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Abstract

The intensive consumption of lithium resources in recent years has spurred the development
of alternative energy storage batteries to supplement or replace lithium-ion batteries. As
one of the most promising candidates for large-scale energy storage in the foreseeable
future, potassium-ion batteries feature lower costs and more plentiful potassium resources.
However, the bulkier size of potassium ions induces sluggish reaction kinetics and inferior
cycling stability in current commercial anodes. Advanced biomass-derived carbon anodes
deliver superior potassium ion storage performance, benefiting from their intrinsically large
specific surface areas, well-defined pore architectures, and abundant defect structures. While
numerous studies have documented these anodes, a comprehensive review focusing on the
fabrication of biomass-derived carbon anode materials for potassium-ion batteries remains
notably lacking. In this review, we discuss a series of different biomass-derived carbon
anodes, including their preparation methods, advantages, and disadvantages, and we
propose prospects for future research. In addition, carbonization methods and activation
techniques are discussed, together with their respective merits and limitations. This review
aims to provide a comprehensive understanding of biomass-derived carbon anode materials
for potassium-ion batteries and to guide the development of high-performance anode
materials.
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Highlights

+ Highlights the supplementary and alternative potential of PIBs compared to LIBs.
+ Summarizes the working mechanisms and various anode materials used in PIBs.
+ Elaborates on the merits and demerits of various BDCM anodes.

+ Reviews the carbonization and activation methods for BDCMs.
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Introduction

With long cycle life, excellent high-rate capability, and high safety,
lithium-ion batteries (LIBs) are currently the dominant energy storage
solution and have been widely deployed in portable electronic devices,
electric vehicles, and large-scale energy storage systems!'.. This has
triggered massive consumption of lithium resources. However,
because the reserves of lithium resources are rather limited (at the level
of about 20 ppm within the earth's crust) and cannot meet the great
demand in recent years, the price of lithium is getting more and more
unaffordable®®. Thus, it is urgently required to develop alternatives
that have huge reserves but comparable performance to LIBs to
complement and even replace LIBs.

Elements in the same group as lithium, sodium, and potassium
are viewed as potential substitutes to build up ion batteries with
comparable performance to LIBs!“l. As Table 1 shows, the reserves of
sodium and potassium are far more abundant (about three orders of
magnitude) than lithium, which inevitably results in a much lower
price and is critical to long-term large-scale production of batteries.
To date, many efforts have been devoted to developing suitable
anode materials for PIBs. Besides, Na*+ and K* both exhibit lower
desolvation energy between ions and solvent molecules in carbo-
nate electrolytes than Li*, which is highly beneficial to faster ionic
transport of Na* and K* in electrolytes than Li* 1. Table 1 also shows
that the solvated ionic radius of Na* and K* is smaller than that of
Li+, which means higher ionic conductivity and diffusion coefficient
in electrolytesl®l. It is widely accepted that faster ionic transport and
lower desolvation energy lead to higher rate performancel”l. Thanks
to these advantages, sodium-ion batteries (SIBs) and potassium-ion
batteries (PIBs) hold great potential to complement the large-scale
applications of LIBs.

Table 1 also shows that the voltage vs SHE, K/K* (-2.92 V) is lower
than Na/Nat (-2.71 V), enabling PIBs to have a higher operating
voltage and a higher energy density. Furthermore, the higher ionic
conductivity of K* salt electrolytes and lower density of K metal lead
to better rate performance and energy density of PIBs than SIBs.
Therefore, the aforementioned compelling physicochemical proper-
ties of potassium make PIBs more feasible to be employed to substi-
tute LIBs. To this end, PIBs have received much attention from both
academic and industrial communities!’5l. However, it can be clearly
seen that the ionic radius of Li+, Na*, and K+ is 0.68, 0.97, and 1.38 A,
respectively, so the anodes of PIBs usually undergo a larger volume
change during the charge/discharge process than LIBs and SIBs, and
damaged anodes would severely decrease the lifetime of PIBs!'6.171,

Table 1 Physicochemical properties and abundance of lithium, sodium, and
potassium

Lithium Sodium Potassium

Physical/chemical properties (Li) (Na) (K)
Abundance in earth crust (wt.%)! 0.0017 23 1.5
Cost of carbonate (US$ t1)1! 6,500 200 1,000
Cost of metals (US$ t) 100,000 3,000 13,000
Desolvation energy in ethylene carbonate 208.9 152.8 114.6
(KJ mo|—1)[10]

Stokes radii in propylene carbonate (A)!""! 48 46 36
Stokes radii in water (A)['"] 238 1.84 1.25
Voltage vs SHE (V)['? -3.04 271 -2.92
Conductivity of 1M Li/Na/KFSl in ethylene 9.3 9.7 10.7
carbonate/diethyl carbonate (mS cm™")!""!

