisms [136, 150]. Ongoing research aims to under-
stand how modifications to hard carbon structure influence
potassium ion storage, which is essential for developing effi-
cient and stable PIBs systems. Future research directions
are likely to explore the relationship between hard carbon
structure and K™ storage in greater detail, aiming to design
optimized structures that meet the specific requirements of
K* storage. This approach is expected to advance the field
of PIBs technology significantly.

In terms of preparation, high-capacity K* hard carbon
materials are typically synthesized over a broad temperature

range, resulting in diverse and complex structures. At
lower temperatures (900—1800 °C), hard carbon features
fragmented graphene layers and pseudo-graphitic
microdomains, offering a rich surface structure and varied
pore characteristics that support chemical adsorption and
contribute to capacity in the sloping region. At higher
temperatures (1500-2900 °C), hard carbon shows a higher
degree of graphitization, with fewer free graphene layers and
larger pseudo-graphitic microdomains [151]. This leads to
a lower surface area but potentially more extensive storage
spaces for K*. This increased graphitization results in a
transformation from imperfect to more perfect stacking in
pseudo-graphitic microdomains, affecting K* storage and
diffusion behaviors. This structure provides numerous filling
and intercalation sites for K* storage, making the plateau
region the primary contributor to the capacity of hard carbon
in PIBs (Table 3).

The storage behavior of K* on graphene layers bears sig-
nificant similarities to that observed for Li* and Na* sys-
tems. Recent studies have demonstrated that both graphene
and hard carbon surfaces offer active sites for K* adsorp-
tion, indicating their potential as effective energy storage
materials in PIBs [28]. The incorporation of heteroatoms
like hydrogen, oxygen, nitrogen, and sulfur into these lay-
ers and surfaces is pivotal for enhancing K* storage [167,
169]. Figure 12a shows the K* storage mechanism [167],
where K™ is accommodated on graphene surfaces via capaci-
tive mechanisms, including both double-layer and pseudo-
capacitance processes [170]. This enhances the potential
of graphene layers for efficient potassium-ion adsorption.

Table 3 Reported high-capacity hard carbon materials for LIBs, including precursors, structures, and relevant electrochemical performances

Precursors T/°C d(002)/nm VI(V vs. K*/K) CD/(mA g"l) C/(mAh g_l) References
Rice husk 1300 0.384 0.01-3.0 30 245 [152]
Cellulose 1500 0.382 0.002-2.0 25 290 [153]
Macroporous phenolic resin 1500 0.3832 0.002-2.0 10 336 [154]
Black tea 1300 0.368 0.01-2.0 20 230 [155]
Coconut shell 1000 0.386 0.001-3.0 30 254 [156]
Skimmed cotton 1200 0.388 0.01-2.0 40 253 [157]
Lignin 1300 0.42 0.01-3.0 50 283 [27]
Ganoderma lucidum spore 850 - 0.02-3.0 200 283.54 [158]
Hard-wood 1100 0.398 0.01-2.5 20 233.2 [159]
Potato 1000 - 0.01-2.7 100 269.9 [160]
Bagasse 1200 0.42 0.01-3.0 100 235 [161]
Walnum spetum 800 0.376 0.005-3.0 100 263.6 [162]
D-glucose 1200 - 0.1-2.5 30 248 [163]
Melamine—formaldehyde (MF) resin 1300 0.356 0.01-2.0 28 340 [164]
Peppers 1200 0.3859 0.01-2.0 27.9 284 [165]
Starch 1100 0.443 0.02-2.0 27.9 200 [166]

T pyrolysis temperature (°C), d(002) interlayer spacing (nm), V voltage window (V vs. K™/K), CD current density (mA g~!), C specific capacity,

(mAh g!). Data are extracted from multiple data sources, and thus are with different significant digits
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Fig. 12 a Schematic of the potassium storage mechanism. Reprinted
with permission from Ref. [167]. Copyright © 2018, Wiley-VCH
GmbH. b K-ion intercalation/de-intercalation analysis. In situ Raman
spectra in a charging/discharging cycle from bottom to top. Reprinted
with permission from Ref. [168]. Copyright © 2019, Wiley-VCH

The introduction of heteroatoms modifies the intrinsic sp>
structure and electronic characteristics of graphene layers,
affecting factors, such as the Fermi level, charge transport,
bandgap, and local electronic states [171, 172]. These altera-
tions notably boost the potassium ion adsorption capability
of graphene layers. Furthermore, potassium ion adsorption
is characterized by rapid kinetics, facilitating fast-charging
and discharging in PIBs. Advanced techniques, such as
GITT and CV, are employed to probe the nuances of K*
adsorption, storage, and release. During adsorption, defects
in graphene layers become filled, leading to a reduction in
the Ip/I; ratio observed in Raman spectra upon discharge
(Fig. 12b) [168], which serves as an indirect measure of
the K* storage process. However, it is important to recog-
nize that an increase in defects and a larger specific surface
area can adversely affect the ICE of hard carbon in K* stor-
age, similar to the degradation processes observed in Li*
and Na* systems [173, 174]. These findings underscore the
need for further investigation into the role of graphene lay-
ers and hard carbon in PIBs, emphasizing the importance of

0.5
. . P 0.20V

40 g 50 0.0 05 10 15

26/(°) Voltage/V

GmbH. ¢ SEM image of HCS and the XRD pattern of HCS. d Dis-
charge/charge profiles at C/10 in the second cycle of the HCS/K cell
and dQ/dV profiles corresponding to HCS/K. Reprinted with permis-
sion from Ref. [25]. Copyright © 2015, Wiley-VCH GmbH

in-depth research into their kinetics, electronic structures,
and storage mechanisms.

The pseudo-graphitic microdomains within hard carbon
play a significant role in the storage of K*. Despite the
larger radius of K* compared to Na*, which is typically
thought to impede its intercalation into carbon materials,
K" can still form stable intercalation compounds with
carbon from an energetic perspective, thereby allowing
for some degree of intercalation into graphite [145].
Understanding K* intercalation in graphite is crucial for
elucidating its insertion mechanism in hard carbon. In 2015,
graphite was first utilized as an anode material for PIBs,
achieving a practical capacity of 273 mAh g~!, close to its
theoretical capacity of 279 mAh g~! for KCq [175]. XRD
studies revealed three distinct phase transitions, similar to
those observed with Li* in graphite, suggesting that the
intercalation behavior of K™ might be more akin to that of
Li". In the same year, hard carbon was also reported as a
K* anode material, exhibiting a reversible capacity of up
to 263 mAh g~! (Fig. 12¢ and d) [25]. The intercalation
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of K* occurs between the microdomains with graphitic
characteristics, exhibiting a sloping profile characteristic at
low potentials due to the short-range order and imperfect
stacking of the hard carbon structure. Notably, the
microdomains within hard carbon comprise both perfectly
and imperfectly stacked structures, each exhibiting different
kinetic behaviors and voltage characteristics during K*
intercalation reaction [151]. Generally, intercalation kinetics
in graphitic microdomains is slow, with perfectly stacked
structures showing lower kinetics due to their smaller
interlayer distances compared to imperfectly stacked ones.
During potassium ion insertion, hard carbon demonstrates
superior kinetics and better cycle stability than graphite,
with a smaller expansion rate. Furthermore, increasing the
interlayer spacing of hard carbon could enhance its rate
performance. The intercalation process causes observable
expansion in the interlayer distance through XRD. During
potassiation, the interlayer distance increases, and diffraction
peaks shift to lower angles. During the charging process,
the shift of the (002) peak to higher angles indicates
that the insertion of K* is highly reversible [150]. These
insights into the impact of graphitic microdomains in hard
carbon on potassium ion storage are vital for advancing the
development of high-performance PIBs.

