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Because of its abundant resources, low cost and high reversible specific capacity, hard carbon (HC) is
considered as the most likely commercial anode material for sodium-ion batteries (SIBs). Therefore,
reasonable design and effective strategies to regulate the structure of HCs play a crucial role in
promoting the development of SIBs. Herein, the progress in the preparation approaches for HC anode
materials is systematically overviewed, with a special focus on the comparison between traditional
fabrication methods and advanced strategies emerged in recent years in terms of their influence on
performance, including preparation efficiency, initial coulombic efficiency (ICE), specific capacity and
rate capability. Furthermore, the advanced strategies are categorized into two groups: those exhibiting
potential for large-scale production to replace traditional methods and those presenting guidelines for

achieving high-performance HC anodes from top-level design. Finally, challenges and future
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Accepted 12th March 2024 development prospects to achieve high-performance HC anodes are also proposed. We believe that this

review will provide beneficial guidance to actualize the truly rational design of advanced HC anodes,

DOI: 10.1039/d4sc00734d facilitating the industrialization of SIBs and assisting in formulating design rules for developing high-end
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1. Introduction

At present, the energy and environmental issues caused by
burning fossil fuels have prompted researchers to search for
much cleaner energy sources. However, the development of
energy storage equipment is of great significance to overcome
the characteristics of discontinuity and instability of clean
energy, including wind and solar energy."* Among the various
energy storage devices, SIBs with unique features, such as
abundant resources and high cost performance, have been
regarded as the most competitive candidates.*” Compared with
traditional lithium-ion batteries (LIBs), SIBs exhibit great
advantages in terms of resources and cost, resulting in distinct
application scenarios (Fig. 1a and b).**® However, the proper-
ties, cost, performance and reliability of SIBs largely rely on
their electrode materials, and thus, the preparation of high-
performance electrode materials holds immense scientific and
practical significance (Fig. 1c).""*

In this case, anode materials as one of the key components
of SIBs can be typically categorized into four main types,
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advanced electrode materials for energy storage devices.

i.e. carbon-based materials,”"® metal oxides,""” alloys
and organic matters (Fig. 2a)."®' However, a large number of
the above-mentioned materials have the shortcomings of
complex preparation processes and unsatisfactory electro-
chemical features and, therefore, are not suitable for practical
application, thus deviating from the original goal of SIBs. Due
to their abundant resources, low cost and simple production,
carbon-based materials are recognized as the most desirable
candidates for SIBs, including soft carbon (SC) and HC.>**
However, SC is less competitive because of its high degree of
graphitization and corresponding limited interlayer spacing
distance, leading to a relatively low ICE.>*** In contrast, HCs
with a large scope for the regulation of their microstructure
and high reversible specific capacity are regarded as the most
likely commercial anode materials for SIBs and have thus
received significant attention in recent years (Fig. 2b and c).
However, some critical issues still need to be addressed, for
example, their undesirable ICE, electrochemical perfor-
mances and cost.*** It is worth noting that their preparation
process has a significant impact on their cost. As described in
the routine preparation step, raw material treatment (crush-
ing, purification and drying), pre-carbonization, secondary
carbonization and high energy consumption are needed in
a typical high-temperature carbonization process.>® Conse-
quently, ensuring electrochemical performance, reducing
energy consumption and simplifying the process seems to be
a big challenge. Although numerous high-performance HC

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Comparison of battery features, (b) application fields and (c) low-cost anode material requirements for LIBs and SIBs.

anodes have been reported at the laboratory level, it is still
unknown whether they are useful for the commercialization
of HCs.

In this regards, herein, recent advancements in the prepa-
ration approaches for HC anode materials are concisely over-
viewed and some typical representative works are summarized.
Firstly, the development and classification of traditional fabri-
cation methods for HC anodes and their corresponding Na
storage behaviors are briefly introduced. Next, advanced strat-
egies, including high-temperature carbonization methods, pre-
treating and post-treating methods, are highlighted. Besides,
the physical and electrochemical performance of HC anodes
and their full cells are also discussed in detail. Meanwhile,
a comparison between traditional fabrication methods and
advanced strategies is systematically presented (Fig. 3). Finally,

© 2024 The Author(s). Published by the Royal Society of Chemistry

challenges and future development prospects to achieve high-
performance HC anodes are further proposed. To date, most
research is focused on traditional methods for the preparation
for HCs, including regulating the temperature and heating rate,
which can be named as the “inherent comfort zone”. Here, this
review is aimed at proposing new preparation strategies and
conducting a deep exploration based on this, and stepping out
of the original “comfort zone”. Only with more researchers
invested in this type of investigation that the improvement and
development of new preparation strategies can be promoted. By
aggregating the most cutting-edge and promising methods, the
industry of SIBs will be pushed forward. By summarizing the
most cutting-edge and promising methods, the target of
boosting the progress of the industrialization of SIBs can be
realized.
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Fig. 2

Anode Materials for Sodium Ion Battery
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Fig. 3 Comparison between traditional fabrication methods and advanced strategies.

