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tery production’® . Therefore, to promote the diversi-
fication of the energy storage market, it is imperative
to find a new and reliable energy storage device.

To address these issues, researchers have fo-
cused their attention on the development of low-cost,
high-capacity, high-rate performance and long-cycle
sodium-ion batteries (SIBs). Sodium is located in the
same main group as lithium on the periodic table and
shares similar physical and chemical properties. It has
a concentration of 2.75% compared to 0.0065% for
lithium. Additionally, sodium has a low development
cost, meanwhile, SIBs offer several advantages, in-
cluding high safety, no over-discharge, good interfa-
cial reaction kinetics, and excellent performance at
both high and low temperatures. Moreover, during
charging and discharging, SIBs exhibit the intercala-
tion/deintercalation mechanism similar to that of
LIBs. Furthermore, it is worth noting that the stand-
ard potential of Na'/Na (—2.7 V vs. SHE) is approxim-
ately 0.3 V higher than that of Li/Li (-3.04 V vs.

SHE) and SIBs can use water-based electrolytes in-
stead of organic electrolytes''®'*. While SIBs may not
have an advantage in energy density and are unlikely
to replace LIBs as the mainstream energy storage
devices in the short term, their significant low-cost
characteristics make them a promising option for low-
speed electric vehicles and large-scale energy storage
systemsm’ls].

SIBs are composed similarly to LIBs, compris-
ing a cathode, electrolyte, separator, anode and cell
case (Fig. 1a). The electrochemical performance of
the battery is primarily contingent upon the cathode
and anode materials. The SIBs operate on a working
principle that is akin to the “rocking chair” lithium-ion
battery, which was proposed by Armand et al.
19729 During the charging process, Na" ions are ex-
tracted from the cathode material and subsequently
embedded into the anode material through the electro-
lyte. Simultaneously, compensating electrons are
transferred to the anode via the external circuit to en-
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(a) Working mechanism of SIBs

[13]

cathode materials for sodium ion half batteries!"”. Reprinted with permission

. (b, ¢) Comparison of reversible capacity and average voltage of the reported
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sure a balanced charge between the cathode and an-
ode. Conversely, in the discharge process, Na' ions
are removed from the anode material and re-embed-
ded into the lattice of the cathode material via interac-
tion within the sodium-ion-containing electrolyte. In
the “rocking chair” charging and discharging process,
the battery system relies on the reversible embedding
of ions between the cathode and anode electrode ma-
terials to complete the charging and discharging, so
the main key to research into the SIBs system is the
development of high-performance electrode materials
that can be embedded with Na'. Fig. 1b presents typ-

ical cathode materials for SIBs. For cathode materials,

such as transition metal oxide!"” '™ Prussian blue
analogs'” ", polyanions”**,  organic  compo-
unds” 2%, etc. have made great progress in recent

years, the performances of many cathode materials are
comparable to the level of commercial LIBs, the cur-
rent research bottleneck is mainly focused on the de-
velopment and design of advanced anode materials.
Various materials have been reported for use as
main anodes in SIBs, including metals/alloys™" ",
metal oxides/sulfides/phosphides”*>?, titanium-based

B335 and  carbon-based materials”*>"

materials
(Fig. Ic). Of the materials mentioned above, titanium-
based materials exhibit lower conductivity, resulting
in relatively low reversible capacity and initial Cou-
lombic efficiency (ICE), which consequently reduces
the energy density of the battery system. Although
transition metal oxides and sulfides typically provide
high reversible capacity, they have poor cycling sta-
bility, and low ICE and are associated with a large
hysteresis phenomenon, all of which can adversely af-
fect the practical use of the battery. Carbon-based ma-
terials are expected to be the first anode in large-scale
sodium-ion energy storage devices due to their abund-
ant resources, good stability, higher capacity, low cost
and other technological advantages.

Conventional commercial graphite has been
widely used as the anode material for LIBs, but the ra-
dius of Na’ (0.102 nm) is larger than that of Li"
(0.076 nm), resulting in more difficult transport and

transfer of Na” during charging and discharging. The

Vol. 40 | Issue 1 | Feb. 2025 |

narrow interlayer spacing of graphite is not conducive
to intercalation/deintercalation of Na" and has a lower
reversible capacity (35 mAh g') as SIB anode™ "
Thus, an immediate requirement is to create innovat-
ive and alternative carbon-based anode materials that
can efficiently store Na'. Carbon-based materials, in-
cluding expanded graphite, nanocarbon, and amorph-
ous carbon (soft carbon and hard carbon), have been
demonstrated to ensure free insertion/extraction of
Na' during charging and discharging!*. In 2000,
Stevens and Dahn'*'! found that hard carbon has a re-
versible capacity close to 300 mAh g'. However, an-
other amorphous carbon, soft carbon, as an SIB an-
ode has a relatively low sodium storage capacity. For
example, due to the insufficient interlayer distances
for ion intercalation, the sodium storage capacities of
anthracite and bitumen-derived soft carbons without
additional treatment were only 222 mAh g' and less

[42-43]

than 100 mAh g', respectively . Consequently,
the researchers concentrated on hard carbon anodes.
They discovered that hard carbon materials with large
interlayer spacing and high disorder can achieve high
specific sodium storage capacity, low sodium storage
potential and excellent cycling stability. These find-
ings suggest that non-graphitic carbon materials have
great potential as anode materials for SIBs™*Y. Com-
mon hard carbon precursors include biomass, carbo-
hydrates and polymer, among which, polymer pre-
cursors such as phenolic resins, polyaniline and poly-
acrylonitrile can be used to synthesize high-purity car-
bon materials with adjustable microstructures and
morphologies while guaranteeing high carbon yields
(= 50%), and are therefore widely used for the produc-
tion of hard carbon materials at the industrial level.
However, most polymeric precursors have been found
to have a detrimental impact on the environment,
largely due to the use of petrochemical resources and
the reliance on toxic precursors (such as phenol and
formaldehyde) in their production processes, which
hinders its sustainable mass production and applica-
tion. Based on this, the biosourced precursors (bio-
mass and carbohydrates) have become a research hot-

spot for advancing the commercialization of hard car-
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bon anode materials, especially low-cost biomass pre-
Cursors.

Various biomasses have been used to prepare an-

ode materials for SIBs, such as banana peels'™”

[46] [48] [49]

, corn
cobs™, peanut skin*’), cotton™®, wood™, etc., all of
which show excellent electrochemical properties.
However, when considering practical applications,
biomass-derived carbon (BDC) may encounter issues
such as a reduced number of effective storage sites,
slower diffusion kinetics, and low electronic conduct-
ivity. To address these issues, it is necessary to optim-
ize the intrinsic structure of carbon materials derived
from biomasses. This can be achieved by regulating
interlayer spacing and graphite microcrystalline do-
mains, increasing reversible sodium storage active
sites, and doping with heteroatoms to obtain BDC an-
ode materials with unique microstructures. These
measures can enhance the electrochemical perform-
ances of the materials in SIBs””. Furthermore, as the
sodium storage mechanism of hard carbon materials is
still a matter of debate and there are no established
criteria for selecting and processing carbon material
precursors, a comprehensive understanding of the so-
dium storage mechanism of BDCs can aid in the de-
velopment of BDCs anode materials for sodium stor-
age with appropriate structures.

With the increasing research on BDCs, research-
ers have published a large number of review articles
on the application of biocarbon-based materials to
SIBs in recent years, which mainly summarise the re-
search progress on the synthesis methods, optimiza-
tion strategies, electrochemical properties and sodium
storage mechanisms of BDCs. For example, Zhao et
al.’" discussed the relationship between the proper-
ties of hard carbon obtained from biomass and sodi-

um storage performance. Molaiyan et al.*”

summar-
ised different synthesis strategies for BDC anode ma-
terials applied to high-performance SIBs. Konarov et
al.”! focused on the effect of the carbonization tem-
perature and heteroatom doping on the physical and
electrochemical properties of biowaste-derived hard
carbon. Zhang et al.”* discussed structural regulation
strategies to improve the sodium storage performance

of biomass-based carbon anodes. Wang et al.” re-
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viewed the effect of different micromorphologies and
compositions of biomass carbon used for SIBs on the
electrochemical performance. Alvira et al.”’ provided
an overview of the current state of research on plant-
derived hard carbon anodes in SIBs, with a detailed
description of the mechanisms and models proposed
so far for the storage of Na' ions in hard carbon an-
odes. However, we believe that further elucidation of
the correlation between the microstructural character-
istics, sodium storage behaviors, functionalization
modification strategies, and electrochemical perform-
ance of BDCs is equally important for the design of
high-performance anodes. Therefore, it is time to con-
duct a systematic review of recent research advances
on the structure-property relationships of BDCs for
SIBs to provide strategic guidance for the rational
design of BDC materials in next-generation energy
storage systems. Firstly, the basic research back-
ground of BDCs, including sources, structural charac-
teristics, and preparation methods, is introduced in
this review. Secondly, the structural regulation engin-
eering for optimizing the sodium storage performance
of BDCs is summarized, starting from the sodium
storage active sites and models of BDCs. On this
basis, the structural design, and electrochemical prop-
erties of BDC anode materials with different morpho-
logies are analyzed in detail. Finally, we highlight the
challenges faced by BDCs as high-performance prac-
tical SIB anode materials in the application and look
forward to prospective research directions for future

development (Fig. 2).

Biomass is a kind of renewable organic material,
which refers to organic matter produced directly or in-
directly through photosynthesis, mainly carbo-
hydrates, such as starch, protein, cellulose, lignin, etc.
It is derived from a variety of sources, including
plants, animals and microorganisms (Fig. 3a)®. Bio-
mass is clean, renewable, low-cost, resource-rich,

widely distributed, and environmentally friendly,
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Fig.2 Schematic illustration of sources and different morphologies of BDCs and their sodium storage mechanism

making it an excellent raw material for the prepara-
The choice of bio-

mass can directly determine the structure, morpho-

tion of carbon-based materials.

logy, and composition of the derived carbon and sub-
sequently, the parameters such as pore size distribu-
tion and specific surface area (SSA) of the electrode
material, which could ultimately affect the perform-
ance of the energy storage device.

Green plants, as producers in the food chain, can
be found everywhere on earth, and agricultural wastes
and by-products are the most widely used biomass due

¥ Plants contain

to their abundance and low price
significant amounts of organic compounds (40%—
50% cellulose, 25% hemicelluloses, 20% lignin) and
trace amounts of inorganic minerals. The structure of
organic compounds is nonlinear, consisting of strong
interconnections and chemical covalent bonding,
which enables the carbon skeleton formed after car-
bonization to exhibit abundant nanovoids and ran-
domly oriented graphene layers. The inorganic miner-
als, when removed, can be used as porogenic agents to

form nanopores, including micropores and mesopores,

Vol. 40 | Issue 1 | Feb. 2025 |

which facilitates the rapid transport and diffusion of
ions. The use of plant-derived carbon materials as en-
ergy storage materials is an effective strategy for
achieving high-value utilization. For example, woody
plants such as poplar wood””, bamboo”, and
ginkgo®! have been used as the precursors of hard
carbon anode materials for high-performance SIBs.
Various agricultural wastes, such as straw biomass

[62] [63]

(e.g., corn straw" -, wheat straw'"”, etc.), seed bio-

, pine pollen®, etc.), shell bio-
(6]

mass (e.g., oak seeds®!

, coconut husks®”, etc.),
1[68] 1[69]

mass (e.g., peanut shells
and rind biomass (e.g., banana peel”™, orange pee
etc.), can also be used to produce biomass-derived
carbon materials. The natural fiber structure of this
kind of plant makes it easy to facilitate the formation
of porous carbon materials directly after high-temper-
ature heat treatment, which can promote the rapid
transfer of charge and improve the storage and trans-
portion of ions. In addition, aquatic plants such as lo-

70721 are also potential

tus, duckweed, kelp and algae
biomass precursors for high-nerformance enerov stor-

age devices.
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Fig. 3 (a) Classification of biomass sources*®. (b) Typical XRD patterns of graphene, hard carbon, soft carbon, and graphite®”. (c) Microstructure diagram of

graphene, hard carbon, soft carbon, and graphite””’. (d) Typical constant voltage-charge profiles for sodium storage of graphene,

hard carbon, soft carbon, and graphite””’. Reprinted with permission

The precursors of animal BDCs are primarily an-
imal wastes, including crustacean shells (crab shells
and shrimp shells), animal bones (cow horns, pig
bones and fish bones), and animal furs and excre-
ments (chicken feathers, wool and insect excre-

ments)”")

. In contrast to plant-based biomass feed-
stocks, the organic compound components in animal
biomass are typically fats, proteins and chitin, among

other substances!’”

. These often contain significant
amounts of inorganic elements (e.g., N, O, S, P, etc.),
rendering them particularly suitable for the prepara-
tion of heteroatom-doped carbon materials with en-

hanced charge storage capacity'’®. Furthermore, trace

Vol. 40 | Issue 1 | Feb. 2025 |

metal elements present in animal biomass can be em-
ployed as catalysts to facilitate the formation of car-
bon material structures, thereby yielding structurally
complex new carbon materials. Chitin is a biopoly-
mer extracted from crustaceans, which is the most
abundant nitrogen-rich organic compound in nature.
In addition to plants and animals, microorgan-
isms also have organic carbon structures as their ba-
sic components. Consequently, microbial waste can
also be used as a carbon source. In recent years, car-
bon-based nanostructures derived from microbes have
been widely used in electrochemical enerov storace

devices. Microbes consist mai
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U7 including bacteria™*", fungus® ! and

leic acids
viruses™ **. Carbon materials prepared from various
microbes exhibit unique structures, controllable poros-
ities, and compositions. On the one hand, in-situ, het-
eroatom-doped nanostructures can be employed as
high-capacity, multi-active-site active materials™". On
the other hand, highly conductive skeletons can be
utilized to support active materials, accelerate reac-
tion kinetics, and enhance the contact between intern-
al/external circuits"”.

Biomass is a thermoset precursor (oxygen-rich or
hydrogen-poor material), which is difficult to graphit-
ize at high temperature and ultimately converted to
hard carbon due to the presence of more 3D cross-
linked structures formed by sp’ hybridization, which
do not form colloidal bodies on high-temperature
charring, and whose carbon layers are not able to
grow in a rearranged manner, and form nanopores res-
ulting from the escape of gases™®™. On the contrary,
thermoplastic precursors (hydrogen-rich or oxygen-
poor materials) undergo graphene layer rearrange-
ment during high-temperature carbonization, with
lamellar microcrystallites growing and arranging
themselves in a more or less parallel manner, which
results in their easy graphitization to soft carbon dur-
ing high-temperature treatment””, In addition, soft
carbon precursors such as petroleum coke, needle
coke, anthracite, can be converted to artificial graph-
ite by heating them to temperatures over 2000 °C.

BDCs belong to a kind of hard carbon, so they
possess the basic microstructural characteristics of
hard carbon that has a highly distorted structure
formed by a large number of curved graphitized car-
bon layers stacked and connected with each other and
contains a large number of pores (closed and open
pores)™ ", In contrast, although soft carbon also ex-
hibits short-range ordered and long-range disordered
stacking characteristics, there are significantly fewer
stacking faults. Unlike the amorphous carbon materi-
als mentioned above, graphite exhibits an ordered
layered structure. XRD patterns indicate the high crys-
tallinity of graphite, while the soft carbon and hard

carbon exhibit broad diffraction peaks and low-angle

Vol. 40 | Issue 1 | Feb. 2025 |

(002) peaks, indicating the degree of structural dis-
order and wider interlayer distances with respect to
graphite, with the hard carbon having the highest de-
gree of disorder (Fig. 3b). Typical charge/discharge
curves of the three materials show that hard carbon
exhibits a combination of high specific capacity, low
average charge-discharge potential, and high Cou-
lombic efficiency for sodium storage, with the best
electrochemical performance and the most promising

prospects for large-scale applications (Fig. 3d).

Biomass materials must undergo thermal decom-
position in an oxygen-free, high-temperature environ-
ment before being converted into BDCs for electro-
chemical energy storage. The complex composition of
the biomass itself, its average electrical conductivity,
and its low degree of graphitization all contribute to
its limited electrochemical performance. To over-
come the shortcomings of biomass raw materials and
to obtain BDCs with excellent morphological, struc-
tural, electrical, and mechanical properties, research-
ers have explored and developed different synthetic
methods to convert biomass materials into high-per-
formance electrode materials in recent years, such as
carbonization (pyrolysis and hydrothermal carboniza-
tion), activation (physical activation and chemical ac-
tivation), and template methods (hard template and

soft template)”").