Density (g cm™3)[13! 0.535  0.968 0.856
lonic radius (A)I'4 0.68 0.97 1.38

Thus, the development of suitable anode materials to decrease
volume expansion and structural damage is one of the most critical
tasks for PIBs!'él. To date, many efforts have been devoted to deve-
loping suitable anode materials for PIBs, and some research
progress has been achieved!'9],

Since K* can intercalate into the graphitic structure to form a
KCg intercalation compound with a high theoretical capacity of
279 mAh g, carbon materials (CMs) are widely investigated as
anodes for PIBs[20l, CMs are traditionally and majorly prepared from
non-renewable fossil fuels such as coal, coal pitch, and petroleum
pitch. As the cost is relatively high and the environmental impact is
obvious, using non-renewable fossil fuels to produce CMs for anode
materials becomes more and more non-competitivel2'l. As an abun-
dant, carbon-neutral, and low-cost resource, non-food biomass has
been widely viewed as the dominant replacement of non-renew-
able fossil fuels to synthesize CMs in the futurel?223], Besides,
biomass-derived CMs (BDCMs) inherently possess a large specific
surface area, well-ordered pore structure, and abundant defect
structures(?4, The large specific surface area and porous structure of
CMs can provide tremendous active sites and a large contact area
between anodes and electrolyte, shortening the ion transport path
to achieve a high transmission ratel?>l, The defects can supply extra
adsorption sites for Kt storage, showing a higher capacity than
279 mAh g~'. Therefore, BDCMs have attracted widespread atten-
tion to develop high K* storage performance anodes for PIBs.

Recent studies have increasingly focused on BDCMs, and they
have emerged as one of the most promising candidate anodes for
PIBs. Given this, it is crucial to review the progress in utilizing BDCMs
for PIB anodes and to identify future research directions. However,
comprehensive reviews addressing the production of anode mate-
rials for PIBs using BDCMs are still scarce. In this review, the working
principle of PIBs is first introduced, and common anode materials for
PIBs are summarized. Then, different BDCMs used as anode mate-
rials for PIBs are comprehensively reviewed, with an analysis of the
pros and cons of each type. Furthermore, the preparation methods
and activation techniques are discussed, along with their respective
advantages and limitations. Finally, critical issues that BDCMs face as
anode materials for PIBs are highlighted, and perspectives on poten-
tial approaches and strategies to address these challenges are
provided. This review not only surveys the current advancements in
BDCMs but also suggests several research directions for developing
high-performance anode materials for PIBs.

PIBs

Configuration and operational mechanism

Figure 1 illustrates the schematic configuration and operational
mechanism of a typical PIB?, Like LIBs, PIBs consist of three essential
components: the anode, cathode, and electrolyte. PIBs are rocking-
chair batteries, where potassium ions serve as charge carriers,
migrating between the anode and cathode during charging and
discharging. During charging, potassium ions are deintercalated from
the cathodes, migrate through the electrolyte, and then intercalate
into the carbon anodes. The direction of K" movement reverses when
PIBs supply power to an external circuit.

Anode materials for PIBs

This review focuses on the anode materials used in PIBs, and the
mainstream materials are briefly summarized below. Significant efforts
have been made to develop high-performance anode materials for
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Fig. 1 Schematic illustration of the configuration and operational mechanism of a typical PIB.

PIBs, and a variety of materials have been successfully explored.
Commonly used anode materials encompass metals, sulfides, alloys,
organic compounds, and CMs7,

The greatest advantage of metal anodes lies in their extremely
high theoretical capacity?8. For instance, the theoretical capacity of
antimony metal is as high as 660 mAh g2, However, due to the
large volume of K*, it is very hard for metals to recover to their origi-
nal structures after several cycles of charging and discharging.
Therefore, the capacity of PIBs with metal-based anode materials
usually decreases very fast because of the complex phase change of
metal oxides[30,

Sulfides, on the other hand, are attractive for their high voltage
capabilities, while still maintaining an acceptable capacity®"l. How-
ever, sulfides undergo significant volume changes during cycling
and are prone to side reactions, which leads to a short lifespan for
PIBs with sulfides as anode materials.

The most well-known advantage of alloy anodes is their high
capacity because of the synergistic effects between different
metalsB2, However, as metal-based anodes, volume expansion of
alloys during the cycles of charging and discharging is too obvious,
which can lead to pulverization of the anodel33l.

Organic materials, with their diverse and modifiable structures,
can be tailored to meet specific requirements for batteries. Func-
tional groups can be customized to provide user-defined voltage
plateaus and storage capacities for various applications. However,
the main challenges of organic materials as anode materials include
poor electrical conductivity and low energy density. These limita-
tions make the commercialization of PIBs with organic anodes a
distant prospect!34],

For CMs, the most appealing factors are their mature and reliable
commercial technology, with graphite having been widely pro-
duced. In addition, the ability of K* intercalation and deintercalation
in CMs is remarkable, and the structure of CMs is generally stablel35.
Moreover, carbon materials also possess excellent chemical stability,
mechanical strength, and thermal stability, making them arguably
one of the most promising anode materials for PIBs.