The internal pore structure of hard carbon plays a
role in K™ storage, exhibiting similarities to Na* storage.
Researchers have found that, due to pore defects, the
interaction forces between potassium ions (K-K forces)
become dominant, similar to Na—Na forces observed in
Na*. This results in both K* and Na™ being stored in a
quasi-metallic cluster state [64]. Due to these similarities,
the electrochemical behavior of K* filling in pores mirrors
that of Na*, characterized by plateau discharge behavior
and relatively lower kinetic responses [23]. Recent studies
have made progress on understanding K* storage behavior
in pores [176, 177]. Techniques like SAXS have detected
changes in the porosity of hard carbon before and after
discharge, suggesting that the pores serve as active sites for
K* storage [136]. TEM observations confirm the presence
of quasi-metallic potassium clusters, experimentally
demonstrating the feasibility of storing potassium in pores
in a quasi-metallic state [75].

K* exhibits intercalation behavior in hard carbon similar
to that of Li*, while its filling behavior resembles that of
Na*. This dual characteristic is dictated by the binding
capability of K* with carbon and its ionic radius. Therefore,
tailored strategies are needed for optimizing K* storage
in hard carbon, distinct from those used for Li* or Na®.
Increasing the number of internal graphite microdomains
and constructing larger interlayer spacings could enhance
K* storage capacity and performance.

@ Springer

3.4 Matching Li-/Na-/K-lon Batteries Through
Regulating the Same Type of Hard Carbon

Studying the performance of hard carbon in storing different
alkali metal ions (Li*, Na*, and K*) offers valuable insights
into the relationship between the structure of hard carbon
and its electrochemical properties. By analyzing the behavior
of the same hard carbon material with different ions, we
can explore variations in storage mechanisms, such as
adsorption, intercalation, and pore filling. This comparative
analysis enhances our understanding of ion insertion
and release behaviors, and evaluates the applicability of
hard carbon for various ion batteries. The structure and
characteristics of hard carbon significantly influence the
storage capacity for each ion, making it essential to assess
its performance across different systems to determine its
advantages and limitations [64, 75, 91]. This understanding
is pivotal for designing and synthesizing hard carbon anode
materials that are both targeted and universally applicable.
Research into how the structure of hard carbon evolves
and impacts the storage performance of Li*, Na*, and K*
offers new perspectives on alkali metal storage mechanisms
(Fig. 13a). As the degree of graphitization in hard carbon
increases, the capacity in the slope region for these ions
typically decreases, aligning with the gradual reduction of
free graphene layer structures. The structure and quantity
of graphene layers are key factors affecting slope capacity,
highlighting the need for precise control over these layers. In
terms of plateau capacity, different behaviors are observed
for lithium, sodium, and potassium ions (Fig. 13b and c). K*
shows a continuous increase, whereas Li* and Nat demon-
strate a turning point in the plateau region. The changing
interlayer distance and pore size during the heating process
of hard carbon, along with varying pore utilization rates,
suggest an optimal value for storage, particularly for Li* and
Na*. This emphasizes the role of pores as active sites and
the need to optimize pore structures for improved plateau
capacity. For PIBs, the transition from imperfect to perfect
stacking in pseudo-graphitic microdomains during heating
significantly impacts the dynamics in the plateau region.
Small interlayer distances can affect potassium ion transport,
leading to larger voltage hysteresis [75]. Research by Jin
has shown that the active sites for Lit* and Na™ in the slope
region differ and do not interfere with each other, while
in the plateau region, their active sites overlap (Fig. 13d)
[178]. Quantitative analysis of these storage sites for Li*
and Na* revealed detailed similarities and differences in
alkali metal ion storage mechanisms in hard carbon. Fur-
ther investigation into the storage behavior of Li* and K*
ions in hard carbon revealed that while the intercalation sites
for K* and Li* in hard carbon overlap, their performance
varies with the degree of graphitization. K* intercalation
primarily occurs in poorly developed graphite structures
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Charge/discharge profiles for hard carbon samples prepared at dif-
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at the second cycle. Dashed lines represent the potential of 0.0 and
0.25 V for Li and Na cells and 0.0 and 0.7 V for K cells to guide the
eye. ¢ HTT dependence of discharge (alkali metal extraction) capaci-
ties for hard carbon electrodes in Li, Na, and K cells at the second
cycle. “Low” represents capacities in the low-potential regions of
0.002-0.05 V vs. Li*/Li for Li cells, 0.002-0.25 V vs. Na*/Na for Na
cells, and 0.002-0.20 V vs. K*/K for K cells. “Middle” represents the

with expanded d-spacing (more than 3.5 A), whereas Li*
intercalation is more effective in well-developed graphite
structures with d-spacing of less than 3.46 A. Consequently,
the storage capacity of K* in hard carbon decreases with
increased graphitization, whereas the storage capacity of Li*
significantly increases. This is because Li* intercalation is
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(A=Li and Na) for Li and Na cells and 0.70-2.0 V vs. K*/K for K
cells. Reprinted with permission from Ref. [75]. Copyright © 2021,
American Chemical Society. d Schematics of lithium and sodium
storage mechanisms based on microstructural changes in hard car-
bons due to thermal annealing: bulk chemisorption, intercalation, and
nanoclustering. Reprinted with permission from Ref. [178]. Copy-
right © 2019, Wiley-VCH GmbH

highly sensitive to the microstructure of graphite. In dis-
ordered graphite structures, most of the charge for lithium
ions is stored through chemical adsorption. However, due
to the substantial increase in charge transfer resistance, the
larger K* intercalation reaction is physically constrained
by the ordered development of the graphite in hard carbon,
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resulting in poorer intercalation capacity [26]. These find-
ings offer valuable insights for the future design and opti-
mization of anode materials like hard carbon, promoting the
development of alkali metal-ion battery technology.

Understanding the distinct storage mechanisms for Li*,
Na*, and K* in hard carbon, along with the variations in
slope and plateau regions, is crucial for optimizing hard
carbon structures and developing high-performance anode
materials. Insights into K* insertion and the impact of
interlayer spacings on ionic dynamics offer important
clues for future battery design and development. Such
knowledge lays a solid foundation for advancing energy
storage technologies, fostering innovation in sustainable
energy applications, and contributing to the development
of next-generation energy storage systems.

4 General Regulation Strategies for Key
Structures of Hard Carbon

The microstructure of hard carbon is closely related to its
electrochemical performance, making precise regulation
of its microstructure a viable route to achieving high
performance. Given the inherent complexity of hard carbon
structures, comprehensive design and control of the entire
structure pose challenges. However, focusing on optimizing
the local structure of hard carbon has proven to be a simple
and effective strategy [42, 61]. Tailoring specific structural
features within hard carbon to meet application-specific
requirements is a common approach for enhancing its
performance. Various strategies have been developed for
the precise control of the microstructure of hard carbon’s
microstructure, aiming to achieve higher performance as an
anode material.