Pyrolysis carbonization is the simplest method of
producing BDCs, requiring only direct pyrolysis of
the biomass carbon source in inert gas (N,, Ar, etc.) at
high temperature in a tubular furnace to obtain carbon
materials”””. The product obtained by this method has
relatively few surface functional groups, a relatively
high degree of graphitization, and stable chemical
properties. The pyrolysis process removes almost all
substances that can be volatilized at high temperat-
ures, including CO,, CH,, CO and some organics,
leaving a solid carbon material. The preparation pro-
cess of direct carbonization is straightforward and in-
expensive, and the environmental pollution caused bv

the use of activators is avc
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method is adopted for the preparation of BDCs, the
carbonization temperature has the most significant ef-
fect on the structure and elemental composition of
BDCs. Pariyar et al.”” investigated the variation of
the SSA of pine saw dust, rice husk, food waste,
poultry litter, and paper sludge at different pyrolysis
temperatures and showed that the SSA of all the ma-
terials tended to increase with increasing temperature
(350 to 650 °C). In addition, pyrolysis temperature
also affects the heteroatom content in BDCs, which
decreases with increasing carbonization temperature.
For example, in their synthesis of buckwheat hull-de-
rived carbon, Huang et al.”’*! found that increasing the
pyrolysis temperature from 700 to 1300 °C reduced
the O content of the material from 5.79% to 3.97%.

Hydrothermal carbonization (HTC) has become
one of the most widely used carbonization methods,
with HTC-produced biomass carbon materials exhibit-
ing coal-like properties. HTC is a chemical reaction
process in which precursors are subjected to high tem-
perature and pressure in a sealed vessel using water as
a solvent and wet biomass as raw material to achieve
carbonization of biomass through condensation, poly-
merization, hydrolysis, decarboxylation, dehydration,
and aromatization processes’”. Compared to other
preparation methods of carbon materials, HTC offers
advantages such as low reaction temperature (180—
350 °C), an environmentally friendly process, and
higher yield (approximately 70%—80%). It’s worth
mentioning that HTC can adjust the carbon product to
create unique morphologies. For example, carbo-
hydrates may be hydrothermally carbonized to form
carbon microspheres with good thermochemical dur-
ability and thermal and electrical conductivity. Huang
et al.”® found that the hydrothermal temperature had a
significant effect on the surface morphology and dia-
meter of the prepared carbon microspheres during the
hydrothermal treatment of wheat straw. When treated
at 160 °C, the carbon microspheres were independ-
ently and uniformly distributed with diameters of
0.05-0.3 pm, but when treated at temperatures above

200 °C, the carbon microspheres appeared to be
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gradually agglomerated and reached diameters of
0.05-0.7 pm.

The pore structure of the BDCs obtained after the
carbonization process is not fully developed, and the
SSA is relatively small. Consequently, it is typically
necessary to employ an activation process to enhance
the porosity and pore volume of the carbon material,
as well as to augment the SSA of the carbon material.
In the activation process, biomass precursors in the
action of activators gradually form pores and expand,
and the pore walls between adjacent micropores are
completely burned away to form larger pores, allow-
ing mesopores and macropores to be generated, and
ultimately the formation of the porous structure of the
BDCs"”. Depending on the activator used, the main
common activation methods can be divided into phys-
ical activation and chemical activation. During phys-
ical activation, biomass precursors are first pyrolyzed
in an inert atmosphere at low temperatures (<800 °C),
which leads to partial carbonization and elimination of
non-carbon elements™. This is followed by the activ-
ation of the sample in oxidizing gases (e.g. air, car-
bon dioxide, or water vapor) at 800-1100 °C, during
which the oxidizing gases react with the carbon skel-
eton to produce CO and CO,, as a result, pores are
formed, which expand in depth to form new micro-
pores, ultimately leading to the formation of a porous
structure within the carbon material®’. Zhong et al.""”
used vapor activation to convert rice into unique por-
ous macrocellular carbon with cross-linked nano/mi-
cro sheets, where the water content of the feedstock
plays a crucial role in the rapid transient expansion of
the porous material. Since the reaction rate between
carbon and water vapor is faster than the diffusion rate
of water vapor, the reaction is limited to the surface of
the carbon material. Using starch as a precursor, Fan
et al.""" developed a mild CO, etching and carboniza-
tion strategy capable of inducing a large number of
closed nanopores. After CO, etching, the closed pore
size of starch microspheres increased from 3.82 nm to
4.86 nm, and the corresponding pore volume in-
creased from 0.045 to 0.117

New Carbon Materials


https://www.sciengine.com/NCM/home
https://www.sciengine.com/NCM/home

SUN Mei-ci et al: Advances in the use of biomass-derived carbons for sodium-ion batteries

Chemical activation is generally a process in
which precursors and activators are uniformly mixed
in a certain ratio and then calcined at high temperat-
ures in the range of 450-900 °C to undergo a series of
cross-linking and condensation reactions to produce
pores for forming porous carbon. The porous carbon
materials with higher SSA, developed pore structure
and controllable pore size can be produced by select-
ing suitable activators and controlling the appropriate
reaction conditions. Chemical activation is currently
the main preparation method for high-performance
BDCs. Activators can be divided into three categories
according to their properties: alkaline activators
(KOH, NaOH, etc.), neutral activators (ZnCl,, FeCl,,
etc.), and acidic activators (H,PO,, HNO;, etc.), with
KOH"*"™ ZnCL""*"" and H,PO,"* """ being the
most commonly utilized. The process of activation us-
ing alkalis produces alkali metals and carbonates,
which are responsible for stabilizing and enlarging the
spaces between the layers of carbon atoms in the car-
bon matrix, thus altering the pore structure of BDCs.
Researchers have successfully used KOH activators to
prepare porous carbon materials with diverse pore
structures and high SSA from various natural biomass
source. Hou et al."'" transformed rice bran into a por-
ous carbon structure with micropores and mesopores
embedded in each other by combining carbonization
and KOH activation. The SSA of the obtained porous
carbon material is 2475 m* g~'. The activation temper-
ature required with ZnCl, as the activator is low
(400-900 °C) and the SSA of the resulting BDCs is
large (10002000 m* g "). During the activation pro-
cess, ZnCl, can act as a supporting skeleton for car-
bon, which leads to a better development of the pore
structure. This is the main feature that makes it superi-
or to other activators. The porous activated carbon
formed after the removal of ZnCl, was predominantly
mesoporous. Yu et al.l'"” selected magnolia petals as a
precursor and utilized ZnCl, as both a template and
activator to synthesize coral-like magnolia-based por-
ous carbon material (CMPC-2) through carbonization
at 800 °C. CMPC-2 exhibits a substantial SSA of
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903.1 m*> g' and a well-developed pore volume of
1.09 cm™ g'. H,PO, is a common acid activator, and
the H,PO, activation process is characterized by a
simple preparation process, low self-corrosion, low
equipment and environmental hazard, and high car-
bon yield""?. Porous carbon produced with H,PO, as
an activator typically features sizable mesopores or

113
cveén macropores[ ]

. Furthermore, phosphoric acid
can introduce phosphorus-based functional groups in-
to the carbon structure during pore activation. Hong et
al.'"® reported the preparation of 3D hierarchical por-
ous carbon materials by phosphoric acid activation of
grapefruit peel. The prepared material exhibits a high
SSA (1272 m* g"), and XPS analysis shows that there
are many oxygen- and phosphorus-containing func-

tional groups on the porous carbon surface.

The template method involves attaching precurs-
or material to the surface of a template through a spe-
cific process and then removing the template to ob-
tain nanomaterials with the same size and morpho-

logy
characteristics of a special structure, controllable mor-

[M4+153] The template material should have the

phology, and low cost. The template method is classi-
fied into hard template methods and soft template
methods according to the difference in the template
composition. The hard template method generally
uses inorganic materials with specific structure and
morphology (e.g. silica, porous zeolite, metal-organic
framework, inorganic salts, etc.) as templates, and fills
the pores of the templates within the carbon precurs-
ors, which can be converted into target products by
high-temperature heat treatment, and finally removes
the templates to obtain the corresponding porous car-

bon[] 16]

. Ou et al.l"""! fabricated nitrogen-rich porous
carbon material from buckwheat using a nano-CaCO,
template, and its use as an anode for SIBs showed
good sodium storage properties due to its inherent ni-
trogen content (3.14%) and interconnected porous
structure with mesopores and macropores. The nano-
CaCO, template was removed by a subsequent acid-
washing step. Ji et al.l'"'® used a co-sacrificial tem-

plate sequential pyrolysis method to prepare ordered
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macroporous carbon-based framework material. With
the pyrolysis process, the poly-methyl methacrylate
(PMMA) template was partially converted into graph-
itic carbon (between ca. 290 and 300 °C), and the re-
maining PMMA was completely removed from the
solid matrix in gaseous form (>350 °C). This method
eliminates the step of removing the template using
solvents such as strong acids and bases. The soft tem-
plate method mainly involves mixing block copoly-
mer (i.e. surfactant) and carbon precursor to form an
ordered mesoporous structure precursor, forming mac-
romolecular micelles between the precursor and the
soft template by chemical bonding, and then obtain-
ing ordered mesoporous carbon materials after remov-
ing the templates by high-temperature pyrolysis!''*'*".
Using cassava as a precursor and triblock copolymers
(F127) as a soft template, Zheng et al.'** obtained a
porous activated carbon material with a SSA of
286 m”> g ' and a total pore volume of 0.25 cm’ g’ by
mixing, drying, and carbonizing, and the surface con-
tained a large number of active groups. However, soft
templates usually use polymers, most of which are
non-renewable and made of expensive polymers,
which limits their wide application.

In general, pyrolysis, hydrothermal carboniza-
tion, physical activation, chemical activation, and
template methods can be used to produce biomass
porous carbon, among which, high-temperature pyro-
lysis is simple to operate, but the SSA increase is not
obvious and has limitations, and the HTC method
does not require high activation temperature, but the
SSA and porosity are lower. Physical activation has
the advantages of safety and environmental protec-
tion and produces almost no by-products, but it re-
quires high activation temperature, and relatively
large energy consumption in the reaction process, and
the activation effect is not obvious. On the contrary,
chemical activation conditions are relatively mild, the
reaction time is short, the activation temperature is
low, and the product with an ideal SSA and hierarch-
ical porous structure can be formed, but more by-
products are produced in the activation process, and

the waste treatment is more complicated in the sub-
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sequent process. The synthesis of biomass-based car-
bon materials using the template method can per-
fectly replicate the morphology and pore structure of
the template, but the preparation process is relatively
complex and requires additional post-treatment.
Therefore, in practical applications, the choice of the
appropriate preparation method should be based on
the characteristics of the biomass precursor, the syn-
thesis process technology, and the application area of
the product. Table 1 lists the performance of different
biomass sources derived carbon anodes for SIBs stud-

ied in recent years.

BDCs, as anode materials for SIBs, possess elec-
trochemical properties superior to those of traditional
carbon materials, such as graphite and soft carbons.
On the one hand, BDCs exhibit a larger interlayer spa-
cing than that of graphite, which is conducive to the
On the other
hand, the pore structure and larger SSA of BDCs are

insertion/extraction of sodium ions.

favorable for ion adsorption/desorption storage. Addi-
tionally, as mentioned above, new BDCs prepared by
different methods using different biomass precursors
have a variety of microstructures and there is no clear
standard for the selection and handling of carbon ma-
terial precursors, which can directly affect the electro-
chemical performance of SIBs and limit the standard-
ization of sodium-ion battery technology for future
commercial use'” ¥, Therefore, an in-depth under-
standing of the sodium-ion storage mechanism of hard
carbon materials is essential for the rational design
and optimization of hard carbon materials.

In SIBs, the storage of Na' by BDCs has been
classified into various sodium storage methods, such
as interlayer insertion, defect adsorption, and pore
filling. The typical sodium storage process can be di-
vided into two stages: the slope region at high voltage
(> 0.1 V) and the plateau region at low voltage
(0.1-0.01 V). The storage mechanisms are usually
manifested in two ways, the capacity contribution in

the slope region is mainly attributed to the insertion of
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Table1 A summary of performance comparison with different biomass sources derived carbon anodes for SIBs

Biomass precursor Synthesis method dyp,/nm SBET/mz g" ICE/% Reversible capacity/mAh g’] Ratfniigagbl.hty/ Ref.
Chitin Hyd“’“(‘;r)%’f; ggf’g;“za“"“ 040 262 47at50mAg'  1400f2000"cyclesat5Ag'  102at10Ag’ [3]
Corn stalk Hydrothermal carbonization ) 157 954 65at60mA g’  259.50f 100" cycleat60mA g’ 172at3Ag"’  [62
(1000 °C) [62]
Oak seeds Pyrolysis (9001100 °C) 0391  26.56 — 2744 0f 100" cycleat 50 mA g ' 126.7at1 Ag' [64]
Pine pollen Carbonization (900 °C) 0.41 171.54 59.8at100mA g' 203.3 0of 200" cycleat200mA g’ 87.3at5Ag' [65]
CO,-Etching -1 st -1 -1
.56 at 25 mA 487.6 of 1% cycle at 25 mA 171 at8 A
Starch Carbonization (1300 °C) 0.396 2.29 90.56 at25 mA g 87.6 of " cycleat25 mA g 71at8Ag [1o1]
ZnCl, activati ;
Magnolia petals T 800°0) 0354 903.0 — 161 0f 4000" cycle at 1A g — [107]
Template method 1 " - 1
Buckwheat Carbonization (650-850 °C) 0.363 628 444 at30mA g 185 of 100" cycle at 30 mA g 75at2Ag [117]
Carbonization
Cow manure (800-1000 °C) 0.41 2045 55.4at100mA g 372.2 0f 1000" cycle at 100 mA g 221.4at 10 A g [123]
HF solvothermal reaction
Carbonization .
Hovenia dulcis (900712(2)0 °C) 0382 19532 72at100mA g’ 350.3 of 50" at 50 mA g 1084at2Ag"' [124]
H,PO, activati
Fallen leaves 3 %&%‘é;‘ ron 03714 601  63.9at100mAg" 3104 0f200" cycleat 100 mA g" 2262at2Ag" [125]
Carbonizati . . .
Lotus seedpod (lggofﬂzgolgg) 0.386 140.7 504at50mA g’ 295 0f200" cycle at 50 mA g 738at1Ag' [126]
Carbonization - -
Waste woods (1300-1500 °C) — 2.6 — 280 of 400" cycle at S00mA g ' 280at1Ag' [127]
Carbonization _ _
Waste corks a 200720200 °C) 0376 554  8lat30mAg'  3120f200"cycleat30 mA g — [128]
Carbonization -1 th -1 -1
0.6 at 20 mA 250 of 50" cycle at 50 mA 8atlA
Potato starch (800-1500 °C) 0.376 2.1 90.6 a mA g 50 of 50" cycle a mA g 73.8 a g [129]
. Hydrothermal treatment -1 ih -1 -1
— 44.1 at 100 mA 215 0f 1 le at 100 mA 123at1 A
Camellia shell Carbonization (800 °C) 377.6 at 100 mA g 50f 100" cycle at 100 mA g 3 at g [130]
Carbonization -1 th -1 -1
.6 at 100 mA 146.98 of leat2 A 102.12at 10 A
Puffball (900-1100 °C) 0.354 13124 57.6at100mA g 6.98 of 600" cycle at g 0! at10 A g [131]
Carbonization -1 th -1 -1
Mushroom spore (12001600 °C) 0.364 55 8l.2at20mA g 411.1 of 50" cycle at 20 mA g 104.1at0.5A g [132]
Onion wastes Hydrot(léeor(t)rﬁloi)%gzgllaﬂon 0.384 — — 152 0f 200" cycleat S0mA g™ 77.9at2.5Ag" [133]
Porphyra K(?(%f;g(‘)’i%‘;“ 036 64 209at1Ag! 1150500 cycleat 1 Ag”  602at10A g’ [134]
Jute-fiber Cazgggifét)ion 0379 2109  66at30mAg’ 1200£1000" cycleat300mA g’  S6at3Ag’  [135]
Tea Ca(rlbl%‘g?g‘)"“ 044 3978  90at28mAg' 2624 100" cycleat280mA g' 224.5at1.4 A g [136]
Dandelion “yd“"he‘(‘;‘g(') ‘f,acr;"’“izaﬁo“ 035 1453  42at50mAg'  97.510f1000"cycleat5Ag'  115atSAg' [137]
Soybean roots fg‘ggfgggf}g’)‘ 0.395 105  40.5at50mA g’ 288 of 1000" cycle at 1A g* 150at5A g’ [138]
Cotton Carbonization (1000 °C) 0.379 —  7527at25mAg'  2720f100"cycleat50mA g 69at0.5A g’ [139]
Kapok fiber ZnCl, a(slszlf)tgd g)y“’]ySiS 0387 851 75.94at50mA g’ 185.7of 500° cyclesat40mA g 128at32A g’ [140]
Silver willow blossoms gg‘otf’lfgggti‘)c‘l) 0.364 — 70at100mAg’ 3010f100" cyclesat 100mA g 62at10Ag' [141]
. Template method -1 h -1 -1
Pinecones Carbonization (900 °C) 0.404 552 63.5at 100 mA g~ 822.8 of 500" cycles at 100 mA g 210at2Ag [142]
Mango-peel Carbonization (1000 °C) 0.47 408.99 52.03at100mA g ' 350 0of 250" cyclesat 100 mA g ' 128at4 Ag' [143]
Waste corncob Carbonization (1150-1400 °C) 0376  12.899 73.2at30mA g’ 250 0f 100" cyclesat30mA g’  90at0.6 Ag” [144]
Chickpea husk KOH activation (1100 °C) 0.38 1599 — 316 of 200" cycles at 20 mA g ' 70at2A g [145]
Onion peel Carbonization (750 °C) 0.4 7565  23at50mA g’ 67 0f 1000" cyclesat 10 A g 69.4at10A g [146]
Rice husk NaOH activation (600-1200 °C) 0.382  459.29 33.8at25mAg ' 328.40f 100" cyclesat25mA g ' 185.71at0.5 A g™ [147]
Agar Carbonization (750 °C) 0.391 706 42.1at100mA g' 3100f500" cyclesat 100mA g’  140at5A g’ [148]
Sunflower seed hulls ng(%_ ag%‘é)vfg;’“ ~0.3955 678.69 27.4at55.8mA g 468.9 of 100" cycles at 55.8 mA g™ 104 at 1.395 A g™ [149]
Template method -1 h -1 -1
- 7 at 80 mA 265 of les at 2 A 154 at8 A
Water-soluble starch Carbonization (800 °C) 0.387 221.8 33.7at80mA g 65 of 500" cycles a g 5S4at8Ag [150]
Sugarcane bagasse 'i?&')f;ggi‘g;“ 0382 2270 433at25mAg’ 304.10f200" cyclesat25mA g’ 197.4at1Ag’ [151]
Camphor tree Carbonization (700 °C 0.43 — 70.74at40mA g’ 280 0f 500" cyclesat2 A g’ 2823at2Ag’ [152
p ( ) [152]
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Na' between the graphite microcrystalline layers,
while the plateau region is dominated by the adsorp-
tion of Na" on reactive functional groups, defect sites,
and pore structures. There are also a few sodium-ion
storage mechanisms that show that the slope region
corresponds to the adsorption of Na’ at defect sites
and on surfaces, while the plateau region is related to
the filling of the nanopores with Na". However, the
uncertainty and complexity of the structure of BDCs
increase the difficulty of exploring the Na storage
mechanism!"*”. The limitations of existing character-
ization techniques allow researchers to remain contro-
versial about the intrinsic charge storage mechanism
behind their charging and discharging behavior, and
different structural analyses generated by different
characterization tools may provide inconsistent inter-
pretations of the microstructure of carbon and the as-