BDCMs anode materials for PIBs

A high-performance anode requires excellent discharge capacity, rate
performance, and cycling stability®.. However, the large radius of K*
leads to slow kinetics and structural instability in commercial anodes.

Specifically, during the intercalation process, the larger size of K*
causes slower kinetics and more significant expansion in commercial
graphite anodes compared to Li*. This, in turn, results in a decrease
in rate performance and cycling stability. In contrast to commercial
graphite, BDCMs exhibit a unique surface K* adsorption behavior,
which is generally considered to enhance both rate performance and
cycling stability in K+ storagel’38l, Therefore, current research is
focused on improving the degree of disorder, morphology, and pore
structure of BDCM anodes to enhance K* adsorption storage. As
shown in Fig. 2, researchers have explored a variety of BDCMs as anode
materials for PIBs. These include activated carbons (ACs), graphite-like
carbons (GLCs), carbon aerogels (CAs), hard carbons (HCs), carbon dots
(CDs), carbon nanotubes (CNTs), and carbon fibers (CFs), among
others. Additionally, the corresponding preparation methods are also
presented in Fig. 2. This section of the review primarily discusses the
advantages and disadvantages of various BDCMs used as anode
materials for PIBs. Furthermore, it highlights the research progress and
the future prospects of BDCMs.

ACs

In the field of energy storage, ACs have attracted considerable
attention owing to their well-developed porous structure and large
specific surface area. These features endow ACs with abundant active
sites, a broad electrode/electrolyte contact interface, and efficient K*
transport?),

Wang et al. prepared ACs from corn husk and KOH via a pyrolysis
carbonization process at 800 °C for 2 h, targeting their use as anodes
for PIBs; the preparation process is shown in Fig. 3al*0l, The mass
ratios of KOH and corn husk are 1:2, 1:1, 2:1, and 4:1, and the corre-
sponding samples were named AC-1, AC-2, AC-3, and AC-4. The
SEM images presented in Fig. 3b-e show that the porosity improves
significantly with increasing KOH content, which can be directly
quantitatively verified with specific surface areas in Fig. 3f. Figure 3f
indicates that the specific surface area of the ACs is strongly
influenced by the ratio of KOH to corn husk during activation.
Figure 3g, h demonstrates that the discharge capacity of the ACs is
positively correlated with their BET specific surface areas. Among
the four samples, AC-4, which has the largest specific surface area
(1,760.3 m2 g-1), exhibits the highest discharge capacity throughout
the entire cycling process at both 100 and 1,000 mA g-'. This
outstanding performance can be attributed to its large specific sur-
face area and highly developed porosity, which provide extensive
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Fig. 2 Different BDCMs and one of their corresponding preparation methods.
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interfaces between the electrode and electrolyte for efficient K*
adsorption, diffusion, and storagel*'l. Besides, such a large specific
surface area promotes the formation of a stable solid electrolyte
interphase (SEI) on the surface of the anode, which helps prevent
further degradation during cycling!*2l.

While ACs with larger specific surface areas show promising
potential for high discharge capacity as PIB anodes, their wide-
spread use has been limited by poor cycling performance due to a
low ion diffusion coefficient!*3l. The electronic structure of ACs plays
a crucial role in their cycling behavior. Doping heteroatoms, such as
nitrogen, phosphorus, and sulfur, onto the surface of ACs can
enhance their electronic structure, facilitating ion transport and
improving cycling stability#4,

GLGCs
Graphite has been widely used as a commercial anode material for LIBs
due to its high stability as an intercalation compound®. In the case of
PIBs, graphite also holds potential as an anode material due to its
stable intercalation compound with high capacity*®. However, the
natural polymer structures of biomass contain abundant oxygen-
containing functional groups, which make it challenging to fully
graphitize biomass. Despite this limitation, these oxygen-containing
functional groups are retained during the carbonization process,
providing numerous active sites and resulting in a higher capacity
compared to graphite anodes.

Figure 4a shows that Tang et al. conducted a study where Fe,05/C
particles were used for catalytic graphitization of tea-waste powder

at 1,300 °C using a simple pyrolysis method to produce GLCH), The
SEM image in Fig. 4b shows that GLC consists of micro-sized hollow
tubes. Transmission electron microscopy (TEM) images in Fig. 4c, d
reveal nano-sized graphitic crystals with numerous distinct and
nearly parallel structures, further confirming the presence of gra-
phite microcrystallites. The XRD curve in Fig. 4e shows a sharp
diffraction peak at 26 = 26°, corresponding to the graphite phase. As
an anode for PIBs, the GLC anode achieves a high reversible specific
capacity of 366 mAh g~' after 200 cycles at 100 mA g~'! and a high
initial ICE of 85.6%, as shown in Fig. 4f, g. Furthermore, in the long-
term cycle test, the GLC anode retains 94% of its capacity after 1,000
cycles at 1,000 mA g~'. The excellent electrical performance of GLC
can be attributed to the large-sized graphitic domains, which are
beneficial for reducing irreversible insertion sites, providing more
diffusion channels for the intercalation/deintercalation of K* in the
carbon interlayers, and shortening the diffusion distance. Additio-
nally, the in situ XRD test result in Fig. 4i reveals the excellent
reversible K* storage behavior of the highly crystalline structures in
the GLC anode.

