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Abstract: Batteries are the backbones of the sustainable energy transition for stationary off-grid,
portable electronic devices, and plug-in electric vehicle applications. Both lithium-ion batteries
(LIBs) and sodium-ion batteries (NIBs), most commonly rely on carbon-based anode materials and
are usually derived from non-renewable sources such as fossil deposits. Biomass-derived carbon
materials are extensively researched as efficient and sustainable anode candidates for LIBs and NIBs.
The main purpose of this perspective is to brief the use of biomass residues for the preparation of
carbon anodes for LIBs and NIBs annexed to the biomass-derived carbon physicochemical structures
and their aligned electrochemical properties. In addition, an outlook and some challenges faced in
this promising area of research is presented. This review enlightens the readers with valuable insights
check for and a reasonable understanding of issues and challenges faced in the preparation, physicochemi-
updates cal properties, and application of biomass-derived carbon materials as anode candidates for LIBs
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1. Introduction

With the earth’s human population growing to 8 billion, the energy demand is increas-
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example, the global grid-battery energy storage market has been forecast an annual growth

rate of 23% or even more by 2030. However, lithium (Li) is a very limited resource in
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the earth’s crust containing only 0.0017 wt.%, and their mining deposits are situated in
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Li, with an estimated 2.8 wt.% of total Na concentration in the earth’s crust [6,7]. In addition,
Na and Li have similar physical and chemical properties but differ in their energy density
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due to their standard electrode potentials: —2.71 V vs. SHE (Na*/Na) and —3.04 V vs. SHE
(Li*/Li) and different atomic radii [8]. However, NIBs have sluggish kinetics and lower
energy/power density compared to LIBs which slows down their massive employment in
mobile devices and electric vehicles; but allows NIBs to be employed in massive stationary
storage applications (e.g., grid energy storage) where energy density and battery size are
not critical factors [9,10].

One of the key parameters for efficient battery technologies (NIBs or LIBs) is the right
development of sustainable and high-capacity anode materials. Nowadays, graphite (Gr)
is the most common anode material for LIBs [11-13]. Carbon nanotubes and graphene
appear as important anode materials as well [14,15]. However, these types of carbonaceous
materials face serious drawbacks including high production costs, extremely complex
large-scale fabrication, and or non-sustainable routes/processes [16]. Then, it is highly
necessary to develop novel, eco-friendly, cheap carbon-based functional materials with
sustainable and scalable synthesis/fabrication processes [17]. Considering this statement,
carbon anode materials from biomass resources have gathered huge interest due to their
easy processing and handling, non-toxicity, and worldwide availability and abundance
of biomass resources [18-22]. Also, biomass carbon materials can be easily turned into
hierarchically porous structures to be employed in battery technologies due to their excel-
lent cycling stability and rate performance. Figure 1 represents an exponential increase in
the literature-reported related biomass anodes for LIBs and NIBs applications from 2012
to 2022.

The scientific society has responded to the request for sustainable bio-based elec-
tricity storage devices through a tenfold increase in scientific publications over the last
decade [19,21,23]. To date, plenty of research has dealt with biomass-derived carbon anodes
for batteries application [18-22]. Some main advantages of using bio-based carbon anodes
for batteries can be simplified into some main characteristics such as (i) large interlayer
spaces that provide excellent physical-mechanical stability during ion intercalation/de-
intercalation process [24]; (ii) different and large amounts of surface functionalities that
boost the charge transfer [25]; (iii) high specific surface area (SSA), well developed pore
structures with different nano-sizes, and good thermal stability, fast mass transports; (iv) the
surface and structure of the bio-based carbons can be easily modified/tailored, in terms
of its chemical structure and surface functionalities, e.g., by heteroatom doping (Nitrogen,
Oxygen, Sulphur, etc) to boost the electrochemical performance (e.g., lifetime, capacity
and safety) [26]; (v) wide availability /accessibility facilitate the developing of multiple
carbon anodes using different types of biomass carbons and composites by simple synthesis
methods [20-22].

To obtain high/performance and suitable anode materials for LIBs and NIBs, rele-
vant biomass-carbon anode material properties—such as the porosity and pore structure,
interlayer spacing, structural defects, and number and type functionalities—need to be
tuned. By employing carbon anode materials from biomass, it is possible to simplify the
process significantly and switch to renewable and eco-friendly feedstock. This review
shows different strategies for the employment of biomass residues as sustainable and
efficient precursors to fabricate carbon anodes for LIBs and NIBs. It mainly focuses on the
relationship between the composition of biomass precursor and synthesis method to physic-
ochemical properties of biomass-derived carbon nanostructure over their electrochemical
performances in LIBs and NIBs. In addition, this report is of further interest to scientists
who seek out novel, easy fabrication, and low-cost anode materials from different types of
biomasses, which opens new avenues in the fabrication/development of next-generation
sustainable and high-energy density batteries.
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Figure 1. (a,b) A schematic and working principle of LIBs (Reproduced from [9] with permission
from MDPI) and NIBs (Reproduced from [10] with permission from Wiley). (c¢) The number of
published articles from 2012 to 2022 for “biomass anodes for lithium-ion battery” and “biomass
anodes for sodium-ion battery” (Web Source: Science Direct).