4.1 Defect Regulation

Defects within carbon layers significantly influence the
structure and charge distribution, especially in the context
of alkali metal storage. Different types of defects exhibit
diverse mechanisms of action [50, 172]. Research indicates
that defects can significantly enhance hard carbon’s ability
to store alkali metal ions by boosting the adsorption mecha-
nism, thus improving kinetic behavior, rate performance,
and low-temperature performance. However, defects also
introduce substantial irreversible capacity, hindering the
effective extraction of alkali metal ions. It is noteworthy that
the favorable and unfavorable impacts of defects on hard
carbon performance depend directly on the type of defects.
Therefore, optimizing defect types and concentrations is
crucial for enhancing the performance of carbon layers in
alkali metal storage. This study provides crucial guidance for
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fine-tuning carbon layer structures to enhance their applica-
bility in energy storage applications.

4.1.1 Doping of Defects

Research on introducing a large number of active defects
into carbon materials has been extensively explored. By
selecting specific precursors, researchers can synthesize
hard carbon materials with high defect concentrations
[179]. Mitlin and colleagues used banana peels as a carbon
source and carbonized them at 1400°C, resulting in hard
carbon materials with an I,/ ratio of 0.93, indicating a
high defect concentration [180]. Additionally, reducing the
carbonization temperature is another effective method to
increase the defect concentration in hard carbon. Tan and
colleagues employed cellulose-coated PVDF as a carbon
source and subjected it to pyrolysis at different temperatures
[99]. Raman analysis showed that lower temperatures were
more conducive to retaining a higher number of defects.
While controlling precursors and carbonization temperatures
has proven effective for producing high-defect materials,
achieving further improvements in the electrochemical
performance of hard carbon requires precise defect
engineering.

Highly defective hard carbon materials are frequently
produced by carbonizing precursors rich in heteroatoms,
as introducing these heteroatoms enhances the defect con-
centration in hard carbon. Heteroatom doping is a com-
monly used method for precisely introducing defects, which
improves electrical conductivity and increases the revers-
ible capacity of hard carbon [182]. Additionally, heteroatom
doping often leads to increased interlayer spacing in hard
carbon due to changes in the electron cloud density of the
carbon layers. The effects of doping vary with different ele-
ments, as each dopant can impart unique synergistic effects
or electronic properties to the electrochemical reactions [50].
Targeted doping with specific heteroatoms enables precise
control over defect introduction. Common doping methods
involve doping in the precursor or during the carbonization
process to obtain the final doped carbon product. It is note-
worthy that doping during the precursor stage can create
additional defect sites. For example, Zhou and colleagues
designed a synthesis method involving the amination reac-
tion of benzidine and formaldehyde to form benzidine-for-
maldehyde (MPF) resin microspheres. These microspheres
were further carbonized to produce nitrogen-rich carbon
precursors. During high-temperature carbonization, nitrogen
atoms were gradually removed, leading to numerous defect
sites. Even after high-temperature carbonization, nitro-
gen signals were still detected in NHCMs, and optimized
NHCM-1400 retained up to 4.64% nitrogen content, enrich-
ing the graphene layers with defects (Fig. 14a) [137]. This
material achieved a reversible capacity of up to 399 mAh g
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Fig. 14 a Schematic synthesis procedure of the NHCMs via amine—
aldehyde condensation and carbonization. Reprinted with permission
from Ref. [137]. Copyright © 2023, Wiley-VCH GmbH. b Schematic
Diagram for Preparation of HS-HC. ¢ Cycle performances at a cur-

at 30 mA g~! for SIBs. Furthermore, adjusting the ratio and
type of heteroatoms in the precursor allows for the synthesis
of hard carbon materials with varying levels of and types
of doping. Shi and colleagues utilized lignin as an oxygen
source, mixing it with PENS in different ratios using spray
drying to obtain oxygen-doped microsphere powders [183].
After carbonization at 1100°C in an Ar atmosphere, different
oxygen content-doped ONCMs were synthesized. The oxy-
gen doping was reflected in different proportions of C=0
and C—OH functional groups on the graphene sheets. Raman
analysis indicated that the disorder in the synthesized carbon
materials was proportional to the oxygen doping content,
demonstrating precise control over carbon layer disorder
through defect adjustment. Ji and colleagues used sucrose
as a carbon source, uniformly incorporating phosphorus
into the precursor by mixing H,PO, with a sucrose solution
[184]. After 1100°C pyrolysis, P-uniformly doped P-HC was
successfully synthesized. XPS and XANES results revealed
that most of the doped phosphorus was in the form of PO,

CHC

40 80 120

Cycle number

160 200

enlarge interlayer

RCHC

rent density of 0.1 A g!. Reprinted with permission from Ref. [170].
Copyright © 2020, American Chemical Society. d Schematic dia-
gram of the oxidation and reduction processes. Reprinted with per-
mission from Ref. [181]. Copyright © 2022, Elsevier

rather than elemental phosphorus. XRD and Raman analy-
sis indicated that phosphorus doping significantly widened
the interlayer spacing d(002) of hard carbon, and increased
the defect concentration in the turbostratic nanodomains.
The introduction of heteroatoms during the carbonization
process is often achieved by mixing the precursor with the
dopant. Ji and colleagues reported a method for synthesiz-
ing high-sulfur-content hard carbon using a molten salt
approach, combining glucose with sulfate and annealing in a
KCI/LiCl mixed salt (Fig. 14b) [170]. Since carbon reduces
sulfate, the sulfur content in HS-HC was as high as 25.8%
by weight, exhibiting higher disorder. What is more, due to
the sulfur doping, HS—HC shows higher capacity (Fig. 14c).
Another approach involved mixing sublimated sulfur with
powdered camphor tree branches to synthesize sulfur-doped
carbon materials. XPS analysis revealed various thiol-type
sulfur species on the graphene sheets, and sulfur doping
led to a significant increase in interlayer spacing compared
to untreated hard carbon. Post-treatment of the carbonized
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product is a method of introducing heteroatoms by intro-
ducing functional groups. Tang and colleagues applied
an oxidizing agent to commercial hard carbon (Fig. 14d)
[181]. XPS testing showed that the oxidized carbon layer
contained a large number of C=0 groups. Importantly, the
introduction of these functional groups occurred not only
on the surface carbon layer but also inside the hard carbon
microdomains. This strategy of introducing a large number
of oxygen-containing functional groups on the carbon layer
enhanced the defect abundance in the carbon layer, making
hard carbon exhibit higher disorder. Additionally, due to the
oxidation of the internal carbon layers in microdomains, the
treated hard carbon also showed increased interlayer spacing
and better electrochemical performance, which can be up to
341 mAh g~ ' at 20 mA gL,

In addition to introducing heteroatoms, defect self-dop-
ing, where sp? carbon is directly transformed into sp> car-
bon without adding heteroatoms, is another effective strategy
for defect engineering. Dong and colleagues achieved self-
doping in carbon materials through high-energy ball milling
(Fig. 15a) [185]. This process caused EG to evolve from a
structure with clearly identifiable layered, highly crystalline
flat platelets to a basin-shaped morphology. In this new mor-
phology, amorphous sp® “islands” were randomly distributed
among crystalline sp? “rivers.” This coexistence of sp*/sp
hybrid structures did not disrupt the conductive network

Fig. 15 a Structural evolution a
of EG during ball milling. The e e
flat and highly crystallized EG P e | ®

platelets are folded, cut, and

reassembled during ball milling, e h3a
introducing abundant “self-dop- 2 >
ing” defects. This results in the
formation of a dense DGB with

a novel “river basin” like defect

distribution. The “self-doping”

defects act as active sites for

ion storage with an electrical
double-layer behavior, and the

highly crystallized regions allow

fast electron transport in the

entire block. b HRTEM images

of EG and DGB. Reprinted with
permission from Ref. [185].