sociated Na storage behavior.

BDCs exhibit excellent electrochemical perform-
ance as anode materials for SIBs, which can be attrib-
uted to their sodium storage structure, i.e. a small
number of small-sized, curved graphite crystallites
stacked in a short-range ordered, long-range dis-
ordered manner, as well as a large number of defects

(1561 There are active

and nanopores inside (Fig. 4a)
sites providing additional diffusion pathways for Na"

and storage sites for Na'.

Graphite nano

The crystallite structure is a unique structure of
BDCs, which usually refers to disordered turbo-
layered nanodomains containing a small number of
randomly arranged defective graphite layers. It can be
expressed by the carbon lateral size (L,), stacking
height (L,), and interlayer distance (d,,) of the micro-

)7, with different hard carbons

crystallites (Fig. 4b
having significantly different L, and L. Typically, at
low pyrolysis temperatures, the crystallite is highly
disordered with low L, and L.. As shown in Fig. 4c, at
higher temperatures the structure becomes progress-
ively more ordered, with a slight increase in L, and L,
for hard carbon!**. In addition, the interlayer spacing
of the hard carbon material has a great influence on
the sodium ion storage and diffusion, and d, of
0.37-0.40 nm is a more suitable layer spacing for Na"
insertion'"*"'**. When d,,, > 0.37 nm, the insertion re-
action of Na' is easier. When d,, < 0.37 nm, the en-
ergy barrier for Na" insertion is too high and the inter-
calation reaction is difficult to proceed" ). In addition,
if d,, > 0.40 nm, the Na" will be stored at this point of
intercalation by adsorption behavior. Therefore, the
microcrystalline structure greatly influences the stor-
age sites and diffusion kinetics of BDCs. Increasing
the interlayer spacing of the microcrystalline struc-
ture and increasing the content and order of dis-

ordered turbo-layered nanodomains can provide

Layer area
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Fig. 4 (a) Illustration of the key structural features of hard carbons in SIBs!"**!. (b) Structure Image of graphite nanocrystallite and crystallite interlayer area

(A7, (c) Schematic illustrations of structures of the hard carbon samples prepared at 700 and 2000 °C and the structural parameters!'**). (d) Illustration of car-

bon surface with different types of defects!"*”). (e) Schematic diagram of pore formation by pore-forming agent'*”’. Reprinted with permission

Vol. 40 | Issue 1 | Feb. 2025 |

12

New Carbon Materials


https://www.sciengine.com/NCM/home
https://www.sciengine.com/NCM/home

SUN Mei-ci et al: Advances in the use of biomass-derived carbons for sodium-ion batteries

abundant ionic storage sites and diffusion pathways
for ion transport, which can help to reduce the ener-
getic barrier to sodium ion insertion/extraction,
thereby improving the reversible capacity, rate per-

formance and long cycling capability!'**.

Many defects are present in BDCs, and the intro-
duction of defects plays an important role in improv-
ing the effective storage sites and diffusion kinetics of
Na'. In general, defects include edge defects, vacancy
defects, and heteroatom defects, which can be distin-
defects
(Fig. 4d)""". Intrinsic defects are mainly vacancies,

guished as intrinsic and non-intrinsic
holes, and edges on the nanosheets, consisting mainly
of dangling bonds and sp® hybridized carbon with oth-
er structural branches, such as pentagons, heptagons,
octagons, and their combinations with various non-
hexagon structures, leading to the bending of the
graphene nanosheets. The sodium ion adsorption ca-
pacity increases with the concentration of intrinsic de-
fects. The introduction of intrinsic defects gives the
material a significantly higher sodium adsorption ca-
pacity. Non-intrinsic defects, i.e. impurity defects,
mainly refer to heterogeneous atoms, the most com-
mon of which are oxygen-containing functional
groups and heteroatoms such as P, S, F, N and B,
which are usually found in vacancies and edges''® %,
Based on the position of the heteroatoms, heterogen-
eous atom defects are classified into substitution-type

1171 Substitution-type

doping and gap-type doping
doping refers to the replacement of carbon on the
hexagonal lattice in graphene-like sheets by exotic
atoms, destroying the original structure. Gap-type
doping refers to the introduction of exotic atoms into
the center of the planar hexagonal sp” hybridized car-
bon. Defects enhance the electronic conductivity and
provide a large number of electrochemically active
sites, with important implications for surface adsorp-

[168] Sur-

tion and reversible surface redox reactions
face adsorption processes and redox reactions can
provide more sodium-ion storage sites and faster ion
diffusion rates than ion intercalation reactions. Mean-
while, the surface-dominated electrochemical reac-

tion is characterized by a short diffusion distance and
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a strong sodium-ion storage capacity, resulting in a
low degree of destruction of the electrode structure
during charging and discharging, which is conducive
to improving the stability of the electrode and thus
dramatically improving the reversible capacity and
rate performance'®. In recent years, there has been
an increasing number of studies on the introduction of
defects in hard carbon materials. However, not all de-
fects are favorable for electrochemical performance,
especially the trapping effect and the generation of ir-
reversible solid electrolyte interface (SEI) layer,
which leads to a reduction in ICE. Proper control of
the defect type as well as the defect content in hard
carbon is essential to reduce the irreversible Na' be-
ing trapped as well as to obtain a high sodium storage

capacity.

BDCs have abundant pore structures, and the
pores are mainly formed by random stacking of
graphene sheets, and the number of pores is posit-
ively correlated with the SSA. There are mainly 2
types of pore structures, open and closed pores, where
open pores store Na' through adsorption processes to
increase the capacity of the slope region, thus a large
SSA is beneficial for the open pore adsorption sodi-
um-ion storage behavior, but it is worth noting that a
large SSA likewise triggers more electrolyte decom-
position to produce a thick SEI layer, which can lead
to a low ICE. Closed pores are typically formed
between bent graphene nanosheets, which are voids
between the local crystallites and the local crystallites
(Fig. 4e)!"). During the cathodic reduction, Na" ions
are deposited in the closed pores to form quasi-metal-
lic clusters, and the behavior of the closed pore filling
of Na' is a diffusion-dominant electrochemical pro-
cess, so the construction of closed pores shortens the
diffusion distance of Na" and improves the rate capa-
Citymofm].

Clarifying the constitutive relationship between
hard carbon structure and performance can help guide
Al-

though the application of hard carbon materials in the

the optimal design of hard carbon materials.
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anodes of SIBs has been very extensive, there is still
no clear conclusion on the sodium storage mechanism
of hard carbon materials''””. Researchers have pro-
posed a variety of mechanism models based on the
observed experimental phenomena. The existing con-
troversy centers on the interpretation of the sodium
storage mechanism corresponding to the high-voltage
slope region and the low-voltage plateau region ap-
pearing in the charge/discharge curves. As shown in
Fig. 5, the existing sodium storage models can be
classified as follows: (1) “Insertion-filling” model,
(2) “Adsorption-filling” model, (3) “Adsorption-inser-
tion” model, and (4) “Multistage” model.

The “insertion-filling” (“house of cards™) model
was proposed by Stevens and Dahn in 2000 and is the
first accepted model to describe the microstructure of

). The researchers conducted

hard carbon (Fig. 5a
comprehensive in-situ small-angle X-ray scattering
(SAXS) studies on glucose-derived hard carbon ma-
terials to elucidate the sodium-ion storage process in
detail. They observed that the slope region above 0.1
V correlates with the insertion of Na' into the graph-
ite domains in the hard carbon, whereas the plateau re-

gion below 0.1 V is associated with the filling of the
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hard carbon nanopores with Na', akin to the adsorp-
tion behavior. Subsequently, in 2012, Cao et al.!'®’!
proposed an “adsorption—insertion” model to describe
the sodium-ion storage behavior of polyaniline-based
hollow carbon nanowires (Fig. 5b), where the high-
potential slope region is related to the sodium-ion
storage behavior of the surface defects of the hard car-
bon, while the low-potential plateau region is related
to the sodium insertion between the carbon layers.
Based on theoretical calculations, the minimum inter-
layer spacing for Na' insertion was indicated to be
0.37 nm. In contrast to the previous 2 theories, in
2015, Ji et al."”! investigated the sodium-ion storage
process in hard carbon by ex-in situ X-ray diffraction
(XRD) and neutron scattering and then divided the
voltage distribution into 3 regions and proposed the
“adsorption-insertion-filling” mechanism (Fig. 5c).
In this mechanism the capacity of the slope region
corresponds to the adsorption of Na' at defects, and
the capacity contribution of the plateau region origin-
ates from the insertion of Na" between carbon layers
and the slight adsorption of Na" on the surface of the
nanopores. In the same year, Tarascon et al.'"”” used

in-situ XRD and other technigues to investigate the
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Fig. 5 (a) The “insertion-filling” model". (b) The “adsorption-insertion” model"**". (c) The “adsorption-insertion-filling” model"' ™. (d) The “adsorption-

filling” model™. (¢) The “adsorption-insertion” model"". (f) The extended “adsorption-insertion” model'
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¢) The “adsorption-insertion/filling” model" ™. Reprinted with permission
The “ad: ion-i ion/filling” model"'™, Reprinted with issi
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sodium storage mechanism of HC, and observed that
the interlayer spacing of the carbon nanofiber elec-
trodes did not change during the sodium insertion pro-
cess of the graphene-like carbon layer. This indicated
that there was no intercalation behavior during the
charging and discharging, and combined with other
characterizations, they proposed the ‘“adsorption-
filling” model. A similar experimental phenomenon
was found by Hu et al.*"! The capacity of hard carbon
microtubules (HCTs) decreased in the slope region
and increased in the plateau region as the carboniza-
tion temperature increased. Characterization of the
carbon structure using ex-in situ transmission elec-
tron microscopy revealed that the graphite-like layer
spacing of the hard carbon anodes discharged to 0 V
was found to be essentially unchanged compared to
the initial state, further corroborating the mechanism,
i.e., that the slope region corresponds to the adsorp-
tion of Na' at the defect site and on the surface; and
the plateau region is associated with the filling of the
nanopores with Na“ (Fig. 5d). In 2017, Cao et al.l'™
used in situ XRD, ex-in situ NMR, and electron para-
magnetic resonance data to show that the high-voltage
slope region is a process of Na" adsorption on the sur-
face of the material, while the low-voltage plateau re-
gion is a process of Na' insertion into the carbon mi-
crocrystals, i.e. the “adsorption-insertion” model
(Fig. 5¢). In 2019, Sun et al."” proposed an extended
“adsorption-insertion” model (Fig. 5f) and showed
that sodium storage depends on the d, of the hard
carbon: when d, is > 0.40 nm, Na' can freely enter
the carbon layer with pseudocapacitive adsorption-
storage behavior, and adsorption of Na" on graphite-
like interlayers and defects jointly contribute to the ca-
pacity of the slope region. When d,, is between
0.36-0.40 nm, Na' contribute to the capacity of the
plateau region by inserting into graphite-like interlay-
ers. When d,, is < 0.36 nm, Na" cannot be inserted in-
to the interlayer, and sodium intercalation storage can-
not occur. In 2022, Cao et al.'’ proposed a mixed
model of “adsorption-insertion/filling” (Fig. 5g), sug-
gesting that the capacity of the low potential region

comes from the insertion and pore-filling behavior of
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Na' and that the proportion of their contribution de-
pends on the number of closed pores and graphite mi-
crocrystallites in the hard carbon microstructure.

From the above, it can be seen that the hard car-
bon material has low disorder and complex structure.
The current understanding of hard carbon microstruc-
ture and sodium-ion storage mechanism is limited by
the characterization technology. Furthermore, there is
no unified scientific conclusion on the reaction mech-
anism of hard carbon anode for SIBs. A clear hard
carbon microstructure and sodium storage mechanism
is an important theoretical guide for the development
of hard carbon anodes for high-performance SIBs, so
studying the sodium storage mechanism and explor-
ing the relationship between the internal microstruc-
ture of hard carbon and the electrochemical perform-
ance is the key to synthesizing and designing high
performance hard carbon-based sodium storage anode

materials.

Three kinetic processes are involved in the
movement of sodium ions from the electrolyte into the
electrode bulk phase, namely the desolvation of solv-
ated Na' between the electrolyte/electrode interface,
the transport of Na” within the SEI and the diffusion
of Na' into the electrode to undergo electrochemical

reactions.

When the sodium salt is dissolved in a certain
solvent, anion dissociates and Na' are surrounded by
solvent molecules to form a specific solvated struc-

ture[”g]

. Solvated Na" ions migrate in the electrolyte
and subsequently undergo desolvation at the electro-
lyte/electrode interface, and the slower desolvation
process undoubtedly drags down the performance out-
put of the electrode, and the weakly coordinated solv-
ated structure is usually beneficial to reduce the
desolvation energy barrier and enhance the ion trans-
port rate at the interface. Hong et al.'"”” achieved the
excellent rate properties of carbon materials using an
ether electrolyte and attributed the improved perform-
ance to a lower desolvation barrier. Bai et al.'™!

demonstrated that ether-based electrolytes can form
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thermodynamically stable complexes with Na', a solv-
ated Na' that somewhat avoids the slow desolvation
process and improves kinetics. By studying the sodi-
um-ion storage mechanism and interfacial behaviour
of hard carbon in ether and ester electrolytes, Yan et
al."®" demonstrated that both the Na” transport pro-
cess in SEI and the desolvation behavior have a pro-
found effect on the multiplicity performance of hard
carbon, and that the effect of the desolvation process

is dominant.