2. Li-Ion Batteries (LIBs)

Lithium-ion batteries (LIBs) are the well-established and more dominating battery
technology and are already the most widely used in our society. It has been an enabling
technology for portable electronic devices and is revolutionizing the automotive indus-
try [3,27]. To achieve a better energy transition, high energy density batteries are intensively
researched worldwide, LIBs having emerged as one of the most promising energy stor-
ages [28]. LIBs are increasing in popularity despite rising prices and uncertainty around
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sourcing component materials. However, due to the rising demand and unequal geographic
distribution, Li and Gr are becoming ever-increasing strategic resources [17]. LIB uses
LigTi5O15 (LTO) or Gr as the anode and lithium cobalt oxide (LCO), lithium iron phosphate
(LFP), lithium manganese oxide (LMO), lithium nickel-manganese-cobalt (NMC), lithium
nickel-cobalt-aluminum oxide (NCA) as cathode materials [28,29]. Almost 95% of the
world’s LIBs are produced in Asian countries like Japan, South Korea, China, and Taiwan.
However, Gr has been used widely as anode materials for LIBs and could not meet the
requirements due to the limitations in energy capacity and reliable operation. Alternatively,
several anode materials have been widely investigated and tried to replace Gr, such as
silicon, tin, and simple binary transition metal oxides [30-32], even Li metal for solid-state
batteries, and especially, biomass-derived carbon materials with special morphologies and
structures because these, generally, exhibit high specific capacity.

3. Sodium-Ion Batteries (NIBs)

Sodium-ion battery (NIB) is a type of rechargeable battery like the LIB but uses
sodium ions (Na*) as the charge carrier. NIBs have several advantages over competing
for battery technology, but furthermore, research and development are still needed to
fully exploit them [33-35]. Several companies are developing commercially viable NIBs
for different applications, but NIBs with high energy densities, excellent electrochemical
performance, and high stability are not yet commercialized though a couple of companies
have announced imminent productions (for example, CATL and BYD). If the cost of NIBs
is further reduced, they will be favored for energy storage in grids, where battery weight
is not important [35-38]. The NIBs are electrochemical energy storage devices like LIBs
because both are working in the same principle (intercalation and deintercalation). Then
the question is why we should concentrate on NIBs rather than LIBs, even though they
have lower energy density [39-41]. LIBs materials, mainly Li, are not abundant in nature.
However, researchers are looking for alternative batteries for electric vehicles to protect
against energy crises and global warming. Once the demand for electric vehicles increases.
It can automatically increase the demand for batteries. Hence, it should create a big problem
in the supply chain process due to the deficiency of Li sources. It is noted that the solution
to this Li shortage problem has been fulfilled by NIBs because of their abundant nature,
low cost, etc. Therefore, the research on NIBs might capture more attention [42,43].

NIBs were originally developed in the early 1980s, approximately over the same time
period as LIBs. During this time intercalation process of TiS, could be tested for both LIBs
and NIBs. In 1990, low-cost, moderate-capacity graphite anode was also tested for both
battery chemistries. The LIBs battery shows a better output than NIBs. This was the reason
for ignoring NIB. Then, development based on Na metal batteries is highly focused because
of their energy density. These devices are only working at elevated temperatures (300 to
350 °C) for ensuring the liquid state Na (melting point 98 °C). Here, (sodium (3* alumina)
solid-state electrolytes (“-alumina”) were used as the ion transport medium. However,
the poor power density, security issues, and more expansive implementation of the bat-
teries again stop its development. Room temperature NIBs are widely recognized as the
alternative candidates for LIBs [44]. NIB comprises of cathode, electrolyte, separator, and
anode. The cathode should be reversibly accommodated Na* at a voltage greater than
2 Vvs. Na/Na*. In oxide-based cathode compounds, Na* occupies only octahedral or
prismatic sites because the large size of Na* exhibits less stability with four coordinates
(tetrahedral) than Li-ion. On the other hand, polyanionic materials have octahedral intersti-
tials in their structures. These cathodes look promising candidates for NIBs [42]. At room
temperature, organic electrolytes have superior electrochemical properties for NIBs. This
organic solvent is a mixture of propylene carbonate (PC), ethylene carbonate (EC), diethyl
carbonate (DEC), and ethyl methyl carbonate (DMC) with sodium salt NaPFg. It can have
good ionic conductivity, chemical stability, and potential window. The successfull anode
must have a lower voltage (less than 2 V) and act as a good host for Na* [42].
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4. Biomass-Derived Carbon Materials-Syntheses and Properties for LIBs and NIBs