6246 | Chem. Sci, 2024, 15, 6244-6268

Large-scale Production
> Low energy consumption
» Facile process
»> High purity

» Controllable

View Article Online

Review

(a) Comparison of anode materials for SIBs, (b) hotspot of hard carbon anode materials for SIBs from 2010 to July 2023, and (c) the
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2. The development process with
sodium storage mechanism and
performance

Actually, HC anodes employed in SIBs display similar electro-
chemical behavior to the graphite anode in LIBs, which exhibit
long and reversible charge/discharge plateaus under 0.1 V. The
first work on HC anodes for SIBs can be traced back to 2000,
where Stevens and coworkers prepared glucose-derived HCs,
showing a reversible capacity of about 300 mA h g™, and the
significantly important “house of cards” model for sodium/
lithium storage in HCs was proposed.*” Since then, researchers
have devoted extensive efforts to creating various HCs from
different precursors and with distinct preparations conditions,
and consequently exceptional achievements have been
delivered.”®*° It has been documented that the microstructure of
HCs is complicated, which consists of a large number of disor-
dered microcrystalline carbon layers stacked randomly. Specifi-
cally, one part of the carbon layers is arranged in parallel to create
graphitic microcrystalline regions and the other part of the
carbon layers is arranged in a disordered manner to form nano-
sized microporous regions.** Furthermore, the surface structure
of HCs is also complex, which including the type of carbon atom
bonding, the ratio of edge plane to basal plane, chemically or
physically adsorbed functional groups, doped atoms and
defects.®? Consequently, different Na* storage mechanisms are
derived from these characteristics of HCs. With more advanced
technical methods, the sodium storage mechanisms have been
investigated in detail. In general, these sodium storage mecha-
nisms are basically divided into adsorption, intercalation, pore
filling, and sodium cluster formation process, and the develop-
ment of these mechanisms are presented in Fig. 4a.””*3% At
present, high-capacity HC is based on the control of the platform
region below 0.1 V or 0.05 V. It is worth noting that the prepa-
ration process has a significant impact on the microstructure of
HCs, including their degree of graphitization, pore structure,
surface area, defects, and functional groups, which often directly
determines the upper limit of the final Na storage performance
(Fig. 4b).

3. Traditional fabrication methods

HCs are regarded as the most promising anode materials for
SIBs and have received tremendous attention in recent years.
They represent carbon materials that cannot be transformed
into graphite at high temperature with complicated micro-
structures and surfaces (Fig. 5a), which are commonly derived
from sugars, biomass, or polymers and typically prepared via
one-step direct heating, microwave irradiation or hydrothermal
carbonization, followed by further pyrolysis treatment at 1000—
2000 °C in a tubular furnace for several hours.** Consequently,
the pyrolysis procedure has an essential impact in tuning the
microstructure of HC anode materials, such as their interlayer
distance, number of stacking layers, number of defects, pore
structures, specific and surface area, and furthermore will
undoubtedly further affect their Na storage properties

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 5b).** It can be obviously seen in Fig. 5c¢ that the specific
capacities reached the maximum value at around 1200-1600 °C,
which can be ascribed to the balanced proportions of the defect-
derived adsorption capacity and the graphitic domain-derived
intercalation capacity. Besides, the ICE for most HC anodes is
no higher than about 80% (Fig. 5d). With an increase in the
pyrolysis temperature, the ICE increases as a result of the
decreased amount of defects, and thus lowers the irreversible
capacity.*~*® In summary, high-temperature pyrolysis treatment
is a necessary step to ensure the graphitization structure of the
final products. However, different pre-treatments are applied to
achieve desirable performance according to different precur-
sors. Thus, various types of treatments will lead to different
electrochemical behaviors, but they exhibit consistent changing
trends (Fig. 5¢ and d). Therefore, the regulation of the carbon-
ization process, and even the synthesis approaches are critical
for improving the properties of HC.

3.1 One-step method

Direct carbonization at the target temperature with a low
heating rate and long duration is regarded as the most common
strategy to produce HC anode materials. The first work on the
preparation of HC under direct carbonization treatment was
reported by Dahn et al., which was a typical process by heating
dehydrated glucose to 1000 °C in Ar.*” Their investigation
revealed that Na can be inserted into the interlayer space in
disordered carbon materials according to in situ wide-angle X-
ray scattering measurement, which was confirmed through
the increase in the interlayer spacing in these HC materials. In
addition, in situ small-angle X-ray scattering (SAXS) character-
ization obviously presented the insertion process of Na in the
nanopores within disordered HCs. A reversible capacity about
300 mA h g~ was delivered, which was much higher than that
of the graphite anode in SIBs. This work pioneered the research
on HC anode materials in SIBs and laid the foundation for the
further study of non-graphite anode materials.