Due to the low sodium storage potential of hard
carbon, which exceeds the reduction potential of the
electrolyte components (including solvents, salts and
additives), the electrolyte undergoes a reduction reac-
tion during the first turn of the naturation process, and
the organic and inorganic components generated by
the decomposition of solvents and sodium salts build
up on the surface of the anode electrode to form a sol-
id electrolyte interface!®. A stable SEI prevents the
electrolyte from reacting further, whereas an unstable
SEI continuously consumes the electrolyte, leading to
a decrease in the coulombic efficiency of the device
and a shorter service life, therefore, the composition,
thickness, and densification of the SEI all critically af-
fect the kinetic transport process of Na’ ions. Ester
electrolytes tend to decompose and form a thick and
inhomogeneous SEI layer on the anode surface, result-
ing in a high solid-liquid interfacial energy and a slow
rate of ion transport. The use of ether electrolytes ef-
fectively improves the rate performance of hard car-
bon, which is attributed to the more favorable solva-
tion effect and a more stable and homogeneous SEI in
ether electrolytes. Zhang et al.l'"®! investigated the
electrochemical properties of high specific surface
area carbon (HSSAC) in ether-based and ester-based
electrolytes and found that the stable, compact, thin
and homogeneous SEI formed in the ether-based elec-
trolyte enabled the hard carbon to exhibit excellent so-
dium storage properties. Through molecular dynam-
ics simulations and experimental characterization,
Zhao et al."* found that Na" has more excellent reac-

tion kinetics in ether-based electrolytes compared to
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ester-based electrolytes and that the thin SEI layer
(4.6 nm vs. 12 nm) and low interfacial impedance
(1.5Q vs. 24 Q), as well as the low desolvation en-
ergy (0.248 eV), allow the hard carbon to exhibit ex-
cellent rate performance and cycling stability in ether-
based electrolytes. Bai et al."* demonstrated experi-
mentally and theoretically that fast sodium-ion diffu-
sion coefficients in ether systems and thin SEI films
with low internal resistance can promote the rate prop-

erties of hard carbon materials.

The microstructure of hard carbon has a signific-
ant effect on the sodium storage kinetic process, and
the sodium storage kinetic properties of hard carbon
can be improved by modulating the microcrystalline
layer spacing, pore structure, and surface chemistry.

185] ysed bacterial cellulose and resin to

Wang et al.
prepare hard carbon with enlarged interlayer spacing,
and the rapid diffusion and storage of Na' provided
sufficient diffusion channels, the Na* diffusion coeffi-
cient at the plateau region can be readily improved
from 107'%* to ~ 107" cm® s™'. Zhao et al.'"* pre-
pared N/F doped hard carbon nanospheres (CDC-F-
900). The conjugation effect of N/F accelerates the
ion transport rate and hence the electrochemical kinet-
ics. As a result, CDC-F-900 exhibited excellent capa-
city and cycling performance at high currents. Zhang
et al."™ precisely tuned the closed-pore structure of
natural bamboo cell-derived hard carbon by deep eu-
tectic solvent cell-shearing strategy. Suitable pore size
(2 nm), ultrathinness (1-3 layers), and disordered pore
walls enable bamboo-derived hard carbon to have
abundant sodium storage active sites, resulting in fast
ion diffusion kinetics and high reaction reversibility.
Excellent rate capacity (318.6 mAh g 'at6 A g'') was
successfully achieved when used as a SIB anode. Bai

et al.l'?¥

synthesized Hovenia dulcis-derived hard car-
bon (HC-1100A) with precisely tuned microcrystal-
line and porous structures. The synergetic effect of
dual-functionalized Ca enlarges the interlayer spacing
of HC-1100A and induces intrinsic defects, which can
thermodynamically and kinetically facilitate Na" stor-

age and transport, thus exhibiting improved sodiation
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kinetics, HC-1100A delivers an impressive rate abil-
ity (108.4mAhg 'at2Ag").

By understanding the sodium storage sites, mod-
els and kinetics of BDCs, we can realize that the sodi-
um storage performance of BDCs is closely related to
the structure, defects, pores, and carbon interlayer spa-
cing all have an impact on the electrochemical per-
formance of the materials. However, biomass precurs-
ors all have structural limitations, such as uncontrol-
lable crystal structure, single chemical structure, and
irregular porous structure, which limit the improve-
ment of the sodium storage performance of BDCs.
Therefore it is necessary to design structural modula-
tion and engineering methods to address the inherent

structural limitations of biomass materials.

The microcrystallite structure of BDCs is the
main part for sodium ion intercalation, which can
provide enough storage sites for Na' embedding.
Reasonable optimization of the microstructural char-
acteristic parameters (L,, L., d;y,) of microcrystallite is
conducive to improving the overall sodium storage
performance of BDCs. Firstly, the wider d,, interlay-
er spacing can reduce the energy barrier for the inser-
tion of Na" and ensure the adequate embedding and
diffusion of Na" between the graphite layers of the
BDCs, thus the appropriate d,, interlayer spacing is
the key to increasing the sodium storage capacity of
BDCs. Secondly, the L, and L, values of BDCs are re-
lated to the degree of graphitization. The suitable L,
and L, values can lead to more suitable adsorption
storage so that sodium ions can be further stored in the
defects.

Appropriate  d,,
0.4 nm) and degree of graphitization are crucial for

interlayer spacing (0.37—
high-capacity BDCs, and we expect the carbon struc-
ture to achieve a balance between graphite-like do-
main development and defect and pore content, and
the use of temperature control and heteroatom doping
is a reasonable means of optimizing the crystal struc-
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ture. Elevated carbonization temperature increases the
L, and L, values, decreases the d,, value, and reduces
the pore size and defect location, which in turn has a
great impact on the electrochemical properties of
BDCs. Asfaw et al."*” used oxidized cork as a pre-
cursor to pyrolyze and synthesize hard carbon
(HCNS) different
(1000-1500 °C), the d,,, interlayer spacing decreased

from 3.9 A to 3.7 A with increasing carbonation tem-

nanosheets at temperatures

perature. The results of Raman scattering tests reflec-
ted the decrease in defect concentration, and increase
in graphitization and crystal size in HCNS by increas-
ing from 1000 to 1500 °C. In addition, temperature af-
fects the proportion of capacity contributed by tilted
and flat regions, with increasing capacity contribution
from the flat region and decreasing capacity contribu-
tion from the tilted region with increasing temperat-
ure (500-2000 °C).

In addition to regulating the carbonization tem-
perature, the introduction of heteroatoms can also
serve to optimize the microcrystalline structure. For

example, doping of sulfurt!ss-190 [12s.191)

[192-193]

, phosphorus
and fluorine can improve the interlayer spacing,
provide more storage sites for ions, and improve dif-
fusion kinetics, thus increasing the reversible capacity
and rate performance. Kim et al.'®! synthesized P-
doped hard carbon with a doping level of 1.10% at
1300 °C. Due to the increased interlayer spacing
after P  doping
(0.3748-0.3868 nm), which enhances the intercala-

tion effect of Na', the reversible capacity of the P-

between  graphite layers

doped hard carbon was enhanced to 328 mAh g ' at
50 mA g ', with ICE as high as 72%. Dai et al."*” pre-
pared F-doped (1.1%) carbon particles by pyrolysis of
lotus leaf stalks. The introduction of F can form F—C
bonds with high polarity and stability, and the F—C
bonds are easy to increase the mutual repulsion
between the carbon layers and widen the interlayer
spacing, so they were used as an anode material for
SIBs, and they exhibited an initial charging capacity
of 230 mAh g ' at a current density of 50 A g '. Even
after 200 cycles at a high current density of 0.2 A g ',

the capacity retention rate is still as high as 99%.
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Defect engineering methods can be used to en-
hance the electrochemical activity of carbon, adjust
the surface wettability and electronic conductivity of
materials, and thus improve their sodium storage
defects doped with  het-
eroatoms are the main strategy of defect engineering,

properties. Exogenous

and heteroatom doping can improve the electrochem-
ical properties, surface wettability, electronic conduct-
ivity, porosity, and interlayer spacing of BDCs!'**"**,
The effects of different doping atoms on the electro-
chemical properties of SIBs vary greatly, with nitro-
gen (N), sulfur (S), and phosphorus (P) being the most
common heteroatom dopants.

Nitrogen (N) is one of the most widely studied
heteroatoms in BDCs, and N is a substitutional dopant
that enhances reactivity and conductivity by creating
extrinsic defects in place of carbon atoms in the lat-
tice!"”*'**.. There are two main methods to prepare N-
doped BDCs, one is obtained by pyrolysis of N-con-
taining biomass, and the other is pyrolytic synthesis of
materials such as urea, melamine, and nitric acid with
biomass. N can be introduced into the carbon skelet-
on in different doped configurations such as pyridinic-
N, pyrrolic-N and graphite-N. The transformation
between different N-doped configurations can be
achieved by controlling the pyrolysis temperature, and
pyridinic-N and pyrrolic-N can be gradually trans-
formed into graphite-N at high temperatures!'””’. The
configuration of N has an important effect on the
activity and structure of BDCs, and pyridinic-N and
pyrrolic-N with high chemical activity can introduce
chemically active sites and defects to improve the sur-
face adsorption capacity, and the construction of
pyridinic/pyrrolic-N-dominated carbons is of great
significance for the design of high-activity anodes for
SIBs. Xu et al.”® directly pyrolyzed shrimp skin to
produce nitrogen-rich mesoporous carbon materials.
The resulting carbon materials had a large amount of
pyrrolic-N and pyridinic-N, which introduced a num-
ber of electrochemically active sites and defects and
improved the surface adsorption capacity. Therefore,
when used as an anode for SIBs, it has a high capa-
city of 434.6 mAh g' at a current density of
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30 mA g '. Even at a high current density of 2 A g, it
still has a reversible capacity of 110 mAh g'. Du et
al.”" prepared porous flexible nitrogen-rich carbon
membranes by pyrolysis of chitosan. The carbon
membrane (CS-1000) formed by pyrolysis at 1000 °C
had a honeycomb porous structure with 6.3% nitro-
gen content, and the high proportion of pyridinic-N
improved the adsorption and electrical conductivity of
Na’ on CS-1000. When used as anode material for
SIBs, its sodium-ion storage remains 236 mAh g
after 70 cycles.

Sulfur (S) doping is also important for energy
storage and conversion. S can react with Na' to
provide storage sites, and introducing S into BDCs
can improve their sodium storage capacity. Firstly, S
has a higher covalent radius, and S-doping into BDCs
can expand the interlayer spacing by a larger electro-

(2022031 " which is favorable for the inser-

static repulsion
tion/extraction of Na'. Secondly, S is an electrochem-
ically active component of redox reactions, and S-
doping can provide more active sites for Na'
storage”®”. Thirdly, the binding energy of S-doped
BDCs with Na' is stronger than that of pure

carbon®*

. Finally, S doping helps to increase the
electrical conductivity of carbon”*. S-doped BDCs
are usually obtained by high-temperature pyrolysis of
mixtures of biomass precursors with sulfur sources
(e.g., sulfur powder, sodium dodecyl sulfate, etc.) or
by solvothermal reaction of sulfur-rich organic com-

1. ysed

pounds with carbon precursors. Zhao et a
spring onion peel as a biomass precursor and S
powder as a sulfur source, and prepared S-doped car-
bon nanosheets (S-CNS) by one-step pyrolysis after
mixing, S doping effectively enhanced the sodium
storage performance of the carbon materials, and the
in situ generated C—S bond had a very good adsorp-
tion of polysulfides, which effectively enhanced the
cycling performance of the materials. S-CNS has a su-
per high reversible specific capacity (50 mA g,
605.5 mAh g '), excellent rate performance (10 A g ',
605.5 mAh g™'), and cycling stability (5 A g™, 2000

[207]

cycles, 94% retention). Wang et al."” "' synthesized S-

doped carbon nanofibers (S-CNFs) by sulfide pyrolys-
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is using the industrial waste product bacterial cellu-
lose as a precursor and applied them in SIBs. The high
content of S doping (15%) enlarged the layer spacing
of the materials, and the C—S—C covalent bonding
increased the electrochemical activity and facilitated
the de-embedding and adsorption processes of sodi-
um ions. The S-CNFs exhibit a high capacity of
460 mAh g at a current density of 0.05 A g'. The
capacity of 310 mAh g could be maintained after
1100 cyclesat 1 A g .

Phosphorus (P) doping is another method for
designing advanced carbon anodes, and P-doped
BDCs also play a key role in enhancing and modify-
ing the carbon structure. Firstly, P-doping enlarges the
interlayer spacing of carbon, which promotes the in-
sertion of Na’ and increases the amount of Na' stor-
age®™. Secondly, P doping facilitates the enhance-
ment of capacitive performance, which is due to the
redox activity of the P=O functional group on the
carbon surface, which increases the adsorption of Na"
and can provide more active sites for Na* storage".
Finally, P doping facilitates the improvement of the
wettability of the electrode materials, and the P dop-
ing process introduces P-containing functional groups
on the surface of the BDCs, which facilitates the pen-
etration of the electrolyte solution into the interior of
the electrode materials. Wu et al.”'" prepared P-doped
carbon cloth (FPCC) from cotton cloth, which showed
excellent electrochemical properties when used as an
anode for SIBs, with an ICE as high as 72% and a
specific capacity of 123.1 mAh g ™' ata current dens-
ity of 1 A g'. Huang et al.'"*! synthesized P-doped
porous carbon (PC-3) by pretreatment and phosphoric
acid activation using fallen leaves of horse chestnuts
as a carbon source. Phosphoric acid activation pro-
duced a large SSA and pore volume and increased the
interlayer spacing of the carbon lattice, which facilit-
ated the adsorption of Na'. PC-3 has a high capacity,
excellent cyclic stability, and rate performance. The
capacity is 310.4 mAh g' after 200 cycles at
100 mA g ' and 226.2 mAhg 'at2 Ag .

Pore structure is an important and highly com-
plex factor, due to the different chemical composi-
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tions of the biomass precursors, the pore structures of
the prepared BDCs including surface pore distribu-
tion, size, shape, connectivity, and pore volume are
different, and all these factors could affect the overall
performance. As we mentioned earlier, Na' can be
stored by filling into the pore structure of BDCs, i.e.,
the pore size will affect the capacity of the material. A
suitable pore size should satisfy a size larger than that
of the solvated ions, the diffusion rate of sodium ions
within the pore determines the rate performance of the
electrode™"!. The design of hierarchical porous struc-
tures containing interconnected micropores, meso-
pores, and macropores can increase the accessibility
of the internal active sites and improve the diffusion
kinetics of the electrolyte in the material®”. In addi-
tion, compared with open pores, closed pore struc-
tures are more favorable for the storage of Na', which
helps to increase the platform capacity of BDCs and
effectively enhances the transport rate of sodium ions.
Hence, the design of more closed pores is meaningful
for improving sodium storage capacity.

Hierarchical porous carbons can shorten the dif-
fusion distance of ions and charges and greatly ex-
pose the active sites, resulting in high activity, which
is expected to be an ideal anode for high-magnifica-
tion, high-power SIBs. Wu et al."** used one-step car-
bonization to prepare lotus seedpods-derived hard car-
bon with a hierarchical porous structure. The porous
structure of the material collapsed with increasing
temperature, leading to a further decrease in capacity,
and hard carbon pyrolyzed at 1200 °C exhibits the op-
timal reversible capacity as an anode for SIBs due to
its suitable pore distribution (328.8 mAh g') with
90% capacity retention after 200 cycles. In addition,
the hollow structure of the hierarchical porous car-
bons facilitates adequate contact between the elec-
trode and the electrolyte, effectively shortens the dif-
fusion distance of sodium ions, and inhibits the
volume expansion of the carbon material, thus effect-
ively improving its cycling stability™"”). Sun et al.*'"*]
reported the synthesis of 3D hierarchical porous car-
bon nanocages (FCNCs) from onion peel, and the ap-
propriate hollow structure of FCNCs mitigated the

volume change due to Na' insertion, which results in
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excellent reversible capacity and cycle life for SIBs,
with a reversible capacity of 318.2 mAh g' at
50 mA g ', and the reversible capacity at 10 A g ' is
81.6 mAh g ', with a retention rate of 92% after 1000
cycles.