As mentioned in the earlier, many carbon allotropes and textures like Gr, CNT,
graphene etc, although, pronounced good electrochemical reversibility [45] but face critical
challenges due to complex synthesis methods and high production costs and hence, temper-
ing their large-scale production [45]. Thus, the preparation of carbon-based materials from
sustainable resources such as biomasses is of great interest because biomass is a widespread
worldwide, non-toxic and inexpensive resource. In addition, it can be easily processed into
porous and rich in functionalities materials, which are good requirements for battery appli-
cation. Carbon materials derived from biomass precursors can contain desired/suitable
properties e.g., SSA, different pore structures (micro and meso pores), the high number of
functional groups on its surfaces, adjustable hydrophilicity, and conductivity [19]. Thanks
to all these properties, they can be successfully employed as anode materials for LIBs and
NIBs [19].

Carbon materials are commonly classified into two main categories, graphitizable (soft
carbons) and non-graphitizable (hard carbons). Soft carbons can be tuned into graphite
while subjected to very high temperatures (>2000 °C), while hard carbons are hardly
graphitized even at 3000 °C. Figure 2 shows the basic structure of Gr, soft, and hard
carbons. The type and composition of the carbon raw material strongly influence the
graphitization degree of the carbon material. A high graphitization degree is facile achieved
with aromatic precursors (coal tar and petroleum pitch) that easily form non-porous soft
carbon materials [19]. On the other hand, carbon materials from biomass, which have much
less aromatic structures, can provide well-developed porous and amorphous structures
(hard carbons) [46]. Hard carbon is largely reported as an excellent candidate for NIBs but
also a promising candidate for LIBs, thanks to its excellent cyclability and high physico-
chemical stability [19]. However, unlike Gr, the most detailed electrochemical mechanism
for LIBs using hard carbon remains unknown. Gr in LIBs form stable intercalated LiCg
that delivers a moderate theoretical intercalation capacity of 372 mA h g~!, while its
intercalation capacity for NIBs is far from satisfactory, delivering only 35 mA h g~! for
with NaCgq, thus graphitic structures are not desired for NIBs application. The literature
reports that hard carbons can reach a very high LIBs specific capacity (21000 mA h g~ 1),
much higher than (~three times that of Gr anode) which is highly promising for very high
energy density LIBs [47]. For NIBs, hard carbon can also have extraordinary performances.
Tian et al. [48] prepared a composite of Phosphorus/hard carbon from a coconut shell by
filling red phosphorus nanoparticles into the pores of the hard carbon. The composited
hard carbon contained nearly half of its weight (wt.%) of P in its structure. When it is
applied as an anode in NIBs. The material delivered an extremely high reversible capacity
of 2481 mA h g1 at 50 mA g~! with a higher 89% initial Coulombic efficiency (ICE) and
after 100 cycles, the material displayed a capacity of 93 mA h g~! at0.5 A g~!, and keeping
a ICE of 89%.

The literature shows that the properties of carbon materials are widely dependent
on pyrolysis conditions, especially temperature. Figure 3 summarises the main features
of the carbon materials versus pyrolysis temperature. These features play a huge role in
electrochemical performances of carbon materials when employed as anodes for battery
applications [19,47]. It is well known that other pyrolysis and preparation parameters such
as type of biomass and its composition, pyrolysis time, used catalyst, heating rate, and
reaction atmosphere, do influence the carbon material’s final properties and that all these
parameters act concomitantly [49].
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Figure 2. Schematic structures of Gr, soft carbon, and hard carbon. Reproduced from [19] with

permission from Elsevier.
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Figure 3. Variation in biochar properties with an increase in pyrolysis temperature conditions.
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During the carbon material formation, the surface functionalities and oxygen contents
tend to decrease with the increase of the pyrolysis temperature because O and H atoms
are released into the gas phase due to the volatilization process of the biomass compounds
and cracking of the residual char [49]. Carbon materials when used as anodes in batteries,
surface functionalities, and oxygen content are very important features because they can
also boost the batteries capacities and power densities. After all, the oxygen functionalities
can drive uniform Li deposition without the formation of dendrites [50].