In the field of LIBs, the discovery and validation of stable interca-
lated compounds of LiCg4 have provided a direction for reducing the
volume expansion of graphite anodes! 8. However, compared to
LIBs, the GLC anode for PIBs exhibits a larger volume expansion,
exceeding that of LIBs by more than 60%. This issue poses chal-
lenges to the lifetime and cycle capacity of PIBs. A series of intercala-
tion compounds is formed in the storage process of potassium ions,
such as KCy,, KCi6 KCio, KCg KC, and so on, leading to a more
complex potassiation reaction. Therefore, investigating how to
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Fig. 3 (a) Schematic diagram of the preparation process of porous activated carbon from corn husk. SEM images of (b) AC-1, (c) AC-2, (d) AC-3, and
(e) AC-4. (f) The effect of the ratio of KOH and corn husk on specific surface area; cycling performance of ACs at a current density of (g) 100 mA g~' and
(h) 1,000 mA g~". (i) The effect of the ratio of KOH and corn husk on the remaining capacity. Reproduced with permission!*®., Copyright 2019, Elsevier.

reduce the volume expansion of GLC anodes is key to improving
potassium storage stability.

CAs

CA anodes exhibit key properties such as high porosity, large surface
area, excellent conductivity, and good mechanical strength®. CAs are
typically derived from biomass-based polysaccharides such as cellu-
lose, starch, chitosan, and glycogen, which are valued for their
widespread availability, renewability, and low toxicity®'2, Combined
with their own intrinsic advantages and the merits of these raw mate-
rials, CAs are attractive anode materials for research on PIBsP3.,

It has been reported that porous CAs can be produced from cellu-
lose nanocrystals (CNCs) via an ice-templated method, and the
specific synthetic procedures are shown in Fig. 5al>4. A homoge-
neous suspension of CNCs mixed with polyethylene oxide (PEO) was
freeze-dried under vacuum for 24 h at varying cooling rates of
uncontrolled freezing, 3, 5, and 7 K min~'. The resulting samples
were then carbonized at 1,300 °C in a helium atmosphere for 2 h to
produce the CAs, which were designated as VCA-U, VCA-3, VCA-5,

and VCA-7. The SEM images (Fig. 5b-e) reveal that VCA-3, VCA-5,
and VCA-7 exhibit smaller and more uniform cellular channels, as
well as greater homogeneity, compared to VCA-U. Figure 5f shows
that the lattice spacing decreases progressively while the defect
density increases gradually. Among these, the VCA-5 anode demon-
strates the best reversible capacity of 183 mAh g=' and a capacity
retention of 90.2% after 300 cycles at a rate of 0.5 C. The superior
electrochemical performance of VCA-5 is attributed to its hollow
channels, which shorten the K* diffusion pathway, while the
enlarged interlayer spacing (0.39 nm) further promotes the interca-
lation and deintercalation of K*. The results of potassium storage
kinetics in Fig. 5i, j demonstrate that diffusion-controlled potassium
storage is the primary potassium storage mechanism.

Although CAs have demonstrated outstanding electrochemical
performance as anode materials for PIBs, their widespread applica-
tion is still limited due to the challenges in their preparation process
and the relatively low production yield®3l, The synthesis of biomass-
derived CAs involves several complex steps, including mixing, stir-
ring, sol-gel processing, and drying. These steps not only increase
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Reproduced with permission!*”), Copyright 2021, Royal Society of Chemistry.

the complexity but also require considerable time, with the sol-gel
phase alone taking between 24 and 48 h. To address these chal-
lenges, future research on CAs should focus on reducing the time
and cost associated with their preparation.

HCs

HCs, a type of non-graphitic carbon material, have garnered increasing
attention as anodes for PIBs owing to their high degree of structural
disorder and excellent adsorption capacity. In the synthesis of HCs
via biomass pyrolysis, the inherent randomness of the carbonization
process disrupts both defect configurations and crystal ordering,
resulting in a structure that remains difficult to graphitize even at
elevated temperatures exceeding 2,500 °CP°. These materials exhibit
favorable electrochemical performance as PIB anodes, attributed to
their high structural disorder, robust structural stability, and expanded
graphite interlayer spacing®”.