The design of the closed pore structure helps to
enhance the capacity of SIBs in the platform region,
which further improves the overall sodium storage ca-
pacity and energy density of SIBs. Suitable biomass
precursors and carbonization temperatures are import-
ant factors for the construction of BDCs with closed
pore structures. At low carbonization temperatures
(<1400 °C), the precursors pyrolyze to form carbon
layers with many open pores. As the carbonization
temperature is further increased (>1400 °C or even
when it exceeds 2000 °C), graphitic microdomains
can be rearranged to induce the closure of open pores
to form closed pores. Wang et al.'*” found that in-
creasing the pyrolysis temperature increases the length
of graphite-like carbon layers of crystalline cellulose-
derived hard carbon and promotes the formation of
closed pores. The hard carbon anode prepared by
pyrolysis of wood-based precursors with high crystal-
line cellulose content at 1500 °C could provide a sodi-
um storage capacity of 430 mAh g at a current dens-
ity of 20 mA g ' (plateau capacity of 293 mAh g '), as
well as better rate performance and cycling stability
(85.4% 400
500 mA g ). Hu et al."®® reported a waste cork-de-
rived hard carbon materials (CCs), where the CC pro-

capacity retention for cycles at

duced closed nanopores at 1600 °C, and the positive
correlation between the plateau capacity and the clos-
ure rate confirmed the pore-filling mechanism. CC-
1600 shows a reversible capacity of wup
358 mAh g ' in a half-cell with up to 81% ICE.

to

The morphological structure of carbon materials
has a significant influence on the sodium storage
properties. Due to the wide variety of biomass in
nature, carbon materials made from different biomass
precursors usually retain or inherit the microscopic

morphology of their precursors in their morphology,
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such as carbon microspheres, carbon nanotubes, car-
bon nanofibers, carbon nanosheets, and carbon skelet-
ons. Different dimensional morphology designs result
in different structural features, such as hollow struc-
ture, porous structure, hierarchical structure, and so
on. Designing the nanostructures of BDCs through di-
mensional adjustment can promote the rapid transport
of'ions and electrons, which is an effective develop-
ment strategy to improve the sodium storage perform-
ance of electrode materials. A positive effect of cer-
tain morphological structures on the overall sodium
storage capacity of carbon has been observed, and in
this section, the structures, electrochemical properties,
and recent advances of different sizes of BDCs for
SIBs are discussed, with special emphasis on the ef-
fects of modification and optimization strategies, such
as layer spacing control, heteroatom doping, defect in-
troduction, and pore structure construction, etc., on

improving the sodium storage performance of BDCs.

Biomass-derived carbon microspheres have a
regular geometry and can achieve excellent electro-
chemical performance as anode materials for SIBs due
to their mechanical stability and ability to limit
volume changes. In addition, carbon microspheres ex-
hibit many significant advantages, such as great elec-
trical conductivity, adjustable porosity, and control-
lable particle size distribution. Researchers have re-
cently investigated the sodium storage properties of
biomass-derived carbon microspheres. Hu et al.*'” re-
ported a method for the synthesis of monodispersed
hard carbon spherules (HCS) from sucrose. The HCS
carbonized at 1600 °C has the highest plateau capa-
city (220 mAh g '), which is advantageous for obtain-
ing higher energy densities in the full cell. Thus, the
full cell has a high capacity of more than 300 mAh g’
when coupled with a P2-Na,;Ni,;Mn,,0, cathode.
Song et al.'*”
(PC-1400) by pyrolysis of potato starch at 1400 °C us-

ing controlled oxidation. The large carbon domain

synthesized hard carbon microspheres

size and high structural order in PC-1400 provide a
channel for Na" to fill the pores, and when used as an
SIBs, a reversible capacity of

anode for
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303.5 mAh g ' could be achieved at 0.02 A g, with
ICE as high as 90%.

Although the regular spherical morphology en-
ables dense stacking of carbon microspheres, which is
conducive to achieving good stability, the solid spher-
ical structure at the same time faces the problem of
unfavorable migration and diffusion of electrolyte
ions within the electrode material. Therefore, some re-
searchers have introduced porosity into carbon
spheres, using biomass as carbon source and remov-
able templates to design porous and hollow carbon

1.1 prepared porous carbon micro-

spheres. Wu et a
spheres (CSHP2) from camellia shells by comminu-
tion ball milling and two-step hydrothermal treatment.
CSHP2 displays the best cycling stability and rate per-
formance for SIBs. It maintains an ultra-high capacity
of 215 mAh g after 100 cycles at 100 mA g ' with
86% capacity retention. The specific capacity reaches
123 mAh g' at a high current density of 1000 mA g~
The excellent Na' storage capacity is attributed to its
porous structure and spherical morphology. The ultra-
micropores (d<0.7 nm) can slow down the formation
of the SEI film by reducing the contact between the
carbon surface and the electrolyte, and the spherical
morphology can buffer the mechanical stress during
the charging and discharging process. Yu et al.l”!!
thermally treated low-cost puffball at high temperat-
ure and produced biomass-derived hard carbon (PB-
1000) with a unique balloon-like porous structure. The
abundant pore structure of PB-1000 helps to shorten
the ionic transport distance and effectively increases
the active centers and energy storage channels. Espe-
cially, the high content of macroporous structure in
PB-1000 enhances its ion storage capacity in SIBs,
thus, the capacity of PB-1000
100 mA g ' is 205.05 mAh g '. The discharge capa-
city reaches 82.23 mAh g' even after 2000 cycles at a

reversible at

high current density of 5 A g'. Furthermore, the hol-
low carbon microspheres are conducive to electrode-
electrolyte contact due to their carbon shells and sub-
stantial internal cavities, thus facilitating ion diffusion.
Liang et al!"” found that hollow porous carbon

spheres have great potential as high-capacity sodium
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storage anode materials. By precisely controlling the
carbonization temperature, hollow porous carbon
(HPCS-1400) obtained from mushroom

spores exhibit excellent electrochemical performance

spheres

as an anode for SIBs, with a reversible discharge ca-
pacity of 411.1 mAh g™ and an ICE of up to 81.2%,
and the capacity is maintained at 384.5 mAh g ' after
50 cycles at 20 mA g '. The unique hollow porous
structure of HPCS-1400 helps to maintain the internal
integrity of the material during a long charging/dis-
charging process.

On the other hand, the conductivity, surface wet-
tability, and surface active sites of biomass-derived
carbon microspheres can be increased by introducing
heteroatoms, thus providing additional redox capacity
or pseudocapacitance capacity to the material. Intro-
ducing N atoms with higher electronegativity is favor-
able for improving electronic conductivity and inter-
acting with Na'. Lu et al.*' prepared novel N-doped
mesoporous carbon spheres (NMCSs) by using low-
cost glucose and melamine (Fig. 6a). NMCSs-800
consists of interconnected ultrathin nanosheets with
open hollow features (Fig. 6b). NMCSs-800 exhibits
an ultra-high rate capacity of 93.9 mAh g'at5 A g .
The reversible sodium storage capacity is maintained
at 2282 mAh g after 300 cycles at 0.05 A g
(Fig. 6¢). The unique structure and optimal N-doping
provide an abundance of sodium storage active cen-
ters, defects, and vacancies, as well as a large number
of channels to facilitate charge transfer, resulting in
NMCSs-800 exhibiting optimal sodium storage capa-
city and fast diffusion kinetics. Yang et al.'"**! utilized
onion waste and urea to fabricate nitrogen-rich car-
bon nanospheres by a simple hydrothermal and an-
nealing reaction (Fig. 6d). Nitrogen-rich carbon nano-
spheres (NC-800), obtained by carbonization at
800 °C, have the highest graphitic-N and pyrrolic-N
content (Fig. 6¢), which is beneficial for increasing
the conductivity and active sites of carbon nano-
spheres, as well as enhancing the diffusion of Na'. As
a result, the NC-800 exhibits significant rate capabil-
ity (Fig. 61), delivering a high reversible specific capa-
city of 225.7 mAh g™ at 0.05 C, and 77.9 mAh g ' at
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2.5 C, with the reversible capacity returning to 95.7%
of the initial capacity when the current density returns
to 0.05 C. Sulfur doping is also important for energy
storage and conversion because sulfur is a high-capa-
city chemical element that is more reversible than
oxygen and can react with sodium ions to provide

storage sites. Tomas et al.*'”

prepared S-doped hard
carbon microspheres (S-GC) by HTC and chemical
vapor deposition using glucose as a precursor. The
sulfur doping is mainly present at edges or existing
defect sites to provide a more accessible surface,
thereby increasing the sodium adsorption energy and
lowering the energy barrier for subsequent desorption.
This behavior facilitates reversible sodium storage.
The S-GC anode exhibits a higher ICE (73% vs. 52%)
and superior sodium storage capacity than the un-
doped material. Compared to single heteroatom dop-
ing, which only improves one aspect of the properties,

multi-atom co-doping can significantly improve the

overall electrochemical properties of biomass-derived
carbon microspheres through synergistic effects,
providing effective storage sites and excellent diffu-
sion kinetics. Zhao et al.'"* successfully prepared
N/F-doped porous carbon nanospheres (CDC-F-900)
with 3D interconnected microporous structure using
cow manure cellulose. The conjugation effect of N/F
appropriately reduces the adsorption energy and de-
creases the irreversible adsorption behavior of Na', re-
ducing the irreversible capacity and accelerating the
kinetic reaction process. Thus, a high capacity of
3722 mAh g ' at 0.1 A g ' and excellent cycling sta-
bility of 214.2 mAh g ' after 5000 cycles at 10 A g

were obtained for SIBs. Kang et al."**

prepared N, O
and P in-situ doped porous carbon microspheres
(NOP-PCM800) by a high-temperature hydrothermal
activation process using porphyra as a carbon source.
As illustrated in Fig. 6g, the elements C, O, P and N

are distributed uniformly across the porous micro-
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Fig. 6 (a) Schematic illustration for the synthesis of NMCSs®*'®., (b) SEM and TEM images of the NMCSs-800'!. (c) Rate and cycling performance at differ-
ent current densities for NMCSs-8001"!. (d) Schematic illustration of the synthesis of N-doped carbon sphere!'**!. () The content of different N species in the C

and NC treated at different temperatures'*”. (f) The rate capability of C and NC-800/NC-2""**!, (g) SEM image and corresponds elemental mapping of
NOP-PCM-800"**. (h) Rate capacity at different currents of N, O and P-doped carbon microspheres'**. (i) Long-term cycling
performance at an ultra-high current of 5.0 A g' for the NOP-PCM-800""*., Reprinted with permission
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spheres. The doping of N, O and P can enhance the
electrical conductivity, widen the interlayer spacing,
and create active centers, respectively, therefore N, O,
P doping can significantly improve the storage capa-
city of sodium. As a result, NOP-PCM-800 exhibits
high rate capability (60.2 mAh g at 10 A g') and ul-
tra-stable cycling stability (94.4% capacity retention
at 5.0 A g for 8000 cycles) as an anode material for
SIBs (Fig. 6h, 1).

The composite structure formed by compound-
ing BDCs with high-capacity electrode materials can
synergistically enhance diffusion kinetics and in-
crease storage sites. By compounding BDCs with met-
al compounds, more high-speed ion diffusion and
electron transport pathways can be provided, helping
to improve the electrochemical performance of bio-

. . 218
mass-derived carbon microspheres. Xu et al.”'®!

used
yeast cells as carbon templates and synthesized com-
posites ((Ni,sS,5)S,@NPCS) by hydrothermal and
sulfurization methods (Fig. 7a). The Ni, Co, S, C, N,
and P elements coexist and are uniformly distributed
in the spherical structure of the (Ni,;Co, 5)S,@NPCS

composite (Fig. 7b, ¢). The electrochemical perform-
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ance of (Ni,Co, 5)S,@NPCS composites as SIBs an-
ode was investigated. It can be inferred that the intro-
duction of the bimetallic (Ni,sCo,s)S, further im-
proves the electrochemical performance through syn-
ergistic effects. (Ni,sCo,;)S,@NPCS has specific ca-
pacities of 407, 357, 325, 300, 260 and 243 mAh g
at current densities of 100, 200, 300, 500, 800 and
1000 mA g ',
tain a specific capacity of 370 mAh g ' when the cur-
rent density returned to 100 mA g (Fig. 7e), confirm-
ing the good reversibility of (Ni,Co,s)S,@NPCS.
Pan et al.*"
bon submicrospheres (HC/VC-1300) by HTC of gluc-

ose (Fig. 7f) and investigated its electrochemical per-

respectively (Fig. 7d), and could main-

prepared vanadium-modified hard car-

formance for SIBs. Discharge-charge profiles (Fig. 7g)
show that the discharge/charge capacities of the
HC/VC-1300 in the first cycle are 379/278 mAh g',
corresponding to 68.7% of the ICE. The incorpora-
tion of vanadium serves to maintain the structural in-
tegrity of the electrode throughout the charge/dis-
Furthermore, the
V—0—C interfacial bonds enhances the stability of

charge cycle. introduction of

the interface, thereby facilitating the formation of a
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Fig. 7 (a) Schematic preparation of (Ni,Co,)S,@NPCS derived from yeast spheres”®'®’, (b) SEM image of (Ni, ;C0,)S,@NPCS®"*. (c) SEM/EDS images of
(Ni sC0, 5)S,@NPCS®', (d) The rate capability of the (Ni,sCo, 5)S,@NPCS”"®. (&) Cycling performance at 100 mA g of the (Ni, sCo, s)S,@NPCS"'"¥,
(f) Schematics of the formation process of uniform hard carbon spheres modified by vanadium carbide (HC/VC)™'"”). (g) Selected discharge-charge voltage pro-

files of HC/VC-1300 at 100 mA g '), (h) Rate capability at various current densities for HC/VC electrodes®"”!. Reprinted with permission
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stable SEI layer and optimizing the reaction kinetics.
Therefore, HC/VC-1300 exhibits a high specific capa-
city of 420 mAh g ' at 50 mA g ' and a good rate ca-
pacity at 1 A g”' (Fig. 7h).

Fibrous carbon precursors with one-dimensional

(1D) nanostructures are widely distributed in
nature™***!). Biomass-derived carbon fibers have ex-
cellent properties such as low cost, high aspect ratio,
large SSA, high electrical conductivity, outstanding
thermal stability, and lightweight, which facilitate the
rapid transport of Na" and electrons and can effect-
ively improve the electrochemical properties of car-

(221 At the same time, carbon

bon-based materials
fibers have good mechanical stability and a special
ability to resist external stress changes. In recent
years, biomass-derived carbon fibers have been
widely used in SIBs. Cao et al.””! synthesized hard
carbon microfibers by high-temperature carboniza-
tion using waste printed papers for the anode material
of SIBs. The sample obtained at 1400 °C (HCF-1400)
has

319.6 mAh g ' and excellent cycling stability (capa-

a reversible charging capacity of up to
city retention rate of 99.3% after cycling for 100
cycles at 0.2 C). The superior electrochemical per-
formance of HCF-1400 is attributed to the suitable in-
terlayer distance and proper amount of surface func-
tional groups, which enhances capacitive behavior.
Sun et al.”* produced sustainable, stand-alone car-
bonized silk hard carbon fibers (CS_1300 °C) by
pyrolysising silk biomass waste at 1300 °C. CS_
1300 °C exhibits high capacity retention (nearly 100%
after 100 cycles at 50 mAg ") and better rate perform-
ance (capacity at 12.5, 25, 50 and 125 mA g ' is 216,
197, 180 and 144 mAh g, respectively). The non-
hollow fiber structure avoids excessive electrolyte
consumption during the SEI formation cycle, favor-
ing faster Na" migration kinetics and more outstand-
ing ICE (75.6%). Wang et al.”* developed free-
standing flexible microfiber carbon papers (MFCPs)
using renewable filter paper. The MFCPs display a
layer-by-layer stacked and interwoven microfiber

structure. As a practical additive-free anode for SIBs,
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the MFCP-1100 shows the best overall performance,
exhibiting of
2512 mAh g' at 1 A g' and a good cycle life of
217.3 mAh g ' after 500 cycles. Similarly, thanks to
the low SSA and porosity, MFCP-1100 has a high
ICE of 95% when cycled at 20 mA g'. Accordingly, a

reduction in the porosity of the material offers a prom-

an excellent rate performance

ising avenue for the development of free-standing car-
bon anodes with high ICE.