Zhao et al. [51] studied the presence of oxygen functionalities on mesoporous carbon
anodes in NIBs and showed that that carboxylic acids (-C=OOH), ketones (R,C=0), and
lactones (-C(=0)-O-) slightly reduced the intrinsic electronic conductivity of the carbons,
while the presence of carboxylic anhydrides and quinones increased electronic conduc-
tivity. They reported that these groups and lactones have the best affinity toward Na*
adsorption. In another work, Sun et al. [52] synthesized carboxyl-rich carbon surface
with up to 20.12 atomic wt.% oxygen content. They found that -COOH groups acted
as active sites for Na* capacitive adsorption by electrostatic interactions which boosted
the NIB storage capacity. Wang et al. [53] corroborate that the oxygen functionalities
such C=0 and COOH improved the reversible charge capacity and ICE of the carbon
anodes. Although surface functional groups (like -COOH) have a beneficial effect on
electrochemical performances, they can have negative affect because of the formation of
thick solid-electrolyte-interface (SEI) layer which lead to the largely irreversible loss during
the first cycles [54]. Ventosa et al. [55] reported that the irreversible charge loss of a LIB
increased with higher amount of oxygen functionalities due to the formation of a thicker
SEI layer. Therefore, the less O content and more C content is beneficial. The literature
shows that oxygen-containing functional groups suffer huge reduction with the increasing
of pyrolysis temperature [56].

Heteroatom doping is the most employed strategy to introduce functionalities on
biomass-derived carbon surfaces [25,57,58]. The heteroatom doping induces electron
density changes that alter the polarity of the carbon surface, promoting the formation of
binding sites for molecules or ions, and making the surface catalytically active for different
reactions including in batteries [57]. Among heteroatom doping nitrogen (N) is the most
performed one [25,57,58]. N doping introduces high electronegativity and creates many
defects within the carbonaceous matrix which can also increase the SSA [25]. Besides, N acts
as an electron donor that gives more electrons to the delocalized carbon network, increasing
the electronic conductivity and therefore, boost the Li* and Na* storage capabilities. Other
common heteroatoms used for carbon material doping are sulfur (S), boron (B), fluorine (F),
and phosphorus (P) and they are active in the same way as N doping by often being used
to improve electrochemical performances of biomass-derived carbon anodes [57].

Among the properties presented in Figure 3, the electrical properties, and especially
electrical conductivity (EC), is well-known to play a pivotal role in the performance of any
anode material. The EC of porous carbons largely influences electrode electrochemical
performances in energy storage device applications [19,59]. The EC is largely influenced
by the pyrolysis condition and many reports show that the conductivity of the carbon
materials increases with pyrolysis temperature [60-63]. The increase in the EC at higher
temperatures may be explained by the chemical decomposition of the biomass turning
it into a carbon structure with a high degree of sp? structures [63]. In addition, at higher
temperatures, graphitic crystallite structures appear within the carbon matrices, and at
lower temperatures, these structures can be embedded within or between the amorphous
carbons resulting in low EC values [63]. It is worthwhile to mention that doping the
carbon materials with heteroatoms is an efficient technique to increase the EC [64]. The
introduction of heteroatoms such as N, S, B, P, etc., into carbon materials, offer the possibility
of tailoring not only their structural but also their electronic properties (Figure 4). Mousavi
and Moradian [64] studied the effect of N and B doping on carbon materials EC properties
and found that this is an efficient technique to boost it. They reported that the insertion of
a heteroatom in the carbon structure leads to an increased electrical conductivity due to
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electron excess in the delocalised 7-system, creating structural defects in the carbon bonds
and then changing the electronic configuration of the carbon materials [64,65].

o Carbon
Boron

QD Nitragen
Sulphur

QD Phosphorus

N-doped carbon ‘oped carbon

B-doped carbon

Carbon P-doped carbon

& P

Dual-clement doped carbons Triple-element doped carbons

Figure 4. Scheme of various heteroatom-doped carbons. Reproduced from [57] with permission
from Wiley.

Another heteroatom that is efficiently used for improving the anodes electrochemical
properties is sulfur because it enhances the interlayer distance of carbon structure due to its
larger covalent diameter, which reflects in an improvement of Na* intercalation [66]. Sulfur
creates C-54-C (x = 1, 2) covalent bonds, which enhance the carbon anode electronegativity
resulting in better values for the reversible storage of Na* and improving its reversible
capacity. Boron doping also enhances the lattice expansion which can be beneficial for Na*
storage but also Li*. Doping the carbon materials with fluorine (fluor) is also extremely
beneficial for both Na* and Li* storage, fluorine creates carbon materials with boosted
electrical conductivities which improves the Na* and Li* adsorption [67]. Zhang et al. [64]
prepared F-doped mesoporous carbon with 8.35 at % of fluor. The F-doped materials had
its interlayer spacing enlarged to 0.402 nm, which is larger than the minimum required
for Na* ion insertion (0.37 nm) as predicted by theoretical calculations [68] that is highly
beneficial for Na* and Li* insertion/de-insertion process.