In a study by Li et al, rice husk served as the precursor for HC
synthesis via pyrolytic carbonization at varying temperatures (900,
1,100, 1,300, and 1,500 °C) for 2 h, with a heating rate of 5 °C min~?,
and the corresponding preparation process is illustrated in

Fig. 6al8l. The SEM and TEM images of HC carbonized at 1,300 °C
(Fig. 6b-d) exhibit an irregular granular morphology; small pores
are observable on its surface, which can shorten the pathway for
potassium ion diffusion. In addition, random and disordered gra-
phite microcrystals are observed, indicating the highly amorphous
microstructure of HC. The characterization of structural properties
revealed that the lattice spacing and defect density of HCs both
decrease with increasing temperature (Fig. 6b). Figure 6¢ shows that
the specific surface area and pore volume both decrease with
increasing pyrolysis temperature. The cycling performance at a
current density of 30 mA g~ indicates that the discharge capacity of
the rice husk-derived HC anodes first increased and then decreased
with increasing pyrolysis temperature (Fig. 6d). Among all samples,
HC carbonized at 1,300 °C delivered the highest discharge capa-
city over the entire cycling period, with a reversible capacity of
204.25 mAh g' after 100 cycles. Figure 6e illustrates that the best
cycling performance of the HC carbonized at 1,300 °C stems from its
highest adsorption contribution and good potassium ion diffusion
coefficient, which is ascribed to its favorable defect structure (Ip/lg =
1.38), appropriate specific surface area (83.3 m2 g~), and large dy,
value (0.378 nm).
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Despite significant progress in the development of HC anodes
for PIBs, several challenges remain to be addressed before their
commercialization. The relatively low initial coulombic efficiency
(ICE) and specific capacity are the primary factors impeding the
practical application of HCs as PIB anodesk9l. Enhancing both ICE
and specific capacity is therefore a key research goal for the
development of high-energy-density PIBs. Furthermore, significant
controversy persists regarding the K+ storage mechanism of HC
anodes for PIBs. It is widely accepted that both the intercalation and
adsorption mechanisms play major roles in potassium storage.
However, the existence of a 'filling' mechanism remains a topic of
debate due to the lack of advanced in situ characterization, which
has resulted in an absence of direct evidencel*®. Moreover, because
of the highly disordered structure of biomass-derived hard carbon

materials, these materials typically exhibit a high proportion of
adsorption capability. Consequently, no distinct discharge plateau is
observed in their GCD curves, while a broad peak tends to emerge
during the potassium deintercalation process in their CV curvesl6l,
This variability makes it challenging to delineate the boundary
between the adsorption and intercalation sites. Additional experi-
mental and theoretical evidence is required to thoroughly investi-
gate these storage mechanisms and achieve a more comprehensive
understanding of the underlying processes.

CNTs

CNTs have emerged as promising anode materials for PIBs due to their
several desirable characteristics, including high conductivity, low
density, high strength, and unique structural properties. One of the
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Elsevier.

advantages of CNTs is their ability to function as independent anode
materials without the need for binders or conductive additives. This
is attributed to the interconnected conductive network formed by
the CNTs themselves®2%3. Moreover, the absence of dead volume
materials in CNT-based anodes helps to mitigate volume expansion
during cycling, thereby improving the cycling life of PIBs®Y. Various
synthesis methods are available for CNT production, including che-
mical vapor deposition (CVD), catalytic pyrolysis, solvothermal
methods, and hydrothermal methods®. These methods allow for the
control of physicochemical properties such as specific surface area and
crystallinity according to specific requirements.

It has been reported that the Fe;C-embedded CNTs (FesC@CNTs)
were synthesized using distilled grains as the raw material in the
presence of melamine (nitrogen source) and FeCl;/ZnCl, activators
(Fig.7a)t%¢l. SEM images of Fe;C@CNT revealed a fibrous structure
with a hollow interior, and TEM images showed the presence of Fe;C
nanoparticles within the CNTs. The hollow structure of Fe;C@CNT
serves as an efficient ion transport channel, facilitating the rapid
intercalation/deintercalation of potassium ions during battery ope-
ration. Consequently, as shown in Fig. 7f-h, Fe3C@CNT shows a low
ICE with 55% but excellent cycling performance with a capacity of
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256.2 mAh g~' and a high capacity retention ratio of 94% after 600
cycles at a current density of 100 mA g~'.