Copyright © 2019, Wiley-VCH C
GmbH. ¢ Schematic illustration
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Fold
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of the carbon layers, allowing electrons to rapidly transfer
in the rivers formed by sp2 hybridization (Fig. 15b) [185].
However, ball milling has drawbacks in terms of uniformity
and defect depth, and considerations regarding its generality
and cost are important. Li and colleagues further reported a
method for inducing self-doping defects in carbon materials
using y-ray irradiation (Fig. 15¢) [186]. The high-energy,
penetrating nature of %°Co y-rays facilitated the transforma-
tion of sp? carbon into sp> carbon within HC layers. Raman
testing further showed that y-ray irradiation increased the
formation of smaller graphite-induced domains, reducing
the average size of sp carbon particles. This method gener-
ated numerous conjugated ring defects, offering more active
sites for alkali metal ion absorption. This irradiation-induced
“self-doping” defect strategy has unique advantages of high
efficiency, simplicity, and large-scale modification. Plasma
etching is another effective method for self-doping carbon
materials. High-energy plasma particles can disrupt and
reconstruct the surface structure of carbon materials. Mu
and colleagues used hydrogen plasma to etch carbon sur-
face, and XRD and Raman analyses revealed an increased
proportion of amorphous carbon and higher disorder on
the treated surface [187]. Wang and colleagues utilized Ar
plasma to create numerous nanoscale holes on graphene lay-
ers [188]. The I/I; ratio increased from 1.16 to 1.51 after
treatment, effectively enhancing the defect concentration of
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the graphene layers. Additionally, Ji and collaborators used
microwaves to heat hard carbon annealed at 650 °C for a
few seconds, resulting in highly defective hard carbon [189].
Neutron total scattering and related PDF studies indicated
that microwaving for just 6 s generated a substantial number
of defects within the hard carbon.

4.1.2 Suppression of Defects

Recent research has advanced several techniques to mitigate
defects in carbon materials. Early studies demonstrated that
elevating the graphitization degree at high temperatures can
effectively reduce defect content in carbon layers. Elevated
carbonization temperatures lead to a more ordered carbon
structure, as sp> carbon gradually transitions into sp? carbon,
resulting in hard carbon materials with reduced defect
densities [75, 151]. Liu and colleagues further found that
slower heating rates are beneficial for synthesizing hard
carbon with fewer defects [190, 191]. A gradual heating
process allows for better gas escape and rearrangement of
carbon atoms within the carbon matrix, minimizing defect
formation during carbonization.

Liu and colleagues reported a “template method” to pro-
mote ordered structures in carbon layers. They used egg-
shell membranes and sucrose as precursors, positioning
them between graphite blocks or mixing them with graph-
ite powder. This approach enabled the synthesis of hard
carbon materials enriched with graphite crystals at a rela-
tively low temperature of 1300 °C. The graphite template
induced a highly ordered carbon layer structure, leading to
rapid loss of oxygen functional groups from the precursor
and facilitating the diffusion of decomposed carbon atoms
into graphite crystals and pseudo-graphitic microdomains.
This process promoted the growth of highly ordered hard
carbon materials. Furthermore, the group proposed optimiz-
ing the template method by adjusting parameters such as
template preheating temperature and time, achieving fully
crystalline carbon at 1300 °C with exceptional graphitiza-
tion (Fig. 16a and b) [192]. The resulting carbon exhibited
a highly ordered carbon layer structure with almost no
observable D bond in Raman spectra, and an ICE of up to
99.5%. Similarly, highly ordered graphene can also serve as
a template for graphitization. Huang and colleagues devel-
oped a novel graphene-assisted method for graphitization
[193]. By leveraging hydrogen bonding interactions, they
induced the arrangement of aromatic rings in phenolic resin
along the graphene layers, leading to a higher proportion of
sp*-hybridized carbon and a reduction in defect density. This
method significantly enhanced the structural quality of the
hard carbon, resulting in a superior ICE of 90.4%.

In addition to the template method, metals can also
catalyze the graphitization of carbon, facilitating the
transformation from sp> to sp®. Early studies involved the

pyrolysis of mixtures of metal powder and amorphous
carbon, leading to varying types of carbon, such as graphite
or turbostratic/graphite, due to distinct graphitization
mechanisms [196]. One mechanism involves the formation
and subsequent decomposition of metal carbides, while the
other involves the dissolution of carbon into the catalyst
followed by its precipitation. Studies indicate that even
"non-graphitizable" carbon can undergo graphitization at
relatively low temperatures (< 1400 °C) when catalyzed by
metals, enabling the production of hard carbon materials
with low defect densities at these temperatures. Li and
coworkers utilized Ni’* as a catalyst with coal as the
precursor, achieving coal-based porous carbon materials
with a high degree of graphitization and low defect density
through pyrolysis at 800 °C [197]. Various transition metals
have been employed to promote catalytic graphitization,
with iron being particularly attractive due to its abundance
and low toxicity. Graphitization catalyzed by iron can
be applied in processes such as chemical vapor for the
production of graphite or carbon nanotubes, as well as within
blast furnaces. Ramirez-Rico and colleagues conducted
in-depth research on this process’s mechanism [196,
198]. The study revealed that Fe facilitates graphitization
at low temperatures (<750 °C) by the formation and
decomposition of Fe;C compounds. The efficiency of
iron in catalyzing graphitization is influenced by the local
structure of amorphous carbon, the size, and the initial
oxidation state of the catalyst. The catalytic effect of Fe in
the graphitization process of carbon materials diminishes at
higher temperatures. In addition to promoting graphitization
and reducing defects, metal ions can also repair defects in
hard carbon. Chou and colleagues recently investigated
the metal ion-catalyzed pyrolysis of flexible tissue
paper for HC anode preparation [194]. By coordinating
catalytic ions with oxygen defects, they used Mn>* to
successfully regulate defects and ion channels in hard
carbons. Their study explored the effects of temperature,
concentration, and element type on this process (Fig. 16¢).
The concentration of 0.04 mol L~! Mn?* is considered
optimal, as at this concentration, the material exhibits the
highest capacity, with an ICE as high as 92.1% (Fig. 16d).
At this concentration, Mn** can catalyze the growth of
graphite layers into long-stepped graphene layers. At high
temperatures, Mn>* disrupted carbon bridges between sp*
graphene layers, allowing the layers to arrange freely and
form nano-graphite domains and carbon micropores. This
facilitated the removal of irreversible oxygen-containing
defects caused by the interaction between metal ions and
oxygen. Suitable heating atmospheres can achieve similar
defect repair effects in carbon layers. Wang and colleagues
reported a method to precisely control oxygen atoms/defects
by adjusting the atmosphere during heating [195]. They
employed cyclohexane to create an argon/cyclohexane mixed
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Fig.16 a Schematic illustration of fully crystallized carbon. b
HRTEM images of EM-380 °C-36 h-1300 °C. Reprinted with per-
mission from Ref. [192]. Copyright © 2022, Elsevier. ¢ Pathway
to produce high-performance HC using various metal chloride salts
found in the periodic table. Structural illustrations of HC regulated
by different manganese salt concentrations. Investigating the impact
of modifications with different concentrations of manganese chloride,
various metal chloride salts and manganese chlorides at varying car-
bonization temperatures on the reversible capacity and ICE of HC. d

atmosphere, which repaired defect sites in the carbon layer
(Fig. 16e and f). This technique involved generating highly
reactive small carbons from the reaction of cyclohexane
with oxygen functional groups at high temperatures,
producing gaseous H,0 and CO,. This technique effectively
reduced the oxygen atom/defect content in the carbon layer.
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Comparison of the first discharge/charge curves for different concen-
trations of manganese chloride in half cells and contribution ratios of
the slope capacity and plateau capacity in the second cycle discharge
curves. Reprinted with permission from Ref. [194]. Copyright ©
2023, Wiley-VCH GmbH. e Schematic illustration of the in situ engi-
neering process of hard carbon. f Raman spectra of as-prepared sam-
ples C-HC and P-HC. Reprinted with permission from Ref. [195].
Copyright © 2019, Elsevier

Similarly, removing foreign atoms from the surface of the
carbon layer can significantly reduce defect density. Huang
and colleagues reported an effective approach by employing
a straightforward annealing method to minimize defects in
carbon layers. High-temperature annealing treatment of
commercial hard carbon materials removed N, O, and other
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foreign atoms from the carbon layer surface. This treatment
not only decreased the presence of these foreign atoms but
also reduced the irreversible capacity of hard carbon during
alkali metal storage, leading to improved performance in
storage applications [199].