Afterwards, considerable research has been reported
utilizing the same method to obtain HC anode materials.>**”%” A
superior low-cost pitch and lignin-derived HC anode was
prepared in the temperature range of 1200-1600 °C by Hu and
coworkers.” The optimized HC with suitable microstructure
and morphology exhibited exceptional electrochemical behav-
iors in terms of satisfied ICE (82%), high reversible capacity
(254 mA h g™ 1), and outstanding cycle stability. After that, they
reported the preparation of an HC material with a microtubular
shape prepared from natural cotton by carbonization at 1300 °©
C, achieving a low specific surface area of 38 m* g~ ".3* Physical
measurements, such as SEM, TEM, Raman, XRD, and N,
adsorption, were applied to elucidate the correlation between
the electrochemical performance and structure. Based on the
hollow fibrous structure, the ionic diffusion distance effectively
decreased in the resulting HC anode, and consequently a high
reversible capacity about 315 mA h ¢~ " and desirable ICE of 83%
were delivered in SIBs. After that, another novel popular wood-
derived HC with improved reversible capacity of 330 mA h g™*
and enhanced ICE of 88.3% was discovered by the same group.®®
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Developments of Sodium Storage Mechanism in HCs
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Fig. 4 Timeline of key developments in the sodium storage mechanism (a) and electrochemical performance (b) of HCs.

Another meaningful work on HCs originating from a sucrose
precursor prepared in the temperature range of 700 °C to 2000 °
C, which were applied in LIBs, SIBs and PIBs, was reported by
Komaba and coworkers. XRD, Raman, SAXS, electron spin
resonance spectroscopy, electron microscopy, and pair distri-
bution function analysis were employed to systematically
observed the particle morphology and structures of the HC
materials.®” The characterization showed that increasing the
heating temperature led to a reduction in the amount of defects
and increase in the amount of ordered structures inside the HC
materials (see Raman spectra). Some structural parameters of
the HC anode obtained under different temperatures were
presented and the illustration of its evolution with an increase
in temperature exhibited. When evaluated as an anode for LIBs,
SIBs and potassium-ion batteries (PIBs) in non-aqueous
systems, the electrochemical properties of the HCs demon-
strated significant differences depending on their synthesis
temperatures and alkali-metal ions. Based on the observations,
approaches to achieve advanced HC anodes for high energy
density LIBs, SIBs and PIBs were also discussed.

6248 | Chem. Sci,, 2024, 15, 6244-6268

3.2 Two-step method

The precursors, including biomass, pitch-based materials and
polymers, are the current relatively mature choice for the
commercialization of HCs. The production process of biomass-
based HCs is relatively simple, but how to screen suitable
precursors and realize stable bulk supply are the main chal-
lenges. In contrast, HCs derived from pitch-based precursors
are currently more difficult to produce and exhibit a poorer
performance than biomass-based HCs, but their supply of raw
materials is relatively stable. With the breakthrough of research
and development technology for precursors and the application
of other material modification technologies, these HCs with
wide supply sources and low cost will achieve large-scale
applications. Additionally, with phenolic resin, it is easier to
regulate the crosslinking degree from the original material
and a high reversible capacity can be achieved, but the cost
of pyrolysis and crosslinking of the raw material to get the
pre-carbonization material is high. Specifically, coconut
shell-derived HCs, which are regarded as the fastest industri-
alized product currently, present an ideal electrochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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illustration of the main steps for a mature route to HC commercialization.

performance, but it is difficult to guarantee their demand for
application in SIBs for a long time. Generally, the route for the
large-scale production of HCs includes the following main steps
(as presented in Fig. 5€): selection of precursor (bamboo, starch,
coconut shell, etc.), pulverization (different particle sizes),
purification (different solvents), drying (various drying
methods), pre-carbonization (different heating rates and target
temperatures) and secondary carbonization treatment
(different heating rates and target temperatures).>® It has been
proven that impurities in the precursors of HCs is the main
reason resulting in the degradation of their specific capacity
and other electrochemical behaviors. Accordingly, effective
strategies to eliminate these impurities are urgently needed. In
general, utilizing water and acid and alkali solution for washing

© 2024 The Author(s). Published by the Royal Society of Chemistry

before high-temperature treatment is regarded as a common
way to acquire desirable HC materials.®*®® For example,
Adamson and coworkers proposed a method of treatment with
KOH and HCI solutions after pre-pyrolysis, and finally post-
pyrolysis for the preparation of peat biomass-derived HCs.**
Given the advantages of the two aforementioned solutions, the
improvement in the electrochemical performance for peat-
derived HCs was remarkable in terms of specific capacity and
ICE. Another extraordinary achievement about the enhance-
ment of ICE (91%) with fabulous reversible specific capacity
(342 mA h g~ ') was reported by our group employing hazelnut
shell as the precursor.* It has to be clarified that the organic
composition could be obviously modified and the inorganic
ingredient favourably removed in the hazelnut shell precursor,

Chem. Sci., 2024, 15, 6244-6268 | 6249
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and under the combination of these two aspects, the amount of
micropores was effectually reduced and a low specific surface
area was achieved. The N, adsorption-desorption isotherms
analysis revealed that HCI-1400 possessed a lower specific
surface area and less micropores compared with that of the 0OM-
1400 sample, which was responsible for preventing the
decomposition of the electrolyte and subsequent generation of
an SEI layer. XPS and XRD measurements showed that with HC1
treatment, the chemical component and microstructure in the
resultant HCs, such as active sites and interlayer spacing,
changed, which were beneficial for improving the Na storage
performance.