CNTs possess superior electrochemical and structural properties
compared to most other BDCMs, making them ideal anode mate-
rials for PIBs without the need for additional binders or conductors.
However, the main challenge lies in the limited availability of high-
quality CNTs, which hampers mass production. Furthermore, the
physicochemical properties of CNTs can vary significantly depend-
ing on the biomass used for their synthesisl®”). Different biomass
sources have different compositions, resulting in variations in the
properties of the resulting CNTs. Mathangi et al. prepared CNTs
from Citrullus lanatus rind, Gleditsia triacanthos pod, Cocos nucifera
exocarp, and Prosopis juliflora wood using a hydrothermal method,
as illustrated in Fig. 8[%8l. Significant differences in the (002) crystal
plane indicate variations in their crystal lattices. The differences in
peak positions and intensities observed in Raman spectroscopy
reveal the structural distinctions, which in turn affect electrical
conductivity and the degree of graphitization. Scanning Electron
Microscopy (SEM) images provide a clear visual representation of
the differences in CNTs synthesized from different raw materials,
including variations in tube diameter, length, and uniformity. Addi-
tionally, using a single component such as cellulose as a raw mate-
rial may increase the preparation cost of CNTs. To address the issue
of supply shortage, it would be beneficial to identify biomass
sources with larger storage capabilities that can be used for CNT
synthesis. By selecting appropriate biomass materials, high-quality
and high-yield CNTs can be produced to meet the demand for
anode materials in PIBs.

CDs

CDs are a class of carbon nanomaterials that are small in size and rich
in functional groups, such as -COOH, -OH, -NH,, etc. From the

perspective of structure and composition, they are a kind of transi-
tion material between organic molecules and inorganic carbon
materials!®. The abundant surface functional groups can serve as
suitable adsorption sites for K* storage, while the ultrasmall size can
provide high utilization efficiency, fully expose reaction sites, and be
used for K* storage. Therefore, CDs have been demonstrated to have
huge potential in the field of energy storage systems owing to their
many characteristics and advantages.

One notable study by Wang et al. synthesized nano CDs from
soybean via a strategy involving hydrothermal treatment followed
by pyrolysis and the sacrificial template method, as shown in
Fig. 9al’0l, The SEM and TEM images in Fig. 9b-d reveal that the
material exhibits alveolate porous structures and highly disordered
carbon layer structures. The XRD curve in Fig. 9e shows the disor-
dered structure, while the abundant nitrogen- and oxygen-contain-
ing functional groups are revealed by Fourier transform-infrared
spectroscopy (FT-IR) in Fig. 9f. Figure 9g, h show the CD anode
retains 234.5 mAh g~' after 200 cycles at 100 mA g~! and even
1520 mAh g7' after 1,000 cycles at a current density of
1,000 mA g~'. The kinetic analysis (Fig. 9i) shows that the good K+
storage performance is attributed to its high adsorption capacity,
owing to its abundant surface functional groups.

Although CDs currently exhibit good electrochemical perfor-
mance and their synthesis process is relatively simple, their high
adsorption capacity simultaneously leads to low ICE and a relatively
high operating voltage. Therefore, the energy density is not ideal in
the assembly of full cells. Drawing on lessons from LIBs and SIBs,
pre-filling with lithium and sodium—i.e., pre-lithiation and pre-sodi-
ation—is a highly straightforward and efficient method to obtain
high ICE of CD anodes!’"l. Therefore, a pre-potassiation strategy can
be applied to CD anodes to improve the ICE and thereby achieve
higher energy density in PIBs.
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CFs
CFs possess a unique combination of high mechanical strength,
flexibility, and excellent electrical conductivity, rendering them suitable
for energy storage applications’?. The increasing demand for efficient
energy storage and conversion devices has led to a significant boost in
CFs production and development3., Various techniques, such as wet-
spinning, dry-spinning, melt-spinning, and electrospinning, have been
employed to synthesize CFs from biomass sources, with lignocellulosic
materials being one of the most popular raw material choices”*7>!,

Jiang et al. used bovine hide as a precursor material for the
synthesis of N-doped CFs (Fe,N@N-CFBs)[7¢l. The synthetic process,
as depicted in Fig. 10a, utilized Fe,(SO,4); and NH; as precursors for
Fe and N, respectively, via a pyrolysis carbonization method. XRD
analysis in Fig. 10b revealed three prominent characteristic peaks at
40.9°, 42.9°, and 56.7°, indicating the presence of Fe;N in Fe,N@N-
CFBs. The Raman spectrum analysis revealed an Ip/I ratio of 1.12 for
Fe,N@N-CFBs, suggesting the presence of a large number of defects
and a highly disordered structure within the CFs. SEM images in
Fig. 10d, e displayed the fibrous structure of Fe,N@N-CFBs.
Figure 10f demonstrates that the rate performance and reversi-
ble discharge capacity of the Fe,N@N-CFBs anode significantly
improved compared to those of bare Fe,N nanofibers (Fe,N-FBs). As
illustrated in Fig. 10g, the reversible capacity of Fe,N@N-CFBs anode
materials decreased to 102 mAh g~ after 100 cycles, while maintain-
ing a coulombic efficiency close to 100%. In contrast, Fe,N-FBs
showed a reversible capacity of only 64 mAh g=' in the first cycle,
which further declined to a nearly negligible level of 22 mAh g~ in
the last cycle. This comparison highlights that the introduction of N
can enhance the conversion kinetics of CFs, ultimately improving
their electrochemical performance as anodes for PIBs.