4.2 Precise Control of the Growth
of Pseudo-Graphitic Microdomains

The typical short-range order and random orientation
of pseudo-graphitic microdomains in non-graphitizable
hard carbon are crucial contributors to its distinctive
electrochemical behavior. Studies indicate that larger,
long-range ordered structures are disadvantageous for the
electrochemical performance of hard carbon. Therefore, it
is necessary to develop methods to control the proportion
of pseudo-graphitic microdomains while ensuring that they
maintain a randomly oriented structure on a larger scale.
Research has demonstrated that the extensive cross-
linking and the presence of C—O-C bonds in hard carbon
are critical factors in hindering its further graphitization.
Enhancing the degree of cross-linking and increasing the
C-0O-C content within the carbon layers can effectively
suppress the growth of pseudo-graphitic microdomains
and long-range order in hard carbon. One of the simplest
ways to obtain a highly cross-linked hard carbon is through
careful selection of the precursor materials. Precursors
such as thermosetting phenolic resin and highly crystalline
cellulose have inherently high cross-linking degrees and
abundant oxygen-containing bonds [153, 200]. When these
precursors undergo pyrolysis, they yield products with high
concentrations of C—O—C bonds and highly cross-linked
structures. The subsequent carbonization process results in
hard carbon structures with small, stable pseudo-graphitic
microdomains, resulting in excellent alkali metal ion storage
performance. However, not all precursors inherently possess
the same level of cross-linking and oxygen content, making
it necessary to modify them through special treatments
to enhance their cross-linking degree. As precursors are
essentially polymers carrying various functional groups
such as carboxyl, amino, and hydroxyl, these functional
groups with high reactivity can serve as sites for cross-
linking. By optimizing the precursor treatment conditions
to encourage reactions among these functional groups, the
cross-linking degree of the precursor can be effectively
increased. Li and colleagues proposed a starch pretreatment
method to successfully prepare highly cross-linked starch
[92]. This method involved heating potato starch in an Ar
atmosphere at 200-230 °C for 60 h, producing a loose black
starch powder. After further pyrolysis, the starch remains in
a loose powder state without any apparent melting between
particles, leading to a hard carbon material for LIBs with
a capacity of up to 531 mAh g~'. The authors further

suggested that using an air atmosphere during pyrolysis
could reduce the heat treatment time, achieving more
efficient pretreatment. In addition to utilizing the precursor’s
self-condensable functional groups as cross-linking sites,
another effective approach is introducing new cross-linking
sites through the use of cross-linking agents. Chen and
colleagues used maleic anhydride as an esterifying agent
to react with starch, successfully suppressing the swelling
of starch particles during pyrolysis and maintaining their
integrity after pyrolysis [201]. Fourier transform infrared
spectroscopy (FT-IR) showed a significant decrease in
—OH group content in the cross-linked starch, alongside
the emergence of stronger ester and ether bond peaks,
indicative of extensive cross-linking reactions within the
starch particles. However, due to the relatively large size of
starch particles, the esterifying agent struggles to penetrate
and diffuse into the interior via solid-state diffusion, making
it challenging for the cross-linking agent to function inside
the starch. For other precursors, such as petroleum-based
precursors like asphalt, which is composed mainly of
aromatic hydrocarbon complexes with low molecular
weights, the challenge lies in preventing the carbon layers
from rearranging into long-range ordered structures during
pyrolysis. Therefore, for these precursors, it is necessary
to suppress the growth of pseudo-graphitic microdomains
through cross-linking. However, these precursors contain
fewer inherently cross-linkable functional groups, making
direct cross-linking difficult. Therefore, it is necessary to
introduce sufficient functional groups inside them before
proceeding to enhance their cross-linking.

Pre-oxidation treatment of asphalt is a widely used
strategy to enhance its oxygen content, with the resulting
oxygen-containing functional groups endowing the asphalt
with self-cross-linking capabilities [202]. Studies have
shown that the degree of disorder in asphalt-based hard
carbon is related to its oxygen content [93, 203]. The
diffusion of oxygen molecules within the asphalt can cause
cross-linking and polymerization of its basic structural units.
With increasing temperature, the cross-linked structures
formed by aldehyde, carboxyl, ester, and anhydrides undergo
solid-state pyrolysis, during which CO, and CO are released,
liberating oxygen functional groups. This process prevents
the rearrangement of carbon layers during carbonization.
Yang and colleagues successfully synthesized sodium-
ion hard carbon with a high-capacity of up to 315 mAh
g~! by employing a low-temperature pyrolysis oxidation
method, effectively suppressing the graphitization of
asphalt by adjusting its state before oxidation [204].
Fujimoto and colleagues used phosphorus pentoxide and
ammonium persulfate as oxidants to co-heat treat asphalt
at 270-310 °C, resulting in a loose, black asphalt powder
[93]. The pre-treated asphalt showed a higher oxygen
content, which further suppressed the growth of graphite
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microcrystals during carbonization, allowing pseudo-
graphitic microdomains to remain smaller. Similarly, Hu
and colleagues employed air pre-oxidation to treat asphalt
and anthracite, effectively inhibiting the growth of graphite
microdomains during pyrolysis, preventing the formation
of long-range ordered structures in the carbon materials,
and maintaining a larger degree of disorder. Compared
to untreated samples, the pre-oxidized samples exhibited
superior alkali metal ion storage performance [93].