One of the most important porous carbon properties is the specific surface area (SSA,
in m? g~1) that often obeys the trend of increasing their values with the increase of pyrolysis
temperature placing these pyrolysis parameters as the widely influential to obtain higher
SSA values [69,70]. However, many reports show that the type of biomass source and
chemical or physical treatments employed also play a huge influence on SSA and pore
characteristics of the carbon materials. Guy et al. [69] statistically studied the effect of
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three variables (temperature, pyrolysis time, and KOH ratio) on the SSA of activated
carbon materials from tree wastes. The authors found that temperature had the most
positive effect on SSA values among all three parameters. The same trend was reported by
Bouchelta et al. [70] stating that the temperature largely affected the SSA and pore volume
values of carbon materials from date pits. Other reports found out same positive trends
between pyrolysis temperature and SSA [71].

For the efficient development of porous carbon materials, the activation step is crucial
to obtain materials with high SSA values. The activation can be either physical and/or
chemical that can take place during the pyrolysis in either a single or two-stage process. For
chemical activation, the biomass must be mixed with chemicals and the most commonly
used ones are ZnCl,, KOH, NaOH, H3PO,, K,CO3, and FeCls, etc. [72,73]. Each chemical
provides carbon materials with different porous structures, and they can be deliberately
used to obtain carbon materials with tailored /desired properties [72,73]. Glaydson Simoes
dos Reis et al. [72] studied the properties of carbon materials made with KOH and ZnCl,.
The materials were subjected to high pyrolysis temperatures (700 °C and 900 °C). The KOH
carbon material displayed an SSA of 1881 m? g~! while the sample made with ZnCl, exhib-
ited an SSA of 1294 m? g~!. Although is abundant in the literature that the SSA increases
with increasing temperature, it is known that at very high temperatures (>1000 °C), the SSA
values tend to decrease because of shrinkage of the biochar’s narrowing their pores leading
to collapsing their meso/microporosity at such extremely high temperatures. In another
work, Glaydson Simoes dos Reis et al. [73] employed four different chemical treatments
(KOH, ZnCl,, ZnSO4, and MgCl,) for the preparation of carbon materials. It was reported
that KOH produced a carbon with the highest SSA value (2209 m? g~ 1), followed by ZnCl,,
ZnSQy4, and MgCl, with respective SSA values of 1019, 446, and 98 m? g’l. In addition, the
different chemical treatments influenced the oxygen and carbon contents, (86.6% of C and
10.5% of O), (94.7% of C and 4.4% of O), (95.6% of C and 3.0% of O), and (97.0% of C and
2.7% of O), for KOH, ZnCl,, ZnSOy, and MgCl,, respectively.

To summarize, easily tunable biomass-derived carbon materials appear to be the
next generation of high-energy density anode candidates for LIBs and NIBs. To fit the
properties of the biomass carbon anodes to LIBs and NIBs requirements, the synergic
effects of combined factors previously discussed must be carefully evaluated during the
synthesis of the carbon materials. Pyrolysis, activation, and heteroatom doping strategies
must be properly understood and combined to achieve the optimal balance among the
most important physicochemical/electrochemical parameters for high energy and power
density biomass carbon anodes.

5. Biomass Carbon Anode for LIBs

Biomass-based hard carbon anodes avoid using critical Li, as in LTO and Gr. In
addition, the LIB anodes produced with Gr, carry a large CO, footprint and high costs [3,13].
Thus, especially, biomass-derived hard carbons have attracted attention as a sustainable
source for high-performing rechargeable batteries anodes. Extensive research are been
made for developing efficient and sustainable materials where many biomass wastes
are employed as precursors for carbon-based anode materials for LIBs. Biomass carbon-
derived materials have good and adaptable structural and functional properties, making
them suitable for use as anodes for LIBs. In addition, using biomass residues (and not
Gr) to produce efficient anodes would be both environmentally friendly and economically
advantageous. Sisal fibers are a kind of low-cost and renewable biomass resource and
offer excellent mechanical properties for LIBs. Xinliang Yu et al. [74] study the activated
carbons to provide good cycling stability and capacity from the hydrothermal activation
method derived from sisal fibers pyrolytic carbon as anode material for LIBs. The biomass
carbons derived from sisal fibers reported the honeycomb structure like morphology and
content of disordered carbon sheets. Celia Hernandez-Rentero et al. [75] reported that
environmentally sustainable anode material with irregular carbons from biomass from the
cherry pit and activated by either KOH or H3POj via the chemical method. The anode is
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paired with LiFePO, (LFP) cathode and delivered the specific capacity of 160 mA h g~!
and capacity retention of 95% for almost 200 cycles at C/3 rate. Dou et al. [76] synthesized
porous carbons derived from jute fiber through CuCl, activation and tested them as anodes
for LIBs. The carbon materials were named according to the amount of CuCl, JFC-0 (no
CuCly), JEC-6 (1:6 molar ratio of biomass: CuCl,), JFC-8 (ratio 1:8), and JFC-10 (1:10). Porous
carbon with specific surface area (SSA) up to 2043 m? g~! were reported for JEFC-8 and the
specific capacity was delivered equal to 580.4 mA h g~ ! at the current density of 0.2 C after
100 cycles, which is highest among all samples. The authors reported that this high capacity
was due to the (a) high SSA area that increases the active electrode/electrolyte contact area,
accelerating mass diffusion, (b) the presence of macropores that improves the transport of
electrolyte and enhance the Li* diffusion, (c) the high presence of micropores that acted
as deep trap sites for Li* storage and thus improving the capacity of Li* storage, and the
presence of mesopores provided ion-highways for ion transfer. These factors contributed to
the high Li* storage on the jute fiber carbon anode for LIBs. Table 1 represents the various
biomass-derived anode materials (sisal fiber, banana peel, bagasse, portobello mushroom,
coffee waste grounds, etc) and their performances for LIBs.