Among the aforementioned commercial preparation steps,
pre-carbonization and secondary carbonization treatment
employ two different furnaces separately, which is conducive for
the long lifespan of the secondary carbonization furnace.
Actually, introducing pre-carbonization treatment before direct
carbonization has been proven to be an important method to
tune the configuration of oxygen functional groups, which can
play an important role in the performance of HCs applied in
SIBs. More importantly, the amount of volatiles can be reduced
by pre-treatment. Typically, closed micropores and carbonyl
groups were successfully generated simultaneously in bamboo-
derived HCs through a pre-carbonization process at 500 °C for
2 h, and subsequently at 1300 °C for 2 h in Ar, as apparently
observed from the N, adsorption and XPS results.*® It was stated
that the closed micropores favored Na storage in the plateau
region, while the carbonyl groups were conducive to boosting
the reversible Na adsorption capacity in the slope region. Under
the combination of the two aforementioned aspects, the opti-
mized specific capacity about 348.5 mA h g~ " at 30 mA g~ * with
an ICE about 84.1%, and advanced cycle stability about 91.6%
capacity retention at 300 mA g~ over 500 cycles were delivered.
This novel investigation offers guidance for accurately
designing the microstructure of biomass-derived HCs. Actually,
the typical example for pre-carbonization and subsequent high-
temperature carbonization process to regulate the pore struc-
ture dates back to the research by Hu and coworkers in 2019.% A
hierarchical porous waste cork-derived HC anode was success-
fully prepared owing to the natural holey texture inside the
precursor. Specifically, the detailed analysis based on SAXS with
effective skeletal density test revealed that the number of open
pores was reduced and the number of closed pores increased
with an increase in the pyrolysis temperature, which corre-
sponds to the initial capacity loss and plateau capacity,
respectively. These special structure features endowed the half-
cells with desirable Na storage behavior, exhibiting a specific
capacity of about 360 mA h g~ and practical application ability
in full-cells with a high energy density of about 230 W h kg ™"
with 71% capacity retention over 2000 cycles.

3.3 Other methods

In the case of the biomass precursors, direct carbonization
treatment seems to be a straightforward way to prepare HC
anode materials. However, some unique microstructures of HCs
derived from sugars or polymers, such as spheres and

6250 | Chem. Sci, 2024, 15, 6244-6268
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nanowires, with a desirable packing density, good structural
stability and low surface to volume ratio have demonstrated
great potential to be optimal candidate anodes for SIBs.***
Generally, the common approaches to prepare these special
structures of HCs are based on a two-step process, hydro-
thermal carbonization or microwave irradiation treatment, and
subsequent high-temperature carbonization procedure.

According to Lust et al., HC spheres with a narrow size
distribution were synthesized through hydrothermal carbon-
ization and subsequent pyrolysis at 1100 °C by applying the
precursor of p-glucose.”® Specifically, the SEM images showed
that the as-prepared HCs possessed a relatively smooth surface
and micrometer-size interconnected spherical structure, which
was the unique feature of the materials prepared via the
hydrothermal carbonization process. When evaluated in 1 M
NaClO, propylene carbonate electrolyte system, a capacity of
about 300 mA h g~ was achieved in the first cycle and about
160 mA h ¢ maintained after 200 cycles. Meanwhile, it could
be obviously noted the HCs exhibited high reduction and
oxidation peaks of Na in their cyclic voltammograms. The
accumulation of Na on/in the electrochemically polarized
porous nanosphere HCs was clarified from the physical
measurements. Furthermore, the charge transfer resistance,
mass transfer characteristics and total polarization at the
electrode/electrolyte interface were noticeably influenced.

In another example, HC microspheres were prepared by Liu
and coworkers through a similar process but using various
heating rates of 5, 2, 1, or 0.5 °C min '.°® As a result, it was
demonstrated that a low heating rate had a significant effect
on the concentration of defects in the as-obtained HCs. In
particular, the N, adsorption-desorption behaviors and Raman
spectroscopy indicated that the HC-0.5 electrode showed non-
detectable porosity and the lowest defect concentration. Further,
electrochemical measurements illustrated the exceptional Na
storage properties in terms of satisfactory ICE (86.1%), ultrahigh
specific capacity (361 mA h g~ ') and desirable cycle stability (94%
after 100 cycles). Additionally, it was also predicted from theo-
retical simulation that the continuous Na ion flux can be dis-
rupted by the existence of defects via trapping Na ions and
creating a repulsive electric field. These fundamental studies can
not only offer an explanation for the influence of defects on the
Na storage performance, but also shed light on the significant
regulation principles of high-performance HCs for SIBs.