Hard carbon, a versatile carbon alloy, possesses tunable
properties through its compositional flexibility. Based on this
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characteristic, researchers have developed methods to con-
trol the formation of pseudo-graphitic microdomains in hard
carbon by compounding different precursors. By regulating
the components and their ratios within the precursor, the size
and quantity of these microdomains can be finely controlled.
Taking wood as an example, a common biomass precursor
mainly composed of cellulose, hemicellulose, and lignin,
the structures formed after the pyrolysis of cellulose, hemi-
cellulose, and lignin are different [39]. These components
play different roles in the pyrolysis process. By adjusting
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structures within the carbonized product can be selectively
enhanced. Shao and colleague explored this by using precur-
sors with varying ratios of crystalline cellulose, investigating
the roles of crystalline and amorphous components in the
microdomain formation process (Fig. 17a) [38]. Their find-
ings showed that an increase in crystalline cellulose content
enriched the quantity of pseudo-graphitic microdomains in
the final pyrolysis product, while amorphous components,
such as hemicellulose suppressed their growth, hindering the
formation of long-range ordered structures (Fig. 17b) [38].
Beyond utilizing natural differences in component composi-
tion, researchers have also successfully employed artificial
adjustments to precursor components. Yang and colleagues
dehydrated a phenolic resin and sucrose precursor at 200 °C
for 24 h, utilizing the functional groups between sucrose and
phenolic resin to cross-link them (Fig. 17c and d) [205]. This
approach effectively inhibited carbon atom rearrangement
during sucrose pyrolysis, successfully addressing the foam-
ing issue associated with sucrose. Similarly, Zhang and col-
leagues synthesized hard carbon materials from a composite
precursor of asphalt and phenolic resin [40]. Experimen-
tal results showed that during high-temperature pyrolysis,
asphalt first formed a viscous intermediate product, which
then transformed into soft carbon with a high degree of gra-
phitization through liquid-phase carbonization. Meanwhile,
the resin remained in the solid phase, eventually forming
hard carbon that resisted graphitization. By adjusting the
mass ratio of asphalt to resin, the proportion of graphite
microdomains in the carbonized product could be effectively
adjusted. Additionally, the cross-linking between asphalt and
resin, along with the gases released during resin pyrolysis,
inhibited the liquefaction and graphitization of asphalt. In
another approach, Titiric and colleagues combined a hard
carbon precursor FP with a soft carbon precursor MP in var-
ying ratios for carbonization [206]. By integrating the disor-
dered structures formed from FP with the ordered structures
generated by the pyrolysis of MP, they were able to control
the quantity of internal microdomains within the hard car-
bon. TEM observations reflected these results, indicating
that with an increase in the proportion of MP, the quantity
of long-range ordered pseudo-graphitic microdomains in
hard carbon also increased. By tuning the MP content in
hard carbon, it was possible to control the internal disorder
of hard carbon, thereby enhancing its ability to store alkali
metal ions.

4.3 Rational Regulation of Closed Pores

The closed-cell structure of hard carbon originates from
the stacking of pseudo-graphitic microdomains. Studies
have indicated that the pore structure can be controlled by
adjusting the size and quantity of these pseudo-graphitic
microdomains within hard carbon. However, many methods

for controlling microdomain size are inherently complex,
making it even more challenging to further control the pore
structure. To address this, several strategies for directly
controlling pore structures have been proposed. One
effective method is to control the porosity of the precursor
material. Using porous materials such as wood and porous
carbon as precursors can result in hard carbon materials
with rich pore structures [46, 207]. Kono and colleagues
synthesized a new carbon material with a substantial closed-
cell volume by using porous carbon as a precursor at 2100
°C [208]. Xia and others employed bamboo as a precursor
to synthesize hard carbon material with a significant amount
of closed-cell structures at 1300 °C [46].

For materials with inherently poor pore structures, modi-
fication strategies can be employed to optimize the precursor
for achieving porous structures. Komaba et al. successfully
synthesized a phenolic resin material with large pores by
adjusting the resin synthesis strategy [154]. The resulting
hard carbon exhibited high porosity and larger pore size
after heat treatment, demonstrating excellent alkali metal
ion storage performance. Additionally, the group proposed
a “template method” using metal particles as templates,
which has become a classic strategy for pore formation. In
the production of porous carbon, templates such as zeolites
and magnesium oxide are often used. Based on this, Komaba
and others successfully synthesized magnesium-templated
hard carbon as a high-capacity anode material for sodium-
ion batteries by heating a mixture of magnesium gluconate
and glucose. The thermal decomposition of magnesium
organic compounds resulted in the formation of appropri-
ately sized nanostructured MgO within the carbon matrix,
which could be removed by acid washing to create nano-
sized pores [135]. Further adjustments to Mg source and
content allowed for fine-tuning the MgO template pore size
and quantity. Moreover, the group extended this approach
by using MgO, ZnO, and CaCOj; as nano-pore templates
to explore the effectiveness of different templates in pore
formation (Fig. 18a—c) [136].

Experimental results showed differences in pore size
depending on the template used, with HC-Ca having
fewer closed pores than HC-Mg and HC-Zn. The optimal
parameters for ZnO templates differed from those for
MgO, likely due to variations in crystal size, crystallinity,
and particle size distribution of the oxide embedded in the
carbon precursor. Hu and colleagues proposed a chemical
control method using ethanol as a pore-forming agent and
phenolic resin as a carbon precursor [209]. By mixing
ethanol and resin through solvent heating, they obtained
solidified PF. Their study showed that ethanol could serve
both as a reactant to accelerate the solidification process
and as a vapor generator to induce pores in the cross-
linked matrix. The resulting optimal anodes exhibited a
high Na storage capacity of ca. 410 mAh g~. It was found
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Fig. 18 a Schematic illustration of template synthesis methods of
PRE-X and wPRE-X, where X=Mg, Zn, or Ca. b SAXS patterns of
HCs and graphite. ¢ HRTEM images of HC-Mg (left), HC-Zn (mid-
dle), and HC-Ca (right). Reprinted with permission from Ref. [136].
Copyright © 2023, Wiley-VCH GmbH. d Fabrication and structure of

that during further carbonization, larger steam gas might
crack to open pores, while a small amount of ethanol
might solidify together with PF without generating enough
steam to promote a porous structure. Therefore, adjusting
the ethanol content is crucial for achieving the desired
microstructure. Similarly, using molten salt to etch carbon
materials and create internal porous structures is a common
method. KOH is a commonly used etchant for synthesizing
porous carbon. Molten KOH reacts with carbon sources
and impurities at high temperatures, etching the carbon
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Specific capacity/(mAh g~')

hard carbon with closed pores microspheres. Schematic of the synthe-
sis of HCMP-CO,. e Closed pore diameter and closed pore volume. f
HCMP and HCMP-CO, in the potential range of 0.01-3 V at 25 mA
¢!, Reprinted with permission from Ref. [65]. Copyright © 2023,
Wiley-VCH GmbH

material and producing a large amount of gas to form
numerous pores inside the carbon structure. Zhao and others
employed KOH as an activation agent, pre-carbonizing a
mixture of KOH and anthracite at 800 °C [210]. The
activation effect of KOH introduced a large number of open
nano-sized pores and disordered carbon structures into
the resulting carbon material. After further carbonization,
the open pores introduced during etching were almost
completely closed, resulting in a pore volume far greater
than that of the untreated sample, with up to 54 times the
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surface area and larger pore diameters. Similarly, Hong and
colleagues achieved similar effects by changing the pyrolysis
atmosphere. Zheng used CO, as an etchant to treat esterified
starch carbonization at 200 °C (Fig. 18—f) [65]. Based on the
principle of CO, reacting with carbon to generate CO at high
temperatures, numerous pores were formed in the carbon
substrate. Subsequent high-temperature treatment was used
to close the pore structure. Further characterization revealed
that the introduced open pores during etching were almost
completely closed, and the sample after etching exhibited a
pore volume much higher than that of the directly carbonized
sample. Overall, whether using the template method or the
etching method, the essence is to introduce new pore sources
into the carbon structure. This is achieved by increasing the
porosity within the carbon material to enhance the number
of closed pores in hard carbon. This pore-forming strategy
is mainly applied to precursor materials with low inherent
porosity, but it also benefits carbon materials with relatively
high porosity by increasing the number of closed pores.