dos Reis et al. [77] produced activated biochars from wood wastes with different
SSA and pore structures based on its chemical activation (ZnCl,, Biochar-1) with SSA
value 1294 m? g~! and content of mesopores (96.1%). Activation with KOH (Biochar-2)
with higher SSA (1881 m? g~ ') and lower content of mesopores (56.1%). When employed
as anodes for LIBs, Biochar-1 exhibited much better electrochemical features compared
to Biochar-2, with excellent rate capability and higher capacities of 370 mA h g~ ! at
100 mA g~ (100 cycles), 332.4 mA h g~ at 500 mA g~! (1000 cycles) and 319 mA h g~ ! at
1000 mA g~! after 5000 cycles (see Figure 5a—c). The authors suggested that the excellent
physicochemical properties of Biochar-1 such as high percent of mesopores, more ordered
graphitic structure and the presence of nitrogen groups in its structure yielded much better
electrochemical performances when compared to disordered KOH activated biochar-2.
Nathan A. Banek et al. [78] produced biochar materials from dried chlorella (spherical)
algae and interconnected it with Gr (BCG) with controllable morphologies for LIBs. The
materials were tested as anodes for LIB that delivered a specific capacity of 357 mA h g~!
for 100 cycles (Figure 5d,e). Kaifeng Yu et al. [79] reported using wheat straw cellulose as a
precursor for carbon material. When it tested as anode materials, it delivered an irreversible
capacity of 1420 mA h g~! with a current rate of 0.2 C after 100 cycles. At a high current
rate of 5 C, the anode could deliver close to 1000 mA h g~ 1.
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Figure 5. (a) Charge-discharge of biochar —1 at various cycles; (b) rate capability and (c) long-cycling
profiles of biochars at different current densities. Reproduced from [77] with permission from ACS.
(d) The electrochemical performances of biomass carbon sBCG and MagEj (first 15 cycles of CE insect
plots). (e) The morphology of raw spherical algae and BCG. The BCG is interconnected graphite
fakes. Reproduced from [78] with permission from Springer Nature.
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Table 1. Comparative electrochemical performance of biomass-based carbon material anodes for LIBs.

Specific Initial Capacity Rate ;l"est
Biomass . Capacity (Dis- Retention (mA g-1), (Cy-
Source Synthesis Method Morphology S(lslg Xce é/re)a charge/CHARGE) (mA h cle)/Capacity Ref.
g (mAhg1) g D/(Cycles) (mAhg1)
Honeycomb
e Hydrothermal (disordered - -
Sisal fiber activation method  carbon layers and 616.4 646 550 (30) [74]
micropores)
high-temperature High dense
Banana peel OH activation banana peel 217 ~2150/1075 800 (300) 10,000 (10) ~100 [80]
method pseudo graphite
N, P co-doped
bagasse-based
Hydrothermal £assen 1307.21- 2000 (200)
Bagasse activation method sheet-like 2118.59 2347.56/1186.59 816.36 (50) 502 38 [81]
mesoporous
carbon
binder-free, and Carbon
Portobello current nanoribbon as 19.6 771.3/280 ~260 (700) - 182]
mushroom collector-free Li-ion free-standin
battery anodes &
high porous
spherical carbon
Mustard seed Hyd“’ttﬁeémal nanostructures 618 ~822/617 ~714 (550) 500 (10) 280 83]
metho in-situ doped of
heteroatoms (N, S)
: High temperature
Tamasr ‘“g plant L& activation porous carbon 103.51 ~1037/414 ~370 (100) - [84]
eeds method
high temperature :
Rice Straws KOH activation Hl%grlf)‘;;‘ms 3315 2041/986 - 744 (5) 257 [85]
method
. KOH and H3POy4 Disordered
Cherry Pit activation, carbons 1662 ~1300/300 200 (200) 1860 (5) 70 [75]
High temperature Micro-
Jute Fiber carbonization in mesoporous 1028.614 1173.3/534.1 427.2 (100) 1860 (10)171.6  [86]
open atmosphere carbon
mechanochemical
dry milling of
Coff " spent coffee Non-porous
o rg‘fnvlfjss € grounds followed carbonaceous <10 764/ ~380 285 + 5 (100) 1000 (10) 150 [871
& by further materials
carbonization at
800 °C
pyrolysis and ball Spruce hard _ ~
Spruce wood milling method carbon 61 400/250 300 (400) 1488 (10) ~110 [88]
Mesoporous
Gold beard pyrolysis and KOH carbon powder 1107.447 788.99 297.283 (200) @ 5000 (-) 334.10 [89]