More recently, a systematically investigation on the critical
influence of the hydrothermal carbonization process on regu-
lating the microstructure of HCs for SIBs was firstly elucidated
by Titirici and workers.”” It was concluded that the hydro-
thermal process favored high carbon yields, reduced carbon
emissions and conferred more active sites including defects and
closed nanovoids inside HCs, which are favorable for an
improved electrochemical performance. The as-obtained HCs
synthesized under the optimal conditions showed an ultrahigh
discharge capacity of about 420 mA h g~'. When constructed
with an NaV,(PO,); (NVP) cathode, the fantastic reversible
capacity of about 318.2 mA h g~ can be achieved 3.5 V for the
full-cell. Furthermore, a superior high energy density of
237.8 W h kg™" could be delivered. Overall, the hydrothermal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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process has been proven to be a useful pre-treat step with real
sustainability feature, promoting the electrochemical behavior
of SIBs. However, this typical method is not suitable for large-
scale production because of the high pressure involved.

Typically, compare to the hydrothermal carbonization treat-
ment, another more effective way is microwave irradiation
synthesis, which can uniformly heat the reactant to a high
temperature in a short time by transferring energy selectively to
the microwave-absorbing polar solvents. Therefore, it is an
energy and time-saving method.**! In this regard, Chen and
coworkers developed carbon microspheres (CSs) from a sucrose
precursor through the microwave-assisted approach.'®* It was
suggested that their unique spherical structure was beneficial
for mass transport and storage, and consequently the as-
prepared CSs displayed a high specific capacity, excellent cycle
life and good rate capability. Similarly, Puravankara et al.
synthesized HC microspheres (HCMS) from a sucrose precursor
and a 50% DEG/H,O solvent mixture using the microwave
technique and subsequent high-temperature carbonization
process.’ The insertion/pore-filling mechanism under 0.1 V
was validated and the defect/vacancy-assisted adsorption/
insertion and insertion/micropore filling Na-ion storage mech-
anism in HCs was also asserted by different HCMS samples. It
was verified that organic xerogels (OXs) can complete the gela-
tion and ageing process when the carbon precursor placed in
a microwave oven.'” Adopting this method, carbon xerogels
(CXs) with an analogous chemical composition and BET surface
area but different textural features (10-200 nm) were prepared by
Cuesta et al.* and the influence of their textural characteristics
on the performance of SIBs investigated, which revealed the
feasible application of these unique CXs to achieve promising
HC anodes for SIBs. Previous studies revealed that the
microwave-assisted method is an effective, rapid and low-energy
consumption procedure to achieve HCs, but it still remains
a significant issue to solve how to precisely control the heating
effects due to the fact that the rapidly alternating electromag-
netic field is difficult to regulate, and the interactions between
microwaves and conductive materials are also complex.

Overall, notable progress has been made in the development
of HCs via traditional methods, but it also should be noted that
there are still many existing issues, for example, the range that
can be regulated is limited, where it has been documented that
basically only the heating rate during the temperature and the
target secondary carbonization temperature can be tuned.
Hence, it is urgent to develop new approaches to achieve high-
performance HCs for SIBs.

4. Advanced strategies

Recently, numerous novel and advanced methods for the
preparation of HCs have been reported, which exhibit scalable,
efficient, and rapid characteristics as well as excellent electro-
chemical performance of the resultant HC anodes in contrast to
that of the traditional strategies. Specifically, recent research on
advanced pre-treatment methods, advanced high-temperature
carbonization methods and advanced post-treating methods
will be introduced in this section.
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4.1 Advanced pre-treatment methods

It has been documented that the pre-treatment process of the
HC precursor is proven to be a meaningful way towards
promoting the Na storage property of HCs. In the current mass
production process, pre-carbonization treatment is usually
adopted to achieve the requirement of a reduction in volatility,
but it shows limited effects for structural modulation. There-
fore, other pre-treatments are urgently needed. In general, the
reported works with significantly improved performances
employed some typical approaches including low-temperature
hydrogen reduction and pre-oxidation.***1%%

4.1.1 Low-temperature hydrogen reduction.
carbon, oxygen is the most common element presented in
various precursors, which gradually escapes at high-
temperature treatment and exerts a great impact on the final
microstructures of the as-prepared HCs, further affecting the
electrochemical behaviors of SIBs. Nevertheless, little attention
has been paid to this issue according to previous reports. Based
on this, Chen and workers chose esterified starch as the
precursor and precisely tuned its oxygen content via a low-
temperature hydrogen reduction process (as seen in Fig. 6a).*
The physical measurement analysis, as shown in Fig. 6b-d,
revealed that it can boost the closure of open pores and realize
the orientated alignment of carbon layers at 1100 °C with
a decrease in the content of oxygen of precursors but guarantees
the stability of crosslinking structures, as proven via N,
adsorption, XRD, Raman and XPS. The results showed that
a high proportion of pseudo-graphitic domains and low specific
surface area of 2.96 m> g~ were achieved for the optimal HC
anode material, which contributed to the desirable electro-
chemical performance and related mechanism interpretation
for the Na storage behaviors. Moreover, a high energy density
(243.1 W h kg™) for a full cell (Fig. 6e-g) was acquired when
assembled with a NVP cathode, elucidating its great practical
potential for SIBs. The same method was also applied by Ru and
coworkers employing 3D hierarchical mesocarbon microbeads
as the precursor, delivering good electrochemical behaviors
both in LIBs and SIBs.**