It is worth mentioning that, unlike traditional high-
temperature closed-cell formation and templating meth-
ods, Yang and colleagues proposed an innovative strategy
to close the pores at the openings of porous carbon using
methane chemical vapor deposition (CVD). This method
creates a sieve carbon material enriched with closed-cell
structures (Fig. 19a and b) [211]. By carefully controlling
reaction conditions, methane can diffuse into pores larger
than methane molecules within the porous carbon structure.
Methane adsorbs onto the pore walls around the entrance
and undergoes continuous pyrolysis and polymerization,
ultimately depositing on the walls and gradually reducing
the pore entrance diameter. The treated sieve carbon (SC)
exhibited an almost zero specific surface area in BET tests,
while SAXS tests showed that the pore abundance remained
similar to that before treatment. This indicates that CVD
successfully tightened the pore openings while retaining the
pore structure, effectively transitioning from open-cell to
closed-cell structures. This treatment resulted in a sieving
carbon anode with a record-high plateau capacity of 400
mAh g~!. Unlike previous strategies, this approach focuses
on converting open pores into closed ones to enhance the
utilization of the internal porosity of the carbon structure,
creating numerous closed pore structures within hard car-
bon. This pore filling strategy is primarily applied to porous
carbon materials and also allows for some degree of control
over the size of the existing pore structures.

Cao and colleagues further proposed a strategy utilizing
SC-CVD technology to fill pseudo-graphitic microdomains
into narrow micropores within activated carbon (AC),
constructing a filled carbon (FC) material with restricted
growth of pseudo-graphitic microdomains and microporous
structures [213]. The pseudo-graphitic microdomains are
relatively large laterally and consist of multiple layers in

thickness, matching well with the fissure-like micropores
in AC. With the fissure-like framework of AC, areas
inaccessible to vapor simultaneously generate microporous
structures. By controlling the SC-CVD process, the content
of pseudo-graphitic carbon domains and microstructures in
the fissure sand pores of AC can be precisely adjusted. The
as-prepared FC demonstrates an excellent sodium storage
capacity of 435.5 mAh g~! at 20 mA g~!. Tests indicate
that during this process, some pores in AC are filled with
pseudo-graphitic microdomains while others become open-
cell structures. Subsequent heat treatment further improves
the open-cell volume and total pore volume as the filled
pseudo-graphitic domains rearrange and contract during
graphitization. Similarly, Xv and colleagues developed a
strategy utilizing polypropylene (PP) waste masks to convert
open pores in AC to closed ones (Fig. 19c¢, d). This strategy
involves carbonizing PP at high temperatures to form a
carbon layer at the pore entrance of AC, thereby controlling
the porosity of AC and transforming its open pores into
closed ones. This method effectively expands the capacity
of alkali metal ions at low voltages [212].

5 Summary and Perspectives

Over the past few decades, researchers have persistently
investigated the structure of hard carbons. Numerous
structural models for hard carbons have been proposed to
describe their features. Unfortunately, despite these valu-
able insights, these models have yet to accurately represent
the actual structure of hard carbons. The precise structure
of hard carbons remains a contentious area. Fortunately,
the efforts of many researchers in the field of hard carbons
over the decades have deepened our understanding of the
local structure of hard carbons. Building upon this knowl-
edge, a plethora of hard carbon materials with excellent
electrochemical performance in alkali metal-ion batteries
have been developed (Fig. 20).

Over the past years, hard carbons have been extensively
studied as anode electrodes in alkali metal-ion batteries,
particularly in emerging battery systems such as SIBs
and PIBs, where they demonstrate significant potential.
However, new requirements often bring new challenges
for hard carbons. Depending on the application scenario,
designing appropriate hard carbon structures becomes
crucial. To aid researchers in finding suitable structural
modulation strategies, it is necessary to summarize the
interaction mechanisms between hard carbon structures
and different alkali metal ions.

This review provides a thorough analysis of the diverse
hard carbon structures, their origins, and the evolution
of key structural features. It addresses the challenges
associated with studying hard carbon structures and,
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through a comparative analysis in the fields of LIBs,
SIBs, and PIBs, highlights the key structural differences
in various application scenarios. The review elucidates the
relationships between different alkali metal ions and key
hard carbon structures and compares the electrochemical
behaviors of these ions in hard carbons. Based on the
structure-performance relationship of hard carbons with
alkali metal ions, it offers a comprehensive summary of
strategies for regulating three key structures: carbon layer
surfaces, pseudo-graphitic microdomains, and pores.

In order to realize the commercial potential of hard
carbon, it is imperative to meet criteria such as low
cost, high initial efficiency, high-capacity, and excellent
overall performance. Achieving these goals necessitates
a deeper understanding and design of the structure of
hard carbons. To develop hard carbon materials with
superior performance, further research should delve into
a deeper exploration of the relationship between hard
carbon structures and alkali metal ion storage behaviors,
enabling more precise control over these structures, and
build on this foundation to further develop hard carbon
structures and construct hard carbon materials with
different structures.

5.1 Exploration and Determination
of the “Structure-Electrochemistry”
Relationship of Hard Carbon

5.1.1 Building Accurate Model of Hard Carbon Structure

The internal structure of hard carbons is complex and
unevenly distributed, making it challenging to achieve an
accurate description of the overall structure using a single
characterization method. Therefore, there is a strong need
to develop precise models for hard carbons. Although many
structural models for hard carbons have been proposed,
the inherent diversity of hard carbon structures makes it
difficult for any single model to encompass all variations.
Future research should focus on integrating characterization

techniques with theoretical models based on current
structural understanding to achieve a more accurate
description of hard carbon structures.

Creating precise models for hard carbons requires
advanced characterization techniques. TEM, which
provides direct observation of hard carbon structures,
holds significant importance in the construction of precise
hard carbon models. Currently, TEM is commonly used
for determining the single-layer carbon structure of hard
carbons by producing 2D images of the hard carbon
structure. However, these 2D images fall short of revealing
the stacking arrangement of internal microcrystals and the
shapes of pores within hard carbons. Accurate 3D models
necessitate technologies capable of capturing the 3D
morphology of hard carbons. Emerging TEM-based 3D
reconstruction techniques have the potential to fulfill this
goal [214]. These techniques involve acquiring 2D images
from different sample orientations and using specialized
algorithms to synthesize these images into a 3D model.
Techniques such as cryo-electron microscopy and phase
reconstruction can achieve 3D reconstruction within an
ultra-high resolution range. Similarly, the use of synchrotron
radiation can achieve similar results. Synchrotron radiation-
based 3D reconstruction is widely applied across various
fields, providing high spatial and temporal resolution for
in situ characterization of processes. Current synchrotron
radiation X-ray imaging technology offers micrometer-
level spatial resolution, and advancements in synchrotron
technology could potentially achieve nanometer-level
resolution for 3D reconstruction of hard carbon structures.