grass pollen

activation method

from bee-collected
pollens

2000

6. Biomass-Derived Carbon Anode for NIBs

Since the commercialization of LIBs, significant amounts of carbonaceous materials
have been highly recognized as an anode because they have high surface areas. In particular,
one of the carbonaceous materials Gr acts as a host for Li-ions because the high degree
of structural ordering with interlayer distance is 3.35 A. When 0.76 A the ionic radius
of lithium-ion is inserted into the Gr layer, its volume expansion could be observed at
about 10.4%. The theoretical specific capacity for LiCg is 372 mA h g~!. This Gr is not
suitable for the NIB anode. For understanding the limitations properly, the properties of
the carbonaceous materials should be discussed. Normally, the Gr is a crystalline form of
carbon (ordered) with a well-defined diffraction peak in the plane (002), and it is a good
electron conductor. It also reacts with electrolytes forming the SEI layer. The stable SEI is
helpful to maintain the cell more stable during cycling. While implementing the same Gr
in NIB exhibits a very poor specific capacity of 35 mA h g 1. Considering that the specific
capacity of K* with Gr is 279 mA h g~! and the Li, Na, and K ionic radius is 0.76, 1.86, and
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227 A respectively, a larger ionic radius is not only the cause of poor specific capacity. Then,
what does hinder the intercalation process, especially for Na*? From the computational
investigation [90], it was found that only negligible amounts of Na* contribute to the
intercalation process due to the thermodynamic instability of intercalated Na*. During the
intercalation process the as-mentioned alkali ion act as an electron donor concerning the
Gr layer. Once it is stacked inside the layer, based on interaction with carbon molecules in
the Gr layer, they form different compositions and crystalline phases. For example, LiCq
or KCg in the case of Li and K respectively. Whereas, for sodium, low sodium content
phases are found, for instance, NaCyg, NaCgsq and NaCgg [91,92]. Compared to Li and K,
Na has a higher stage index than Na. To increase the amount of Na in the graphite anode,
other carbonaceous materials would be investigated. The better choice is hard carbon. The
adjective “hard” refers to the reluctance of transforming from non-Gr to Gr form at elevated
temperature. Therefore, it is named hard carbon (non-graphitizable carbon) and it can be
identified using diffraction peaks broadness of the (002) reflection.

Gr-based materials, alloys, transition metal oxides, and other materials have been
widely studied as promising anodes for NIBs. Among these materials, alloys, and transition
metal oxides are suffering from poor electrochemical performance and larger volume
expansion [17,92]. Therefore, biomass-derived carbon materials are the most suitable
materials for practical application and attracted as a low-cost and more resource-abundant,
high conductivity, and environmentally friendly material and possess high electrochemical
performances when employed in NIBs. Still, hard carbon limits the practical applications
for NIBs, due to the poor cycling stability. Gejun Shi, et al. [93] used cocklebur fruit as
biomass to intercalate with N/O co-doped hard carbon via the pyrolysis heat treatment
method. The highest synthesized temperature 1100 °C (H1100) of biomass anode delivers
an excellent capacity of 366.07 mA hg~! with 69.08% ICE. From this approach, the N/O
groups and Gr stabilizes and enable the high energy density of NIBs (Figure 6a,b). Hai-
Yan Hu et al. [10] reported using waste bagasse biomass as a carbon source to produce
hard carbon anodes by high-temperature thermal decomposition using various processing
temperatures (900, 1000, and 1100 °C). This anode promises long-term stability of 91.5%
capacity retention over 800 cycles with a current rate of 1000 mA g~!. Tested as a full cell
having O3-type Na[Lig 05Nig3Mng5Cup1Mgp 05]Oz as a cathode, the hard carbon anode
delivered a high specific capacity of 112.2 mA h g~! at the current rate of 0.1 C and voltage
range of 1.9-3.9 V (Figure 6¢,d). Table 2 represents an overview of biomass precursors,
methods for processing biomass, morphology, and electrochemical performance of NIBs
for the recent research progress.

Table 2. Comparative electrochemical performance of biomass-based carbon material anodes
for NIBs.