4.1.2 Pre-oxidation method. Another pre-treatment method
for HC precursors is the pre-oxidation process, as reported by Wu
and coworkers. A self-supporting HC paper derived from tissue
was rationally designed and prepared as a practical additive-free
anode for room/low-temperature SIBs with a high ICE
(Fig. 6h)." The as-prepared electrode delivered an ultrahigh ICE
of about 91.2% with excellent energy storage performance
in terms of outstanding high-rate capability (Fig. 6i and j),
exceptional cycle stability and desirable low-temperature behav-
iors in ether electrolyte (Fig. 6k and ). Furthermore, the system-
atic analysis also exhibited that the sodium storage mechanism is
an “adsorption-intercalation” process and the plateau region was
the rate-determining step for the as-prepared electrode with lower
electrochemical reaction kinetics, which could be significantly
promoted. Additionally, according to Shi and coworkers, a 3D
“overpass” hierarchical porous carbon membrane (PMP) was
gained by pre-oxidation treatment at 250 °C for 2 h in air, followed
by a carbonization process at 1100 °C for 2 h.* It was stated that

Besides
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(a) Diagram of the process for the fabrication of Hx-1100. (b—d) FTIR spectra, high-resolution of O 1s spectra of A300 and H300, and XRD

patterns of different samples. (e—g) Electrochemical behaviors of H300-1100//NVP full cells. (h) Diagram of the preparation process of HCP and
the digital photos of tissue, POCP and HCP. (i and j) CV curves and rate behaviors of HCP anode, (k) GCD curves at various temperatures under

50 mA gt and () cycling performance under 500 mA g~ * at —15 °C.

this pre-oxidation treatment provided a favorable structural
stability effect in the preparation procedure. Specifically, the
formation of a channel-skeleton coupling microstructure in the
optimal sample PMP-5 promoted the wettability of the electrolyte,
improved the electron/ion transport, and boosted the Na storage
property comprehensively. Particularly, when evaluated as a free-
standing anode, it showed superior cycling stability with about
91% capacity retention over 300 cycles at 0.5C and an extremely
high ICE of about 90.5% could be achieved. More significantly,
a full-cell fabricated with the layered O3-Na(NiFeMn),,50, cathode
exhibited a superior energy density of about 287 W h kg™,
remarkable rate behavior and advanced cycle stability. This
research offers a possible approach to enhance the Na storage
performance of HCs by membrane science and pore engineering.
Besides, it is worth noting that oxygen functional groups can be
successfully introduced through the pre-oxidation process,
resulting in the formation of extensive cross-linking structures
and destroying the degree of graphitization, which are essential
for the modification of soft carbon and the corresponding work
was reported by Hu et al. and other researchers.”**

4.1.3 Chemical activation strategy. Tuning the pore
configuration and microcrystalline state of the microstructure
of coal during thermal transformation plays a vital role in
promoting its Na' storage behavior. The strategy of converting
the nanopores with open features and ordered carbon crystallite
into closed pores surrounded by short-range ordering micro-
structures through chemical activation, and subsequently high-
temperature carbonization process was developed by Zhao and
coworkers.'” Significantly, these specific microstructures had
a dominant contribution to the reversible capacity in the low-
voltage plateau region, which delivered a high specific

6252 | Chem. Sci,, 2024, 15, 6244-6268

capacity of about 308 mA h g~ for a half-cell and 231.2 Wh kg ™"
for a full-cell. Furthermore, the optimal electrode material also
exhibited a superior supercapacitive performance when con-
structed with activated carbon electrode. This report offers
valuable guidance for the rational regulation of closed pore
microstructures in HCs for energy storage devices.