Furthermore, combining multiple characterization
techniques will further enhance the accuracy of model
construction. Various testing methods for hard carbons can
provide rich structural information. Combining techniques
such as XRD, SAXS and TEM, and utilizing computational
fitting methods will offer more precise structural
information.
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5.1.2 Characterization and Determination of Hard Carbon
Products

Understanding the mechanism by which hard carbons store
alkali metal ions is essential, and analyzing the reaction
products will contribute to this. Due to the differing
physicochemical properties of lithium ions, sodium ions, and
potassium ions, their storage behaviors in hard carbons vary.
The debate over their storage mechanisms generally centers
around three processes: adsorption, intercalation, and filling.
Under these three mechanisms, the binding of alkali metal
ions to carbon materials differs, and characterizing the
products obtained under these mechanisms will clarify the
alkali metal ion storage mechanism in hard carbons.
Among these mechanisms, the characterization of
quasi-metallic alkali metals is relatively straightforward.
Their presence can be intuitively observed through
phenolphthalein coloration and the characterization of
related reaction products. Additionally, quasi-metallic
alkali metals can be directly observed by using TEM.
Techniques such as NMR and XPS also provide relevant
signals. Nevertheless, directly observing adsorbed and
intercalated species becomes challenging. Unlike graphite,
which undergoes noticeable color changes upon forming
intercalation compounds, hard carbons do not exhibit
significant color changes during alkali metal ion storage.
Identification of adsorption and intercalation behaviors is
typically achieved by monitoring changes in the structure
of hard carbons during charge and discharge processes.
Techniques such as Raman spectroscopy and XRD are
employed to characterize changes in defects and interlayer
distances, helping to determine reaction sites and infer
the mechanism. Whereas, structures like pores allow both
adsorption and the formation of metal clusters. Moreover,
the adsorption of alkali metal ions in hard carbons
actually occurs between layers of free-standing graphene,
complicating the determination of the mechanism based
on the structure of hard carbons. Therefore, characterizing
reaction products becomes particularly important. In
future research, developing new methods for the direct
characterization of reaction products in hard carbons,
especially intercalation products, is imperative.

5.1.3 Quantitative Analysis of lon Storage Contributions
from Different Mechanisms in Hard Carbons

Alkali metal ion storage behavior in hard carbons includes
adsorption, intercalation, and filling. The complex
mechanisms pose challenges in understanding the
electrochemical processes involved. Current analyses of
alkali metal ion electrochemical behavior mostly focus on
qualitative aspects, with quantitative analyses being less
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common. However, quantifying the contributions of different
mechanisms is beneficial for determining the alkali metal ion
mechanism and enables the evaluation of rates and cycling
performance under different conditions. Precise control and
optimization of these contributions can lead to the synthesis
of hard carbon materials with superior properties [53].

Some literature has already quantitatively analyzed the
contributions of different parts of hard carbon. Common
approaches include analyzing the proportions of diffusion
and pseudo-capacitance contributions based on dynamic
differences among various components. Additionally,
quantifying the filling contributions using pore size
parameters combined with density functional theory (DFT)
calculations has been used. These approaches can assist in
a deeper analysis of the structure-performance relationship
between hard carbons and alkali metal ions. It is worth
noting that, despite these strategies being proposed, the
use of different quantification standards in different studies
makes cross-comparisons challenging.

In future research, a more quantitative analysis of
electrochemical behaviors of hard carbons, separately
discussing the rate performance in the plateau and slope
regions, will deepen our understanding of alkali metal ion
behavior in hard carbons. To achieve a more systematic
analysis, it is necessary to develop new quantification
methods and establish uniform quantification standards.

5.2 Design and Synthesis of New Hard Carbon
Structures

5.2.1 Theoretical Calculations Provide Guidance for Design
of Hard Carbon Structures

While there is general agreement on the broad approach
to structural regulation strategies for hard carbon, the
specifics of the ideal structure for optimal alkali metal ion
storage remain unclear. Theoretical calculations can provide
valuable guidance on the direction of structural regulation
for fine-tuning hard carbon [218].

Utilizing computational methods such as MD simulations,
DFT, and machine learning, along with extensive
experimental data, enables us to construct relatively
accurate models of hard carbon. These models provide
crucial information about the energy characteristics of hard
carbon structures and their interactions with alkali metal
ions, facilitating the establishment of structure—property
relationships. Computational analysis of different structural
models allows for performance predictions and the
identification of theoretically optimal structures, such as
optimal interlayer spacing and pore size. Subsequently, by
further employing predictive models to guide the design of
new materials, efficient screening and precise design of hard
carbons can be achieved.
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5.2.2 Development and Application of Novel Synthesis
Technologies

Despite the continuous development of structural design
strategies for hard carbons over the past few decades,
exploration and development in this area remain insufficient
in the face of the abundant structural possibilities.
Considerable untapped potential exists within the structural
space of hard carbons. To further develop the structures of
hard carbons, it is essential to seek new control strategies
developing novel synthesis techniques.

Traditional tube furnace heating is widely used in the
synthesis of hard carbon materials. However, this method
involves long treatment time and results in structures
primarily determined by temperature, thus limiting
structural control. While adjustments to precursor materials
and heating conditions offer some degree of fine-tuning,
these approaches are limited by their spatial and temporal
resolution. Achieving breakthroughs in this aspect would be
beneficial for expanding the structural possibilities of carbon
materials.

Several methods with high spatial or temporal resolution
have been proposed. Hong and colleagues developed a
plasma heating technique that enables hard carbon synthesis
in a matter of minutes[215]. Similarly, Hu and his colleagues
introduced Joule heating, achieving synthesis on a second
timescale [216]. It is noteworthy that this technique allows
for synthesis in an extremely short time. This high temporal
resolution technique is expected to enable the synthesis of
metastable structures under dynamic control, potentially
unlocking new structural possibilities and enhancing
performance. Jean-Marie and others proposed a method

Fig.21 Outlook on hard carbon

for laser synthesis of hard carbon, achieving localized
graphitization through laser irradiation [217]. Compared
to traditional tube furnace heating, this technique offers
higher spatial resolution, enabling more precise design and
optimization of hard carbon structures.

5.2.3 Accurate Design and Regulation of Hard Carbon
Structures

Further characterization of precursor structures has
revealed the challenges in achieving precise control over
the structure of hard carbons. The incomplete understanding
of the specific structures in the precursors introduces
numerous uncontrollable factors into the evolution of hard
carbon, ultimately preventing accurate control. Adopting a
bottom-up synthesis approach holds the potential to address
this issue [219-222].

Phenolic resins, as artificially synthesized precursors,
exhibit excellent alkali metal ion storage capabilities.
Conventional control often focuses on the broad management
of resin components. Integrating organic polymer structure
design into precursor synthesis can achieve precision in
controlling precursor structures. Research on covalent
organic frameworks, metal-organic frameworks, and
polymer chain segments has been widely reported.
Leveraging this knowledge, designing molecular types,
polymerization degrees, and spatial structures can help
further refine the spatial arrangement of hard carbons after
carbonization. By adjusting the structure of polymer chain
segments, artificially designing graphitizable components,
and introducing components that restrict graphitization,
we can gain clearer insights into the precursor’s structure.
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This approach minimizes uncontrollable factors during the
evolution of hard carbon, promoting our understanding of
structural evolution during pyrolysis and enabling precise
design of hard carbon structures by leveraging the properties
of certain structures that do not collapse upon carbonization.
Future research should focus on rational precursor design
to reduce uncontrollable factors in hard carbon synthesis,
leading to more regular and uniform hard carbon materials.

In terms of the practical applications of hard carbon, sig-
nificant advancements are still required (Fig. 21). Beyond
optimizing hard carbon structures and performance, future
considerations will also include the actual production and
practical utilization of these materials. The lithium-ion bat-
tery system based on graphite cannot be fully applicable to
hard carbon. Further development is needed for emerging
energy technologies, such as SIBs and PIBs. Future research
in hard carbon should prioritize enhancing performance and
expanding its use across various energy storage systems.

In summary, advancing hard carbon involves not
only exploring and refining its structural design but also
transitioning from laboratory-scale synthesis to industrial
production. For successful commercialization, it is
crucial to balance the development of high-performance
synthesis methods with considerations of cost and
practical implementation. This includes focusing on cost-
effective structural regulation strategies, utilizing low-cost
precursors such as anthracite and asphalt, and developing
low-cost resin-based and biomass-based materials to achieve
widespread commercialization of hard carbon.
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