Further design and construction of the internal
structure of 1D carbon nanofibers can effectively im-
prove the ions diffusion performance, such as hier-
archical porous carbon nanofibers. Nagmani et al.''*’!
synthesized jute-based hard carbon fibers (JPC-D) by
direct carbonization method, as shown in Fig. 8a,
JPC-D has well-developed open pores in the cross-
section and has the presence of both micropores and
mesopores (Fig. 8b). The presence of this hierarchical
porosity improves the ion diffusion path into the car-
bon lattice, providing more active centers for the ad-
sorption/desorption of Na', allowing JPC-D to be used
as an anode for SIBs with an excellent Na' storage ca-
pacity, and at 0.1 C (30 mA g "), with a reversible ca-
pacity of 328 mAh g™ (ICE = 66%) and capacity re-
tention of 84% after 100 cycles (Fig. 8c). Wang et
al.””"" used a combination of electrostatic spinning and
KOH chemical activation to prepare coal-based hier-
archically porous carbon nanofibers (HPCCNFs). The
suitable SSA (2236.43 m*> g ') and interconnected car-
bon network increase the response sites, making HP-
CCNFs-1 a promising anode material for SIBs with
excellent cycling stability (after 1000 cycles at 5 A g '
can be maintained at 109 mAh g ') and good rate per-
formance (121.7 mAh g ' at 5 A g'). The porous
structure allows for rapid diffusion of Na', effectively
relieving the stress concentration caused by the expan-
sion of the electrode material during the charging and
discharging process. Chen et al.”* prepared natural
cotton radial porous carbon fibers (PCFs) using the
biological swelling and dynamic graphitization pro-
cess (Fig. 8d). SEM images (Fig. 8¢) show that the
PCF electrode has a hierarchical porous structure with

a wide pore size of several hundred nanometers, and
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Fig. 8 (a) FE-SEM image of JPC-D'"**\, (b) The porosity difference among jute-derived porous carbons!"*"\. (c) Cycling stability of JPC-D and JPC-M at 0.1 C

rate (100 cycles)!'

1. (d) Schematic illustration of the preparation process of PCFs?®!. (¢) SEM images of PCFs**°!, (f) Galvanostatic discharge/charge curves at

a current density of 50 mA g ' %, (g) Long-term cycling capacity of the PCF electrode at a current density of 500 mA g ' "), Reprinted with permission

the unique radial porosity gives the PCFs superior Na"
storage properties. In the first cycle, the PCF exhibits
a discharge/charge capacity of 546/319 mAh g ' at
50 mA g ' (Fig. 8f). At the same time, PCF provides
good long-term cyclic stability, with a reversible capa-
city of 213 mAh g after 1000 cycles at 0.5 A g
(Fig. 8g).

Surface modification of carbon fibers can im-
prove their electronic conductivity and hydrophilicity,
and enhance the chemisorption of Na’, thus increas-
ing the capacity properties of the device. Heteroatom
doping is the most common methods of surface modi-
fication, which can change the electronic/ionic state of
the reactive material, facilitating the reversible stor-
age of sodium ions in biomass-derived carbon fiber
materials through adsorption and redox reactions, and
accelerating the reaction kinetics and is considered an
effective way to achieve high electrochemical proper-
ties. Nitrogen as an electron-donating doping atom for

carbon materials modifies the electronic structure of
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biomass-derived carbon fibers and reduces the energy
barrier during ion adsorption and desorption. As
shown in Fig. 9a, Qing et al.”** prepared N-doped
porous carbon fiber (N-PCF) by an in-situ sacrificial
template-assisted hydrothermal method using natural
biomass wood fibers as the carbon source. The sample
(N-PCF-2), fabricated when the mass ratio of wood
fiber to CN was 10 : 2, exhibits a highly porous struc-
ture and a large interlayer spacing (0.38 nm). The ele-
mental N is observed to be uniformly partitioned in
the carbon skeleton (Fig. 9b). The high content of
pyridinic-N and pyrrolic-N in N-PCF-2 facilitates the
surface-induced capacitance process, which in turn
achieves fast electrochemical kinetics. Consequently,
the N-PCF-2 demonstrates a high specific capacity of
266 mAh g ' following 300 cycles at 200 mA g in
SIBs (Fig. 9c). Additionally, the rate performance is
also markedly superior (135 mAh g ' retained at
1.6 A g'). S doping, a typical n-type doping, greatly
improves the conductivity of the carbon material by
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providing more free electrons. Yu et al.*”)

prepared
S-doped 3D interconnected carbon nanofibers (S-CN-
Fs) from industrial waste bacterial cellulose, which
showed great potential for use as anodes in SIBs. The
excellent electrochemical performance exhibited by S-
CNEFS can be attributed to the fact that S-doped facil-
itates the increase of the carbon interlayer spacing
(0.386—0.410 nm), which increases the adsorption of
Na'. The discharge capacity of S-CNFs at 0.05 A g
is 460 mAh g, and after 1100 cycles at a current
density of 1 A g', the storage capacity stabilizes at
310 mAh g with a Coulombic efficiency close to

Carbonization
Ce—

100%. Mao et al.”* prepared S-doped fibrous carbon
(JFCS) by carbonizing biomass jute fiber mixed with
sulfur powder. By adjusting the carbonization temper-
ature and the doping amount, the JFC,,S, 5 electrode,
when applied in SIBs, demonstrates excellent revers-
ible capacity (454.1 mAh g at 0.05 A g')and re-
markable rate performance (234. 3 mAh g' at
2.0 A g'). The synergistic effect of co-doping mul-
tiple heteroatoms can improve the sodium storage
properties of biomass-derived carbon fiber materials

more effectively than single-atom doping™* !,

1,036
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Fig. 9 (a) Schematic diagram of the synthetic procedure for N-PCF-m*!, (b) HRTEM, the interlayer distances, and the elemental mapping images of

N-PCF-2* (c) Cycle performance of CF, PCF, and N-PCF-m electrodes at a current density of 200 mA g™'***!. (d) Schematic illustration of the material syn-
thesis process of Tea-1100 and Tea-1100-NP!"**!. (¢) TEM image of Tea-1100-NP"**!. (f) Cycle performance at 1 C'"**,
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doped hard carbon (Tea-1100-NP) by a simple car-
bonization and doping method. Tea-1100-NP exhibits
a rod-like fiber morphology, as illustrated in Fig. 9d.
The introduction of N and P atoms results in a larger
carbon interlayer spacing (0.44 nm) (Fig. 9e), which
facilitates the diffusion and transport of Na" and elec-
trons, thereby ensuring the stability of the cycling life
of Tea-1100-NP, which exhibit a specific capacity of
262.4 mAh g ' after 100 cycles at a current density of
280 mA g ' (Fig. 9f). The reversible capacity of
224.5 mAh g ' can be maintained even at a high cur-
rent density of 1400 mA g ' (Fig. 9g).

In addition, carbon nanofibers can be used as an
ideal substrate for metal/alloy nanomaterials, and by
constructing high-performance composites it is pos-
sible to effectively improve the structural stability, as
well as improve the sodium storage properties of bio-
mass-derived carbon nanofibers™* %, Yang et al.*"!
synthesized fiber (TMS-
HNP@CFs) embedded with transition metal sulfide

hollow nanoparticles using sodium alginate as a tem-

carbon composites

plate and raw material. When used as an anode for
SIBs, CoS-HNP@CFs-900 shows superior rate per-
formance with a capacity of 392.2 mAh g ' after 100
cycles at 1 A g'. The reversible capacity of CoS-
HNP@CFs-900 after 600 cycles at 5 A g is
320.0 mAh g' with a capacity retention rate of
89.6%, demonstrating its outstanding cycling stability.
The group also reported the preparation of 1D porous
and micro/nano-structured FeS/carbon fibers compos-
ites (FeS/CFs-t) from 1-carrageenan by facile pyrolys-
is®** FeS/CFs-1 achieves excellent cycling stability
(283 mAh g ' at 1 A g after 400 cycles) and rate per-
formance (247 mAh g at 5 A g') for SIBs. Wang et
al.” ysed the Metal-Aspergillus niger bioleaching
approach to prepare a series of metal sulfide nano-
particles (MS/NCF (MS = ZnS, Co,S,, FeS, Cu, ,S))
embedded in bio-derived nitrogen-rich carbon fibers.
Taking ZnS/NCF as an example, it can be seen from
Fig. 10a, b that ZnS nanoparticles are embedded in
carbon fibers with interconnected porous channels and
that the elements Zn, C, S and N are uniformly distrib-
uted inside and outside the fibers. ZnS/NCF has prom-
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ising cycling performance (365.2 mAh g capacity
after 180 cycles at 1 A g') and rate performance (re-
versible capacity of 231.7 mAh g ' at 5A g') as an
anode for SIBs. The combination of metal sulfide nan-
oparticles with 1D carbon fibers greatly increased the
diffusion rate of Na" and electrons, which solved the
problems of MS/NCF volume expansion and low con-
ductivity (Fig. 10c). Chen et al.”**! prepared N/P co-
doped carbon fiber composites (MoS,/NP-C) contain-
ing MoS, nanocrystals using waste leather as a pre-
cursor after sulfuration treatment (Fig. 10d). As
demonstrated in Fig. 10e, the XRD patterns indicate
that the diffraction peaks of MoS,/NP-C-2 at 33.1°,
39.7° and 58.4° correspond to the (100), (103) and
(110) crystal planes, respectively. This evidence sub-
stantiates the successful synthesis of molybdenum
sulfide carbon composites. The encapsulation of MoS,
crystals in leather-derived hard carbon can enhance
the electrical conductivity of MoS,/NP-C-2 material
and mitigate the volume change that occurs during the
charging and discharging processes, thereby improv-
ing the electrochemical performance of the material.
The optimized MoS,/NP-C-2 electrode displays re-
markable cycling stability when employed as an an-
ode for SIBs (Fig. 10f). The reversible capacity of the
MoS,/NP-C-2 electrode is 241 mAh g, and the cou-
lombic efficiency is approximately 100% after 2500
cyclesat 1 A g™

Carbon tubes consist of 1D cavities and graphite
walls, which have high theoretical electrical conduct-
ivity, remarkable mechanical strength, and chemical
stability, and a higher SSA and more electron-ion
transport channels than carbon nanofibers, which can
provide more active contact sites to ensure effective
contact between the electrolyte and the electrode sur-
face™. Most plant tissues with interconnected tubular
be tubular

, and much previously reported work

structures  can used to

[137-138,239]

prepare
carbon
has demonstrated that biomass-derived carbon tubes
facilitate the electrochemical conduction of electrons,
thereby improving the rate performance of electrodes,

and are a viable structure for high-performance Na"
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Fig. 10 (a) SEM image of ZnS/NCF™, (b) STEM mapping images of ZnS/NCF. (c) Schematic illustration of the high storage performance of
MS/NCF#?, (d) Schematic synthesis of MoS,/NP-C-2 composite™?. (¢) XRD patterns of MoS,/NP-C and bulk MoS,**.

(f) Long-term cycling performance of the MoS,/NP-C-2 electrode at 1 A g '

energy storage applications. Hu et al.*"

prepared hard
carbon materials (HCTs) with uniform microtubular
shapes by carbonizing natural cotton under the argon
atmosphere, a structure that facilitates electrolyte
transport and shortens the diffusion distance of Na'.
When used in SIBs, HCT1300 has the highest revers-
ible capacity of 315 mAh g ™' at 0.03 A g', 83% ICE,
and good cycling stability, providing a stable specific
capacity of 154 mAh g' after 1500 cycles at
400 mA g'. Guo et al.”* prepared micro-nanotubes
(HCMNT) by a two-step pyrolysis method using low-

cost natural hollow cotton fibers as precursors. Bene-
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3] Reprinted with permission

fiting from the micro-nano structure, 1400 HCMNT
has the advantages of low SSA and short Na" diffu-
sion paths and exhibits excellent sodium storage per-
formance when used as the anode of SIBs, with a re-
versible capacity of 292.5 mAh g ' at 0.1 C, with 80%
ICE and a reversible specific capacity of 167 mAh g’
at 2 C. Sun et al."* obtained carbonized cotton fab-
ric-derived hard carbon (CF5min) self-supported elec-
trodes by pyrolysis of waste cotton fabrics at
1000 °C for 5 min. CF5min exhibits a typical hollow
morphology, which contributes to the improved wet-

tability of the electrolyte on the material and reduces

New Carbon Materials


https://www.sciengine.com/NCM/home
https://www.sciengine.com/NCM/home

SUN Mei-ci et al: Advances in the use of biomass-derived carbons for sodium-ion batteries

the Na' diffusion distance, leading to faster Na" trans-
fer kinetics. At 50 mA g ', CF5min exhibits a revers-
ible capacity of 272 mAh g ', with 98% capacity re-
tention after 100 cycles.

The porosity and pore size distribution of the
electrode material are of great consequence concern-
ing the transport and diffusion of electrolyte ions.
Therefore, exploring carbon anode materials with a
1D porous structure is an effective way to improve the
sodium storage properties of biomass-derived carbon
tubes. Li et al.”**" proposed the use of natural parasol
fluf as a biomass precursor to prepare interconnected
porous carbon skeletons (NPF-500) with well-main-
tained tubular structures by KOH activation and Co*"
assisted graphitization under a mild annealing temper-
ature (500 °C) (Fig. 11a). Fig. 11b and 11c show that
NPF-500 has an interconnected porous structure with

a stripe spacing of 0.41 nm. Based on the large inter-

layer spacing, great pore structure, and the abundance
of self-doped heteroatoms, NPF-500 provides a high
reversible capacity of 359.0 mAh g ' at 30 mA g ', ex-
cellent rate capacity (150 mAh g ')at2 A g "' as a SIB
anode. Huang et al.!”" transformed dandelion into
biomass carbon tubes with different nanopore sizes
(non-porous carbon tube, micro-porous carbon tube,
and meso-porous carbon tube), where the micro-por-
ous carbon tube achieves the best rate performance
(115 mAh g ' at 5 A g') and cycling stability (capa-
city retention is 84% after 430 cycles at 100 mA g )
as an anode for SIBs (Fig. 11d, e). The size of the
nanopores affects the uniformity of the interlayer spa-
cing of the carbon tubes, while the stability of the nan-
opore structure plays an essential role in the storage
behavior of Na' during charging and discharging
(Fig. 11f). Compared with non-porous and meso-por-

ous carbon tubes, micro-porous carbon tube can re-
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Fig. 11

(a) Illustration of the preparation process of the cross-linked porous NPF-500 sample®®*'). (b) SEM image of NPF-500*", (¢) HRTEM image of NPF-

500*, (d) Cycling stability of all electrodes'*”. (¢) Rate performances of all electrodes!*”. (f) Sodium-ion intercalation mechanism

with different pore structures'*”, Reprinted with permission
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duce the diffusion resistance and capacity loss due to
the uniform distribution of interlayer spacing.
Heteroatom doping could enable excellent Na
storage capacity due to the introduction of pseudoca-
pacitive effects. The role of sulfur, nitrogen, and phos-
phorus doping in carbon nanotubes has been extens-
ively studied®”*. For example, Zhou et al.** fab-
ricated high-performance sulfur-doped carbon micro-
tubes (S-CMTs) from high-temperature sulfurizing
cotton rolls. Due to the synergistic effect of high sul-
fur doping (10.2%) and favorable microporous struc-
ture, S-CMT as SIBs anode exhibits superior rate per-
formance (140 mAh g ' at 10 A g') and excellent
cycling performance (281 mAh g' at 1 A g after
1000 cycles). The sulfurizing process provides addi-
tional Na' storage sites and enhances the sodium stor-
age performance by expanding the SSA and increas-
ing the conductivity. In contrast, the CMT electrode
without sulfurization shows poor sodium storage per-
formance, with the charging capacity of CMT rapidly
decreasing to less than 10 mAh g' when the current
rate is increased to 10 A g '. As shown in Fig. 12a,
Zhang et al.l'*" fabricated highly efficient nitrogen-
doped kapok fiber-based hard carbon (N-ZAHC) with
a tubular structure. Due to the large interlayer spacing,