4.1.4 Template-assisted pore regulation method. The
template-assisted method for pre-treatment has been proven to
be an effective way for promoting the specific capacity of the
resultant HCs. Remarkably, HCs with an extraordinary
advanced capacity of about 478 mA h g~ was reported by
Komaba and coworkers by carbonizing a freeze-dried mixture of
glucose and magnesium gluconate via an MgO-template
approach.®”” Through a pre-treatment process at 600 °C, MgO
particles with a nanosize structure could be generated inside
the carbon matrix, and subsequently after an acid leaching
procedure for MgO, followed carbonized at 1500 °C, the resul-
tant HC anode materials showed nanoporous structures with
a large specific surface area of about 484 m” g~'. This was
elucidated by first principles molecular dynamics calculations
and further observed from TEM images. Additionally, a large
total volume derived from the formed nanopores (or nanovoids)
and surrounding thin graphitic layers with desirable interlayer
spacing distance were also generated, significantly exhibiting
an influence on the Na storage in HCs. Furthermore, the
correlation between nanostructures and synthetic conditions
on the electrochemical properties of HCs in SIBs was system-
atically investigated. The optimal sample presented a high ICE
of about 88% in a half-cell system; besides, a remarkably high
energy density of about 358 W h kg™ " was achieved in a full-cell
with P2-Na,/;Ni;;3Mn;,,Tiq60, as the positive electrode owing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the advanced HC anode, demonstrating its great potential for
practical application in SIBs. Another interesting work using the
freeze-drying method and further carbonization at 1000 °C to
acquire graphene/hard carbon spheres (GHSs) was proposed by
Song et al.®® The general multi-interface strategy with massive
ingenious internal interfaces between the carbon matrix and
crystalline graphene in HC spheres can serve as a pathway for
gas escape during the pyrolysis of sucrose, thus avoiding the
formation of abundant pores. The N, adsorption measurements
showed that the resultant material with a high packing density
of 0.910 g cm® possessed a relatively low specific surface area
of 13.3 m® g~ '. Moreover, this unique structure also can offer
highly conductive pathways for ion and electron transportation.
Subsequently, the electrochemical behaviors of the electrode
applied in LIBs and SIBs in terms of reversible capacity, rate
capability and low-temperature performances comprehensively
improved, indicating its promising commercialized prospect
for practical applications.

4.1.5 Spray drying method. Besides the freeze-drying
method for pretreatment, spray drying is also employed. In an
interesting work, a series of HC near spheres (HCNSs) were
designed by Jiang and coworkers by spray drying and subse-
quent direct pyrolysis in a wide range temperature, which is
aimed at addressing the issue of the ambiguous correlation
between the Na storage behavior and microstructure of HCs.*
Accordingly, the results exhibited that the discharge capacity of
the plateau region can be attributed to the Na" insertion process
in the long-range ordered carbon structure inside HC. In
contrast, the discharge capacity of the slope region can be
ascribed to the Na' adsorption on the surface of HC. Particu-
larly, with a suitable interlayer distance (>0.364 nm), the
“plateau capacity” can be effectively enhanced, and simulta-
neously the total Na-storage capacity improved. At the same
time, increasing the specific surface area will result in a high
“adsorption capacity” at high potential. As a result, the opti-
mized sample prepared at 1200 °C with an interlayer distance of
about 0.372 nm, suitable L. value, specific surface area of about
5m? g, Ip/(Ig + Ip) of about 0.70 and the ratio of sp® area to sp®
area from C 1s of about 1.85 presented a desirable reversible
capacity of about 305 mA h g~" with a slope capacity of about
135 mA h ¢! and plateau capacity of about 170 mA h g™
Another simple preparation strategy was developed to prepare
graphene-coated low-surface-area HC carbon microspheres
(HCG) by Shi and coworkers by spray drying-direct pyrolysis at
120 °C and 900 °C.** Specifically, SEM and TEM showed that the
as-prepared material possessed a 3D conductive network and
ordered microcrystalline structure. Meanwhile, abundant mes-
opores were detected in the N, adsorption measurement.
Benefitting from its unique microstructure, HCG delivered an
excellent electrochemical performance in SIBs as well as PIBs
with fantastic energy densities (240 and 210 W h kg™'). Signif-
icantly, due to the larger diffusion coefficient and higher
insertion potential in the plateau region, the kinetic analysis
illustrated that the rate capability of HCG in PIBs was better
than that in SIBs. Additionally, similar mechanisms for the
energy storage process of Na and K were also proposed in HCG.
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4.1.6 Template-assisted catalytic strategy. It was demon-
strated that the methods applied in previous research, including
increasing the carbonization temperature and decreasing the
heating rate in a normal way, created more short-range-ordered
microstructures in HCs.”®* Accordingly, a more advanced
strategy is needed to create HCs with less defects, large size, and
higher levels of internal ordered microstructures to promote the
Na storage performance. Recently, the template-assisted strategy
seems to be an effective method to address the above-mentioned
issues, certainly showing remarkable achievements. For example,
Liu and coworkers employed an external graphite template for
the growth of graphite crystals at 1300 °C and realized the low-
temperature graphitization effect.’® The as-prepared HCs with
high-level ordered structure within the pseudographitic domains
were successfully achieved. Besides, a desirable ICE, high
reversible capacity and fantastic cycle stability were achieved.
Additionally, the full cell assembled with Prussian blue as the
cathode and the as-prepared HC anode exhibited a discharge
capacity of about 256 mA h g~' and excellent cycling behavior
with 82% capacity retention after 100 cycles. Afterwards, the
same group reported another study using the same strategy,
applying cotton as a precursor to realize large-area graphite-like
crystals inside the HC microstructure. The large interlayer
spacing inside the perfectly parallel stacked carbon layers was
beneficial for the reversible intercalation and deintercalation of
Na', achieving a dramatically advanced ICE of 95% and specific
capacity as commercial graphite applied in LIBs.'*” Besides the
graphite-assisted template, another example of the graphene-
inducing graphitization strategy using a phenolic resin
precursor was reported recently by Huang and coworkers."*® The
formation mechanism elucidated that high temperature would
lead to the arrangement of the aromatic ring in the carbon
precursor along the graphene layer because of the hydrogen
bonding interaction effect (as presented in Fig. 7a—c), which can
be estimated from the Raman and XPS measurements and the
transition of hybridization carbon from sp® to sp® state can be
detected. Meanwhile, fewer defects and lower specific surface
area are delivered under this treatment. These unique charac-
teristics of microstructure undoubtedly bring in remarkable
electrochemical performance regarding half-cells and full-cells.
The special microstructure of graphite-like crystals can provide
more possibilities for exploring new properties and applications.