Although biomass-derived CFs have the advantages of environ-
mental friendliness, renewability, and low cost, their discharge
capacity in PIBs is low, and the conductivity of pure CFs is much

lower than that of graphite due to their low graphitization. These
problems limit the application of CFsl’7l. It is possible that preparing
hollow porous CFs and increasing the graphitization degree of CFs
can significantly improve the electrochemical performance in PIBs.
The electrochemical performance of biomass-derived CFs can also
be improved by incorporating other active precursor materials, such
as metal salt, nitride, etc., during the synthesis process(7sl.

Preparation methods of BDCMs

Carbonization methods

The carbonization process is a necessary step from biomass to carbon,
regardless of the type of CMs. Common carbonization methods
include pyrolysis, hydrothermal, and microwave-assisted processes.
Additionally, there have been explorations into novel thermal car-
bonization techniques such as plasma-enhanced chemical vapor
deposition, Joule heating, and laser scribing and writing methods!798%.,
However, the complicated production processes and high costs
associated with these novel techniques have limited their widespread
application; therefore, these methods are not reviewed here. Con-
sequently, this section focuses on introducing pyrolytic carbonization,
hydrothermal carbonization, and microwave carbonization. As shown
in Fig. 11, their respective influencing factors, advantages, and dis-
advantages are presented.

Introduction of common carbonization methods

Pyrolysis carbonization is a thermochemical decomposition process of
biomass conducted under inert gas protection and high temperatures.
In addition to CMs, the products of biomass pyrolysis include biofuels
and biogases!®"). Factors, including heating rate, pyrolysis time, and
final temperature, have a significant effect on the morphology,
porosity, degree of disorder, and lattice spacing of BDCMs!$2. Pyrolysis
methods can be widely used for various biomass sources to produce
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BDCM anodes with high yield for PIBs, including ACs, GLCs, HCs, and
others!®3], However, in large-scale production, uneven heating and
high energy consumption are intractable key issues.

Hydrothermal carbonization is a process that converts biomass
into carbon materials in a sealed container under high tempera-
tures (180-250 °C) and pressures (2-10 MPa)®4, Several factors
can influence the size and morphology of BDCMs prepared by
hydrothermal carbonization, including the concentration of the
raw material, solvent, pH, and pressuref®3. Compared with pyrolysis
biochar, hydrochar has a lower carbonization degree, which indi-
cates the lower thermal stability; therefore, hydrochar usually
cannot be directly used as anodes for PIBs!®%. However, abundant
oxygen-containing groups and a high degree of disorder make
hydrochar suitable for the reversible intercalation and de-intercala-
tion of larger-sized potassium ionsl#”], To obtain BDCMs with a high

carbonization degree, hydrothermal carbonization should be further
treated to prepare high-performance anodes for PIBs.

Microwave carbonization achieves the carbonization of biomass
by promoting internal molecular interactions within the biomass,
thereby generating heat and inducing the carbonization process!l.
This process has been regarded as an alternative to conventional
pyrolysis. Microwave power, microwave frequency, and the micro-
wave absorption capacity of biomass all significantly affect the
carbonization process and the characteristics of the resulting
BDCMs. Microwave carbonization has the advantages of rapid heat-
ing rates and uniform heating, which can improve reaction rates and
energy efficiency. Biomass requires drying before conventional
pyrolysis carbonization, but it can be utilized directly in microwave
carbonization. In addition, microwave-assisted pyrolysis can achieve
instantaneous heating of feedstock by allowing for an instant on/off
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control, reducing the impact of heat transfer. Moreover, the micro-
wave method not only simplifies operation but also increases pro-
duct quality®.9), The pronounced selectivity of microwave heating
primarily arises from variations in dielectric constants among diffe-
rent biomass materials. These variations stem from differences in
ash content, oxygen-containing functional groups, particle size, and
moisture content, all of which influence the efficiency of microwave
carbonization. To address this challenge, several strategies have
been reported in the literature®l. One effective approach involves
the use of microwave absorbers to enhance the dielectric proper-
ties of biomass. By adjusting the dosage of such additives, the
dielectric constants of different biomass feedstocks can be tuned to
comparable levels. For instance, Mattia et al. added silicon carbide
as a microwave absorber to olive tree pruning residues®, This addi-
tion enabled the system temperature to reach 700 °C within 21 min,
yielding BDCM s at a rate as high as 60%.