B~ [ -
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N-ZAHC exhibits excellent electrochemical perform-
ance in SIBs, with a reversible capacity as high as
401.7 mAh g ™" at 0.05 A g'. In addition, the high con-
centration of pyridinic-N enhances the defect sites and
conductivity of N-ZAHC, which facilitates the diffu-
sion of Na" during the insertion process, thus endow-
ing it with favorable rate performance. Even at a high
current density of 3.2 A g, the reversible capacity is
maintained at 128.2 mAh g ' (Fig. 12b, ¢). Further-
more, multi-element co-doping can create more de-
fects and active sites, increase the interlayer spacing
of the carbon material, and further optimize the elec-
tron distribution around the carbon atoms, improving
the conductivity of biomass-derived carbon tubes. Li

et al.l"*!!

constructed N, S and P co-doped hollow car-
bon microtubes (HCMTSs) by direct high-temperature
carbonization using silver willow blossoms composed
of natural micrometer-scale fibers (Fig. 12d). As
shown in Fig. 12e and 12f HCMT-1300 has nano-
scale thin carbon wall (750 nm) and micrometer-sized
hollow cavities, as well as suitable interlayer spacing
(0.39 nm) that helps accelerate Na' transfer and op-
timize Na" embedding in the carbon layer. Mean-
while, the doped heteroatoms increase the conductiv-
ity and provide additional sites to accommodate the

4
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Fig. 12 (a) Schematic illustration of preparation for kapok fibers derived hard carbon'"*". (b) Rate performance of N-ZAHC and HC"*. (¢) Cyclic perform-
ance of N-ZAHC and HC at 0.4 A g ", (d) Schematical illustration for the preparation of HCMTs!"*!. (¢) SEM image of HCMT-1300"*"). (f) Bright-field
TEM image of HCMT-1300"*". (g) Cycling performance of HCMT samples for 100 cycles with a current density of 0.1A g '!"*!. (h) Rate performance of

HCMT samples with different current densities ranging from 0.1 to 10 A g """, Reprinted with permission
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Na'. Combining these specific structural advantages,
the HCMT exhibits impressive sodium storage per-
formance. The HCMT-1300 offers a remarkably high
reversible capacity of 302 mAh g ' at 0.1 A g with
no significant capacity loss during repeated
charging/discharging (Fig. 12g). In addition, a high
capacity of 201 mAh g is still achieved at high cur-
rent densities of up to 1 A g ', demonstrating desir-
able rate performance (Fig. 12h). Zhang et al.”™*" pre-
pared N, Fe co-doped carbon micron-tubes (NF-
CMTs) from biomass for use in SIB anodes. The N-Fe
defects provide multiple active centers for fast Na"
storage, the open carbon skeleton enables capacitance-
controlled capacity contribution, and the uniformly
distributed N and Fe atoms facilitate the adsorption of
Na', thus, the NF-CMTs exhibit excellent sodium ion
storage performance, exhibiting excellent rate per-
formance of 120 mAh g at 2.0 A g”' and 96.8% ca-
pacity retention over 200 cyclesat 0.2 A g .

The construction of composite electrode materi-
als by combining biomass-derived carbon tubes with
metal compounds that exhibit high SSA and excellent
electrical conductivity represents a proven method for
enhancing electrode performance. The composite
electrode materials are capable of leveraging the dis-
tinctive attributes of each component, thereby facilit-
ating a synergistic effect that enhances the storage ca-
pacity of Na" and the cycling stability of the electrode

[47] gelected catkin-derived car-

materials. Tong et al.
bon (CDC) material with tubular morphology and
Sb,S, CDC/SbSxx
(xx=0,10,15,20) the
CDC/SbS15 electrode, with its suitable Sb,S, content

(16.8%), low SSA, and improved conductivity, exhib-

nanoparticles  to  form

composites. In particular,

its stable cycling performance as an anode for SIBs,
even at high current densities. The hollow tubular
morphology of the CDC effectively prevents the pul-
verization of Sb,S; particles during cycling, thus im-
proving the cycling stability of the electrode. Chen et
al.”* ysed natural herb juncus as a carbon source to
obtain mesh-like FeS,/carbon tube/FeS, composites
(FCF-3) by uniformly immobilizing a large number of

FeS, nanoparticles on the inner and outer surfaces of
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3D interconnecting tubes through physical encapsula-
tion and chemical bonding. The unique mesh struc-
ture accommodates volume changes and accelerates
electron/ion transport, giving the FCF-3 electrode
both a high capacity (542.2 mAh g ), superior cyc-
ling stability (95.4% capacity retention after 1000
cycles), and outstanding rate  performance
(426.2 mAh g at 2 A g') in SIBs. Qin et al.”** suc-
cessfully prepared few-layer 2D MoS, nanosheets
(MoS,/TSFC) composites grown vertically on TSFC
microtubes by HTC using micro-nano-structured tu-
bular sisal fiber carbon (TSFC) as the raw material.
The free vertical growth of MoS, nanosheets on the
TSFC carbon skeleton greatly improves the conduct-
ivity and structural stability, and the cross-linked net-
work micro-nano-structure can provide more energy
storage sites for Na’, which helps to improve the sodi-
um storage performance of TSFC. As an anode of
SIBs, the reversible specific capacity of MoS,/TSFC-
2.5-180-12 is 243 mAh g' after 500 cycles at
0.1 A g ' and a capacity retention rate of 97% between
200 and 500 cycles.
Two-dimensional sheet carbon materials are
highly advantageous for energy storage and conver-
sion applications due to their large SSA and volume
ratios, excellent electrical conductivity, high ion diffu-
sion efficiency, and an abundance of surface atoms
and electroactive sites. Researchers have demon-
strated the excellent electrochemical performance of
synthetic carbon nanosheets from low-cost, renew-
able biomasses as anodes for SIBs™**#' Recently,
Xiao et al.”*! used bagasse as a carbon source to pre-
pare hard carbon materials (HC-x) with a sheet struc-
by pyrolysis. The medium SSA
(923 m’ g') and suitable interlayer spacing
(0.3768 nm) give HC-1000 outstanding sodium stor-
age performance, exhibiting a high reversible capa-
city of 242.1 mAh g ' and a high ICE of 73.1% at
25 mA g ', with a retention rate of 91.5% after 800

cycles at 1000 mA g . Li et al.” used graphene ox-

ture simple

ides (GO) as catalysts to reconstruct lignin under hy-

drothermal conditions and obtained a composite ma-
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terial (CRL10G) with a foam-like 3D network struc-
ture by adjusting the amount of GO. This material
consisted of interconnected carbon nanosheets formed
by the reconstitution of lignin on the surface of GO.
CRL10G offeres significant capacity as an anode for
SIBs, with a sodium storage capacity of 265 mAh g’
at0.05A g'and 130 mAhg'at2 Ag".

Porous carbon nanosheets with high SSA and
abundant micro-mesopores can provide abundant in-
terfacial active sites for ion accumulation. Especially
the existence of the porous structure promotes the
penetration of electrolytes and further shortens the dif-
fusion distance of sodium ions, which can greatly im-
prove the electrochemical performance of biomass-de-
rived carbon nanosheets™* > Yang et al.'** syn-
thesized pinecone-derived sheet-like mesoporous car-
bon (PDC-T) by a template-assisted method using
mesoporous silica KIT-6 as a template. The intercon-
nected mesoporous structure of PDC-T provides a
shorter ion penetration path and expands the ion-ac-
cessible SSA for reversible ion adsorption and desorp-
tion. When used as an anode for SIBs, PDC-T pos-
sesses significant long-term cycling capacity (deliver-
ing 103.3 mAh g after 1000 cycles) and rate capa-
city (average discharge capacity of 89.6 mAh g ' at
1000 mA g'). Liang et al.” prepared porous flake
biomass carbon (PFBC-700) from wheat straw. PF-
BC-700 has excellent cycling stability and rate per-
formance as an anode for SIBs due to its maximum
SSA (1192.5 m’ g'), suitable interlayer spacing
(0.421 nm), and the most abundant mesopores, which
ensures that PFBC-700 is rich in active sites, but also
promotes fast ion transport. A reversible specific ca-
pacity of 322 mAh g is achieved after 300 cycles at
0.2 C. The high reversible specific capacity of
183 mAh g ' is maintained after 600 cycles at 5 C.
Rui et al.”*” fabricated hierarchical porous nanosheets
structured carbon materials (HPNSCs) using agricul-
tural waste-nelumbium seed-pods (NSP) as precurs-
ors and KOH as the activator. The hierarchical porous
structure facilitates charge accommodation during the
charge-discharge process, and the interconnectivity
within the overall structure of the HPNSC material

makes it conducive to energy conversion and storage.
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As an anode material for SIBs, HPNSC exhibits ex-
cellent rate performance with reversible capacities of
297.2, 248.5, 217.6, 184.7, 160, 139.2
115.3 mAh g at current densities of 0.05, 0.1, 0.2,
0.5,1,2and 5 A g ', respectively. After 3350 cycles,
the capacity could still reach 160.5 mAh g, indicat-
ing the excellent cycling stability of the HPNSC.

Altering the chemistry of carbon nanosheets

and

through doping is an effective strategy for improving
electrochemical activity and conductivity, and the pre-
paration of heteroatom-doped carbon nanosheets de-
rived from waste biomass has been extensively invest-
igated™* !, For example, biomass-derived carbon
nanosheets doped with N, S and P heteroatoms in-
crease the interlayer spacing and active sites, which
can store Na" more efficiently and enhance the elec-
tronic conductivity, thus effectively improving the
specific capacity and rate performance. Liu et al.**”
prepared sulfur-doped camphor tree-derived hard car-
bon materials (S-Cmph-700) by a simple sublimation
sulfur pyrolysis method. S-Cmph-700 exhibits a
rough, wide sheet-like morphology and displays a
loose and porous structure. S doping leads to an in-
crease in the interlayer spacing of the Cmph-HC, fa-
cilitates the insertion/extraction of Na’, and provides
more active sites. Therefore, the SIB based on S-
Cmph-700 offers a capacity of 616.7 mAh g ' and an
ICE of 66.61%. In addition, S-Cmph-700 exhibits
good cycling performance with a reversible capacity
of 145.6 mAh g after 500 cycles at 2000 mA g .
Yang et al.*®" synthesized porous carbon nanosheets
(ENPCNs-T) with controlled structure and composi-
tion enriched in marginal nitrogen (pyridinic-N and
pyrrolic-N) by a simple pyrolysis process using gluc-
ose and g-C;N, as the carbon and nitrogen sources, re-
spectively. ENPCNs-T has ultrathin 2D graphene-like
folds of a few microns in size (Fig. 13a, b). Due to the
largest carbon interlayer spacing (0.487 nm), large
SSA (690 m* g '), and abundant micro/mesoporous
channels, ENPCN-800 exhibits excellent capacity
(294.1 mAh g ' at 0.1 A g"), superior rate perform-
ance (132.8 mAh g' at 10 A g') and outstanding
cycle life (180.6 mAh g ' at 1 A g™ after 1000 cycles)
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as an anode material for SIBs. Fig. 13¢ shows that the
good Na' storage performance of ENPCNs-800 is due
to its high pyrrolic-N doping level (78.3%), which res-
ults in wider interlayer spacing and more Na" ion stor-
age sites, facilitating the insertion/extraction of Na'.
Moreover, the co-doping of multiple elements has
been demonstrated to significantly enhance the prop-
erties of biomass-derived carbon nanosheets. Tao et
al.'”™ selected rhizobia-rich soybean roots as precurs-
ors and constructed N, P co-doped mesoporous hard
carbon (NPDCs) (Fig. 13d). NPDC-700 contains
6.82% and 3.64% of N and P, respectively, and shows
good rate capacity as a SIBs anode (specific capacity
at 5.0 A g ' of 150 mAh g') and cycling stability
(197 mAg ' at 1.0 A g for 2000 cycles) (Fig. 13e).

Wang et al.l'*!

prepared a hard carbon material (NS-
MPC) with flake-like morphology by modification
with N and S using renewable waste biomass mango
peels as raw material. N and S doping into hard car-
bon increases the interlayer spacing and defects, im-
proves the diffusion coefficient of the material, and
increases the contribution of surface-controlled capa-

city, thus facilitating the storage of Na'. When used as
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an anode for SIBs, NS-MYC exhibits good reversible
discharge capacity (400 mAh g ' at 100 mA g '), su-
perior rate performance (136 mAh g ' at4 A g'), and
excellent cycling performance (155 mAh g over
2500 cycles at 2 A g'). Zhang et al.”! developed a
top-down method to prepare N/O co-doped natural
chitin-derived  two-dimensional  porous carbon
nanosheets (CCNs) by HTC of chitin efficiently exfo-
liated into nanosheets. As an anode material for SIBs,
high SSA, 2D porous nanostructure, and abundant
N/O doping of CCNs-600 give it a high reversible ca-
pacity of 360 mAh g at 50 mA g ', a good rate capa-
city of 102 mAh g at 10 A g and an excellent cyc-
ling stability of 140 mAh g after 10 000 cycles at a
high density of 5 A g”'. Guo et al.”* employed a mi-
crowave treatment, ion exchange, chemical etching,
and hydrothermal selenization technique to prepare
Co-Ni-Se nanosheets grown uniformly on a butterfly-
wing carbon skeleton (BWCF) (Co-Ni-Se /BWCF-
160), the Co-Ni-Se nanosheets expose more active
sites and the ordered pore array ensures sufficient wet-
ting between the electrolyte and the electrode materi-

al, allowing more efficient ion/electron transfer and
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Fig. 13 (a) TEM image of ENPCNs-800°"". (b) HRTEM image of ENPCNs-800°!), (¢) Schematic illustration of Na' storage mechanism of ENPCNs-T?>¢',
(d) Schematics of the synthesis process of NPDCs!"**). (e) Long cycle performance at 2.0 A g~ of NPDCs!"**!. Reprinted with permission
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diffusion between the BWCF and Co-Ni-Se, acceler-
ating the electrochemical reaction kinetics. In cycling
performance tests, the Ni-Co-Se/BWCF electrode
shows excellent electrochemical performance at SIBs,
with an initial discharge specific capacity of up to
703 mAh g at 0.1 A g, maintaining 403 mAh g’
after 100 cycles and at 1.0 A g a good capacity of
211 mAh g’ can still be achieved.
Meanwhile, the researchers found that com-
pounding biomass-derived carbon nanosheets with
metal compounds could also improve the material’s
sodium storage properties. Recently, Sun et al.”*! suc-
cessfully synthesized P/N co-doped carbon nanosheets
(Cu,P@P/N-C)

through a feasible aqueous solution reaction using so-

encapsulating Cu,P nanoparticles

dium alginate as a biomass carbon source followed by
phosphorylation. Cu,P nanoparticles are encapsulated
in 2D carbon nanosheets, which buffer the volume
change and prevent agglomeration of Cu,P nano-
particles, enhance the electronic conductivity of the
whole electrode as well as provide fast channels for
electron/ion diffusion. Benefiting from these advant-
ages, Cu,P@P/N-C anode in SIBs exhibits a long
cycle life (reversible capacity of 209.3 mAh g ' after
1000 cycles at 1 A g')and excellent rate perform-
ance (specific capacity of 118.2 mAh g after 2000
cycles at a high current density of 5 A g).

3D carbon frameworks play a significant role in
the application of electrode materials. They offer high
SSA, a developed layered pore structure, and mechan-
ical and chemical stability, which facilitate fast elec-
tron transfer and shorten the ion diffusion path. This
provides more active reaction sites, which improves
specific capacity and cycling stability. It is for these
reasons that 3D carbon frameworks have been identi-
fied as a promising carbon anode, attracting signific-
ant interest from the scientific community in recent
years. Biomass-derived carbon frameworks, with their
inherent layered structure derived from natural
sources and open channels with low tortuosity, have
been shown to facilitate electrolyte penetration and
transport, making them a promising material for
SIBs”** 2%l Wang et al.'*! prepared corncob-derived
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hard carbon (CDHC). The hard carbon obtained by
pyrolysis at 1300 °C (CDHC-1300) demonstrates the
most excellent electrochemical performance, with a
first discharge specific capacity of 391 mAh g and
an ICE of approximately 80% at 0.1 C. Even after 100
cycles, the
250 mAh g'. Xie et al.”*" used acid etching to re-

discharge capacity remains at
move impurity elements and then calcined at high
temperatures to obtain bamboo-based hard carbon,
and the hard carbon particles show irregular bulk mor-
phology, among which the hard carbon material pre-
pared at 1300 °C (Bam-1300) obtains a high ICE
(83.7%) and reversible specific capacity (up to
303.8 mAh g ' at 30 mA g ). In addition, the plateau
capacity of Bam-1300 is 208 mAh g ' when cycled at
30 mA g, which accounted for 57.3% of the total
discharge capacity, which is closely related to its
ordered structure and closed micropores. Yang et
al.”®* employed freeze-drying treatment of onion bio-
mass to synthesize nitrogen-doped porous carbon ma-
terials (FDOs) by KOH activation and pyrolysis at
900 °C. The FDO surface displays a wrinkled struc-
ture with macropores of micrometer diameter, which
increases the contact area between the electrolyte and
the electrode. This provides additional active sites for
sodium storage and a wider electrode/electrolyte inter-
face, which in turn facilitates rapid sodium ion stor-
age. As a consequence, FOD exhibits remarkable rate
performance as an anode for SIB, delivering 132.5,
124.2, 118.5, 113.5, 104.8, 93.4, 78.0, 65.6 and
116.7 mAh g at 0.2, 0.5, 1, 2, 5, 10, 20, 30 and
0.5 A g', respectively.