4.1.7 Liquid template-assisted activation strategy. Another
significant work on the template strategy is the liquid-template
assisted activation strategy reported by Wang and coworkers (as
presented in Fig. 7d)."** Specifically, employing rosin as the
precursor via liquid salt template-assisted and potassium
hydroxide dual-activation treatment, a special N-doped HC with
an “egg puff’-like structure was successfully prepared (Fig. 7e-
g), which showed great promise for improving the solid diffu-
sion dynamics and preventing side-reactions during the Na
metal plating process (Fig. 7h). The electrical performances
exhibited that the optimal anode in ether-based electrolyte
possessed an ultrahigh ICE of about 92.9%, specific capacity of
about 367 mA h ¢! at 0.05 A g”* and 183 mA h g ! even at
10 A g '. Furthermore, it also delivered outstanding cycling
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(a) Proposed formation mechanism of GHCs under different conditions, (b and c) XRD patterns and FTIR spectra of GHCs, (d) diagram for

the preparation of “egg puff’-like HC, (e and f) XRD patterns and Raman spectra of SNQLs, (g) diagram of the structure transformation and (h)

diagram of SEl in different electrolytes.

behavior with 151 mA h g™ after 12 000 cycles at 5 A g~ ". This
finding will certainly offer an effective approach for achieving
HC anodes with advanced rate performances.

4.1.8 Metal catalysis strategy. To decrease the challenging
degree of graphitization in HCs, other external conditions can
also be effectively employed, e.g., metal ion-assisted catalytic
carbonization. For instance, Fe-catalyzed phenol-formaldehyde
resin-derived HC was prepared by Goodenough and coworkers
at a relatively low temperature of 800 °C for 4 h."** This is
a significant work to achieve long-range ordered microstruc-
tures in HC by adopting the ion-catalyzed effect at a low
temperature, as confirmed by Raman spectroscopy and TEM
images. The formation mechanism of expanded nanographite
and micropores inside the HCs can be ascribed to the fact that
Fe converts the state of sp® carbon to sp” and the free rear-
rangement of disordered graphene sheets into expanded
nanographite becomes feasible. As a result, due to the merits of
the structural features, the HCs showed an excellent Li/Na
storage performance. Interestingly, the element of Ni also dis-
played a similar effect as Fe and Zhao's group fabricated N-
doped HC nanoshells by prechelation between Ni** and chito-
san.*® Unfortunately, their Na storage behavior was far from
favorable. Moreover, Zhang and coworkers also reported the
preparation of novel hierarchical hollow HC spheres at an even
lower temperature of about 600 °C via the Ni-catalyzed graphi-
tization technique and an ICE of about 86% was obtained."™
Although a metal-ion catalyst can effectively improve the degree
of graphitization at a relatively low temperature, there is much
space to promote the electrochemical behaviors of the as-
prepared HCs in SIBs. Another CVD-like method with Mg
catalysis reaction to prepare hybrid-structured HC integrated
with carbon nanosheets and carbon nanotubes was facilely
developed at 600 °C."™* Given the features of the above-
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mentioned two compositions, the microstructures in terms of
defects, specific surface area and nanovoids could be regulated
through the synthetic temperature, which greatly contributed to
the slope-dominated specific capacity. The desirable sample
prepared at 600 °C presented the optimal Na storage perfor-
mance with a high specific capacity of about 390 mA h g™, and
good cycle behavior of about 76.92% after 100 cycles at
0.05 A g '. The detailed calculation from the electrochemical
measurements exhibited that this electrode possessed a capac-
itive-controlled mechanism related to the slope-dominated
storage behavior with fast reaction kinetics, accounting for its
excellent rate capability. The full-cell with the-obtained Naj-
V,(PO,);@C cathode showed a good Na storage performance,
illustrating its practical application in SIBs.

Motivated by the previous reports and to solve the existing
issues, recently, our group proposed metal ion-assisted catalytic
carbonization based on a flexible paper towel precursor (Fig. 8a
and b), in which various metal ions including Na*, Cu®", Ni**,
Co>", Fe*' and Mn?" metal chlorides with different concentra-
tions were employed.” By tuning the types of metal ions and
their concentrations, the micropore size and interlayer spacing
of the graphite microcrystalline could be controllably regulated
(Fig. 8c and d). Specifically, the TEM images showed that Mn**
ions with a moderate concentration could precis