Comparison of carbonization methods

As Fig. 11 shows, the carbonization methods mentioned above
provide insights into the preparation of BDCMs for practical appli-
cations, and different approaches have their own advantages and
disadvantages. Slow pyrolysis is one of the most popular carbonization
methods for converting biomass into various BDCMs, whose specific
surface area is relatively large, and the reaction time of carbonization is
shorter than that of the hydrothermal carbonization method. However,
the biochar from biomass pyrolysis usually cannot be directly used
as anodes for PIBs; therefore, further activation is necessary, and
pretreatment of biomass before pyrolysis is also an effective way to
obtain high-quality BDCMs. Compared with pyrolysis, hydrothermal
carbonization exhibits lower energy consumption and better morpho-
logical control of the resulting hydrochar; however, its poor porosity
necessitates additional activation processes. Different from conventio-
nal pyrolysis, the heating rate of microwave-assisted pyrolysis is usually
faster, and pretreatment, such as drying, can be omitted. However, raw
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Fig. 11 Main carbonization methods, their influencing factors, merits, and demerits.

materials often require additional microwave absorbents, and econo-
mic feasibility remains uncertain for future applications®?.

Activation methods

BDCMs prepared by direct carbonization often exhibit an unfavorable
pore structure and cannot be directly used for potassium storage;
therefore, they require further modification. Activation is the most
effective approach to prepare porous BDCMs, including chemical
activation and physical activation. Both approaches can improve the
pore structure and morphological characteristics of BDCMs, thereby
increasing potassium ion adsorption properties.

Physical activation

Physical activation is generally conducted in the presence of oxidizing
gases, primarily including air, steam, or CO,. These gases remove the
residual products in the char pores through gasification reactions
within a temperature range of 350-1,000 °C, during which closed
pores can be opened. Then, more porous structures and improved
potassium ion adsorption properties can be achieved via complex
reactions. Among common activation gases, CO, has been the most
widely used to activate char due to its low price, easy availability, and
abundance. In addition, CO, can etch the char and develop porous
structures within the carbon skeleton®. Viewed from the whole
process, the two greatest advantages of physical activation are the
absence of environmental pollution and a simple production process;
however, high energy consumption and long activation time are the
main factors that restrict the wide application of physical activation
methods.

Chemical activation

Chemical activation is the main method for preparing porous BDCMs.
Many chemicals can serve as activating agents of chemical activation,
including H3PO,, KOH, NaOH, K,COj3, ZnCl, and others®. In addition to
creating abundant pore structures, chemical activators can etch the
carbon surface to make it rough, which is beneficial for potassium ion
storage. However, excessive activators can cause pore collapse, leading
to a decrease in specific surface area and consequently a decline in the
electrochemical performance of BDCM anodes™. Although chemical

activation is a widely used method for producing BDCMs, it often
involves harsh reagents that require extensive post-treatment, corrode
equipment, and pose environmental risks®”%. Thus, the development of
environmentally friendly activators is essential to ensure both effective
activation and ecological sustainability. For example, Muhammad et al.
used sodium oxalate as a green activator in the co-pyrolysis of date
seed powder. Upon heating to approximately 500 °C, sodium oxalate
decomposes into sodium carbonate. As the temperature increases to
around 700°C, sodium carbonate further decomposes to produce
sodium oxide and carbon dioxide. At 800 °C, sodium oxide breaks
down into metallic sodium and carbon monoxide, while carbon
dioxide is simultaneously reduced by carbon in the system. These
reactions promote carbon gasification, thereby significantly increasing
the porosity. Metallic sodium plays a critical role by intercalating into
the carbon matrix, inducing lattice distortion and swelling. Although
subsequent water washing removes the sodium, the altered carbon
structure remains, resulting in a unique porous microstructure.

Conclusions and future perspectives

In summary, this review systematically summarizes different BDCM
anodes for potassium storage, discusses their respective advantages,
identifies existing challenges, and proposes several future research
directions along with corresponding solutions: optimizing the surface
electronic structure of ACs, for instance, through heteroatom doping,
can enhance cycling performance. Balancing the adsorption/interca-
lation behavior of K* in GLCs or HCs provides a viable strategy to
mitigate volume expansion. Furthermore, pre-potassiation is an
effective approach to improve the initial ICE of HCs and CDs, thereby
enabling high-energy-density PIBs. In terms of CAs, high cost is a major
factor limiting their large-scale application. Additionally, complex
preparation processes and prolonged synthesis times are pressing
issues that require urgent resolution. CNTs exhibit nearly ideal
performance as PIB anode materials, with the only constraint being
limited supply. Thus, selecting appropriate biomass precursors with
abundant reserves represents an efficient solution to this problem.
Future research on CFs should prioritize enhancing their porosity
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and graphitization degree. Moreover, carbonization and activation
methods significantly affect the morphology and electrochemical
performance of BDCMs, highlighting the need for greater attention to
the development of optimized preparation processes. Overall, this
review summarizes recent advances in different BDCM anodes for
PIBs. It is anticipated to serve as a valuable reference for researchers
designing advanced carbon-based anodes with excellent K* storage
capabilities for PIBs.
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