The hierarchical micro/meso/macroporous struc-
ture facilitates rapid sodium ion diffusion, while its
substantial electrochemically active surface area en-
ables high-capacity storage. The presence of micro-
pores can effectively enhance the SSA and provide a
substantial number of active sites for electrolyte ions.
Meanwhile, meso- and macropores can reduce the ion
transfer path and accelerate the diffusion of ions in the
electrode material, which is pivotal to attaining optim-
al rate performance. Combining micro, meso, and

macropores confers a distinctive advantage on hier-
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archical porous carbon frameworks in energy
storage®®*"?. As displayed in Fig. 14a, Zhao et al.'"*"
used onion peel as a biomass precursor and Na,HPO,
as an activator to produce 3D hierarchical porous car-
bon materials (HPCN) by a simple one-step activa-
tion method. The isotherms of the HPCN samples are
typical of the combination of type I (characteristic of
microporous carbon) and type IV (characteristic of
large SSA of

756.5 m* g, and the pore size mainly concentrates

mesoporous materials), with a
around 4 nm (Fig. 14b, c), indicating that the material
containing abundant micropores and mesopores as
well as a certain number of macropores, and this hier-
archical porous structure not only provides more act-
ive surface sites for the storage of sodium ions but
also can effectively shorten the diffusion distance of
Na' ions. It can be demonstrated that HPCN exhibits
excellent electrochemical performance in SIBs, with

an ultra-high reversible capacity of 333.8 mAh g ' at

“SJoP ®NaHPO,

50 mA g ', an exceptional rate performance of
69.4 mAh g ' at 10 A g, and a capacity retention rate
of 91% after 1000 cycles. Yang et al."*” prepared
hierarchical porous hard carbon (HCRH) by carboniz-
ing rice husks at different temperatures. Among them,
the hard carbon treated at 1200 °C (HCRH-1200)
shows superb sodium storage properties. As shown in
Fig. 14d, HCRH-1200 has a hierarchical porous struc-
ture, and this special structure can adapt to the volume
of the the
charging/discharging cycle, which improves the Na"
storage and cycling stability. Meanwhile, HCRH-1200
displays a suitable graphite layer spacing (0.382 nm),

change electrode material during

making Na' insertion/extraction easier and thus im-
proving sodium storage performance. Therefore, as an
anode for SIBs, HCRH-1200 exhibits excellent rate
capacity (185.71 mAh g' at 500 mA g') and cycling
stability (324.8 mAh g' after 400 cycles at
100 mA g') (Fig.14e, ). Zhang et al.!'* prepared
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and P-HC-x electrodes!"*. Reprinted with permission
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phosphor-doped agar-derived porous carbon (P-HC-2)
(Fig. 14g) using agar as a precursor and phytic acid
(PA) as a microscopic morphology-directing agent
and dopant under low-temperature carbonization at
750 °C. Appropriate PA content can significantly ad-
just the pore size distribution and increase the defect
concentration of the prepared carbon. Thus P-HC-2
exists in a hierarchical pore structure including micro-
pores, macropores, and irregular mesopores. As
shown in Fig. 14h, the P-HC-2 anode has a high slope
capacity contribution of 363 mAh g ' above 0.1 V, in-
dicating that Na" storage is mainly achieved by filling
nanopores and surface adsorption, which further leads
to the excellent rate performance (discharge specific
capacity remains 90 mAh g ' at 10 A g') and cycling
stability (capacity stabilizes at 178 mAh g ' after
10 000 cyclesat 5 A g').

To further improve the electronic conductivity,
increase surface defects, and enlarge interlayer spa-
cing of biomass-derived carbon frameworks and to
improve their electrochemical properties, researchers
have doped heteroatoms such as N, O, S and P into
carbon frameworks through carbonization and activa-
tion processes, confirming that heteroatom doping has
a positive effect on improving the sodium storage
properties of 3D carbon frameworks™**”!, Liang et
al.'"* prepared honeycomb-shaped nitrogen-rich por-
ous carbon (CPC) by simple impregnation-activation
method using sunflower seed hulls as a precursor as
shown in Fig. 15a. One of the samples at an activa-
tion temperature of 700 °C (CPC-700) has abundant
micro/meso/macropores as well as interconnected net-
work structures, which provides favorable conditions
for Na" diffusion and transport. Moreover, the high N-
doping content (3.93%) in CPC-700 leads to a large
number of defects on the surface of the material, thus
providing a large number of reaction sites for Na" ad-
sorption, which is the key reason for the high capa-
city of the CPC-700 electrode. When used as active
material in a SIB anode, CPC-700 provides a high re-
versible capacity of 609.15 mAh g at 0.2 C, with a
capacity retention of 77.77%

after 100 cycles

(Fig. 15b). It also exhibits a reversible capacity of

Vol. 40 | Issue 1 | Feb. 2025 |

36

346 mAh g ' and 243.9 mAh g ' at 2 C and 5 C high
rates, respectively (Fig. 15c). Alcantara et al.l'™
treated olive stones with sulfuric acid solution and ob-
tained S-doped porous carbon (SPC) after carboniza-
tion at 800 °C. During SPC synthesis, sulfuric acid
acts not only as a simple impurity remover to increase
the carbon yield and produce micropores, but also as
an S dopant to induce C—S bond formation, enlarge
the layer spacing, and improve electrochemical prop-
erties. Thus, as an SIB anode, AC provides higher re-
versible capacity (250 mAh g at 200 mAh g ') and
better rate performance (110 mAh g at 185 mA g™')
with the synergistic effect of sulfur doping and por-
ous structure. The co-doping of multiple elements has
the potential to significantly enhance the properties of
materials, the overall properties of biomass-derived
carbon frameworks can be optimized by the synergist-
ic effect generated by multi-atom co-doping. In com-
parison to single-element doping, multi-element co-
doping has the potential to create a greater number of
defects and active sites. Furthermore, it can facilitate
the optimization of the electron distribution around
carbon atoms and enhance the electrical conductivity

Sun et al.l®”

of the materials. prepared biomass
starch-based S/N co-doped hierarchical porous car-
bon materials (SN-HPCS) using an in situ template
method. From the EDS image (Fig. 15d), it can be
seen that the elements of C, O, N and S are uniformly
distributed in the 3D network structure of SN-HPCS.
The storage capacity of Na' is affected by the degree
of graphitization and structural defects of the carbon
material (Fig. 15¢), and N and S doping not only en-
larges the interlayer spacing but also provides more
reactive sites for the storage of Na'. Based on the syn-
ergistic effect of nitrogen and sulfur double doping, as
an anode for SIBs, SN-HPCS shows superior storage
capacity for Na', exhibiting a high capacity of
313 mAh g ' at 0.8 A g and cycling at a current
density of 8 A g' for 3000 cycles possesses an excel-
lent cycling stability of 156 mAh g ' while maintain-
ing 93% of its initial capacity. N, P co-doped porous
carbon (SBNP,) was prepared from sugarcane ba-

10151

gasse by Deng et a using melamine as a nitrogen
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source, NaH,PO,-2H,0 as a phosphorus source, and
KOH as an activator. As shown in Fig. 15f, N and P
atoms were successfully incorporated into the carbon
skeleton, enlarging interlayer distances. The special
hierarchical porous structure can adapt to volume
changes during cycling. Due to the synergistic effect
of the property and structure of N and P doping, the
material obtained at 600 °C (SBNP,-600) shows su-
perior electrochemical performance in SIBs, with a
high reversible capacity of 304.1 mAh g' at
25 mA g ', and 225.7 mAh g ' after 1000 cycles at
500 mA g'. Fig. 15g depicts the good rate perform-
ance of SBNP,-600, with corresponding discharge ca-
pacities of 337.6 and 197.4 mAh g' at 25 and
1000 mA g, respectively. In addition, the Nyquist
plot (Fig. 15h) shows that the SBNP-600 electrode ex-
hibits the smallest charge transfer resistance (96.0 Q),

which is also related to its proper doping with N and P

atoms and large interlayer spacing. Deng et al.l"* syn-
thesized P, N, S co-doped camphor wood-derived
hard carbon (P-N-S-Cmph) by a simple pyrolysis pro-
cess, and the synergistic effect of S, N, P heteroatom
doping enlarged the interlayer spacing (0.430 nm) of
the P-N-S-Cmph, reduces the irreversible depletion of
Na® by surface functional groups. These advantages
render P-N-S-Cmph an efficacious SIBs hard carbon
anode, exhibiting an initial discharge capacity of
791 mAh g at a current density of 40 mA g ', corres-
ponding to an ICE of 70.74%. Upon 500 cycles at
2 A g, the specific capacity of P-N-S-Cmph can still
reach 280 mAh g'.

In addition to the direct use of biomass-derived
3D carbon skeletons as anode materials for SIBs,
metals or metal oxides can be introduced without des-
troying the original structure of the carbon skeletons

to establish composite electrode materials with good
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(h) Nyquist plots of the SBNP,-X anode'"*"". Reprinted with permission
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electrical conductivity and stable structure to further
improve the sodium storage performance of BDCs™"*!,
Liu et al.”™ modified chickpea husk-derived hard car-
bon using carbonization and hydrothermal treatment
to prepare MoS, nanopatterned porous hard carbon
skeleton (HC@MoS,-II). The modified HC@MoS,-II
electrode exhibits an initial reversible capacity of
469 mAh g and 63% ICE at 50 mA g, a stable av-
erage specific capacity of 398 mAh g ' after
200 cycles, and an ultra-long cycling stability of
200 mAh g' after more than 3500 cycles at
1000 mA g '. The extraordinary electrochemical per-
formances reveal the positive effects of the synergist-
ic assembly of porous hard carbon skeleton and MoS,
nanoflowers on the composite electrodes, i.e., the
large interlayer spacing (0.650 nm) of MoS, is benefi-
cial for the reversible embedding/de-embedding of the
sodium ions. The high surface area of the porous hard
carbon skeleton efficiently cushions the bulky swell-

1.2 ysed

ing during charging/discharging. Chen et a
waste crab shells as a carbon source of low-cost 3D
interconnected honeycomb hierarchical structure
SnS,/C and FeS,/C composite anode materials by de-
positing SnS, nanosheets and FeS, nanosphere struc-
tures onto crab shell-derived carbon by a simple hy-
drothermal reaction. The SnS,/C and FeS,/C samples
have a high capacity because of transition metal sulf-
ides. When applied as anodes for SIBs, the capacities
of SnS,/C and FeS,/C are 416.5 and 393.8 mAh g'
after 200 cycles at a current density of 0.5 mA g/, re-

spectively. Deng et al.”?’”)

synthesized carbon-Fe-Co
bimetallic composite (TS-2) from tapioca starch and
CoFe,0, by pyrolysis in one step. The introduction of
bimetallic alloys facilitates the reaction kinetics, and
the disordered carbon matrix effectively mitigates the
volume expansion, prevents the aggregation of bimet-
allic alloys, and provides more accesses for the sodi-
um ions shuttling, which enhances the cycling per-
formance. The initial sodium storage capacity of TS-2
at 0.05 A g' is 712 mAh g' with 89.2% ICE,
provides more than 419 mAh g ' at a high current of
10 A g, and the capacity after 200 cycles is stable at
325mAhg'at05A g
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To achieve high energy density, high reversible
capacity, and high cycling stability in SIBs, it is es-
sential to develop anode materials suitable for Na" in-
sertion/extraction. In this context, biomass, which is
widely available, inexpensive, and rich in organic
matter, has come to the forefront of researchers’
minds. By treating biomass through various methods
such as pyrolysis, activation, and templating, the SSA
of BDCs can be effectively controlled, the pore struc-
ture can be improved and the surface functional
groups can be increased, thus enabling the transforma-
tion from low-cost biomass to highly utilizable car-
bon-based anode materials for SIBs. Sodium storage
active sites including graphite microcrystallites, de-
fects, and nanopores enable BDCs to have multiple
sodium storage methods. During charging and dis-
charging, BDCs with different structures achieve re-
versible sodium insertion/extraction through sodium
storage mechanisms such as sodium intercalation, act-
ive site sodium storage, and sodium storage in micro-
pores, leading to the proposal of multiple mechanism
models for sodium storage. At the same time, the
good electrical conductivity of carbon-based materi-
als and the structure to buffer the volume change of
Na' insertion/extraction make the sodium ion battery
have excellent capacity performance, rate perform-
ance, and cycle stability performance. However, the
capacity of BDCs as anode materials for SIBs is gen-
erally low, and there is a lack of research on the com-
patibility with cathode materials. In addition, its ap-
plication and promotion as an SIB anode for high-
mass-loading have been less mentioned compared to
cathode materials or other research areas”’* **!1,

In conclusion, to overcome the problems faced
by BDCs as anode materials for SIBs, future research
can include the following aspects: (1) So far, the sodi-
um-ion storage mechanism is still controversial. In the
future, researchers can further observe the storage pro-
cess of sodium in BDCs through advanced testing
techniques and characterization methods such as in-
situ X-ray diffraction and in-situ electron microscopy.
This will allow the mechanism of sodium storage in
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BDCs can be further explored and analyzed from the
structural point of view, which can provide theoretic-
al support for the improvement of electrochemical
performance of SIBs. (2) The choice of precursor is
the primary factor in determining the sodium storage
performance of BDCs. Plants, animals microorgan-
isms can be used as precursors for BDCs. The ideal
biomass precursor should have the advantages of low-
cost, environmentally friendly properties, and excel-
lent sodium storage performance at the same time.
Therefore, the development of a suitable biomass pre-
cursor can help to design high-performance anode ma-
terials and promote the commercialization of SIBs in
the field of smart grid and large-scale energy storage
technologies. (3) Reasonable regulation of the micro-
structure of BDCs is an essential means to improve
their sodium storage capacity. We can design optim-
ized SIBs carbon anodes by purposely modifying
BDCs based on their sodium storage active sites
(graphite microcrystallites, defects, and nanopores),
such as increasing the spacing of graphite layers, dop-
ing heteroatoms to produce abundant defect sites, in-
troducing closed pores and designing the morphology,
etc. It is worth noting that the effects of different
modifications on materials are often not independent
of each other, and therefore need to be precisely con-
trolled to achieve a balance to ensure that the perform-
ance of the material is maximized. (4) To adjusting
the microstructure of BDCs themselves, it is also ne-
cessary to focus on the research of electrolyte engin-
eering and surface modification, pre-sodiation modi-
fication, etc. In addition, matching the appropriate
cathode material for the high-performance BDC an-
ode is an indispensable step in improving the energy
density of the full battery, which will help promote the
further of SIBs.
(5) Designing high-mass-loading BDC anodes is the

application and development

most promising strategy to increase the energy dens-
ity of SIBs in a limited space. We need to address the
deteriorated electrolyte transport and electron transfer
kinetics of conventional thick electrodes due to inact-
ive binders and their severe cracking problems to sat-
isfy the core requirements of practical/industrial pro-

duction and applications. Therefore, extensive efforts
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are needed to optimize the design and configuration of
high-mass-loading electrodes, e.g. developing self-
supporting electrodes to avoid the introduction of
electrochemically inert “dead mass” . In addition, the
effect of the electrolyte on the charge storage on the
surface of the high-mass-loading anode should be giv-
en sufficient attention, especially its penetration and
filling process on the electrodes. Through continuous
improvement and optimization, BDC anodes are ex-
pected to pave the way for the commercial develop-
ment and integration of SIBs into various energy stor-
age fields, enabling SIBs and making significant con-
tributions to the global transition to sustainable en-

ergy technologies.
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