Specific Initial Capacity Retention Rate ;l"est
Biomass . Capacity (Dis- mA h (mA g—1), (Cy-
Source Synthesis Methad Morphology S(gggciné/re)a charge/CHARGE) g~1)/(Cycles)/Current cle)/Capacity Ref.
-l (mAhg1) Rate (mA g~ 1) (mAhg1)
facile high
bagasse- temperature heet structu
derived hard thermal sheet structure 923 242.1/331.3 ~100 (1000)/1000 25 (5)~331 [10]
carbon decomposition (HC 1000)
method
carbonization
Canlphi‘(’f wood followed by o F;"ﬁ";s 3.74 ~324.6/391.8 268.1 (200)/20 20 (50)~319 [94]
esidues pyrolysis method orphology
High temperature rod like
Tea tomenta treatment method morphology 13.92 ~326.1 ~262.4 (100)/28 - [95]
carbonization
cucumber stem  followed by KOH - 1988.90 ~1200/458.6 198.6 (500)/50 - [96]

activation method
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Table 2. Cont.
Specific Initia} Capacity Re}:ention ( Rate ;l;es(t
Biomass . Capacity (Dis- mA mA g—1), (Cy-
Source Synthesis Method Morphology S(lslggce é/re)a charge/CHARGE) g~1)/(Cycles)/Current cle)/Capacity Ref.
- Tl (mAhg1) Rate (mA g—1) (mAhg1)
; sonochemical honeycomb-like
chickpea husk = " etho d morphology 1599 ~800/330 ~125 (500)/20 1000 (500) 125 [97]
seaweed High porous
iasedl carbon by high sheet like
11211:181;;1 temperature KOH  carbon structure 1641 1342/287 192 (500)/100 800 (10) 114 [98]
activation method
carbonization bﬁﬁe%gﬁ) rous
Cotton roll followed by o dphouo%’ 38 ~315 ~262.4 (100)/30 - [99]
pyrolysis method structure
drug residue HeaI;ter&a;?ent porous structure 989.7 ~801/- 402 (500)/100 - [100]
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Figure 6. (a) The cocklebur fruit used as a biomass and synthesis of carbon anode materials for NIBs.
(b) The electrochemical performance of first discharge and charge profiles for carbon materials with
different synthesis temperatures (900, 1000, and 1100 °C). Reproduced from [93] with permission
from Wiley. (c¢,d) The first three cycles of O3-Na[Lig 05Nig3Mng5Cug1Mgp05]02 (NaLNMCM) as a
cathode and hard carbon biomass as an anode, with a rate of 0.1 C and cycling profiles versus specific
capacity for the intermediate cycles with the constant current rate of 1 C. Reproduced from [10] with

permission from Wiley.



Batteries 2023, 9, 116

15 0f 19

7. Conclusions and Outlook

Given the need to develop more sustainable and greener battery systems, which also
depends on materials availability and sustainable processing required for the batteries. To
replace and /or compete with LIBs, NIBs are the most promising technology for large-scale
energy storage systems. Huge efforts have been made to fabricate anode materials for
high-performance LIBs and NIBs. Accordingly, this review addressed the employment
of biomass resources to produce carbon anodes correlating their structures, pyrolysis
behaviors, and controllable conversion with LIBs and NIBs energy storage applications.

Due to biomass natural abundance, sustainability, renewability, and morphological
and structural variety, it has become an extremely suitable candidate for fabricating ad-
vanced anode materials for high-performance LIBs and NIBs. The employment of biomass
carbon anode materials for LIBs and NIBs not only can speed up the development of greener
energy storage technologies but also can effectively tackle the key issues regarding high-
energy density, high safety, and low-cost devices. Therefore, designing a high-performance
and fully bio-derived energy storage device is pretty much needed.

However, although all the advantages, some challenges remain as follows:

Insufficient knowledge on correlating the biomass characteristics /composition and
biomass-derived carbon materials properties with desirable microstructures suitability for
LIBs and NIBs applications.

Insufficient knowledge on controlling and tailoring the pore geometry and interlayer
carbon spacing of the carbon materials, which are very important parameters for high-
performance anode materials; for that the use of chemical activators and heteroatom
dopants are suitable strategies, but their acting mechanisms are still unclear.

Biomass-derived materials ranging from inorganic multi-dimensional carbons can
contribute to sustainable battery systems and components. This review also offers a
comprehensive overview of the fabrication and application of biomass-derived materials
in LIBs and NIBs. In more efficient and economical ways, battery materials may be
available from biomass-derived materials. Anode materials are a prominent example of
this kind of chemical and are investigated by many research groups for LIBs and NIBs
applications. More attention should be paid to upgrading the processing technologies
to maximize biomass-based materials utilization with high efficiency and low cost to
accelerate upscaling and industrial applications. Overall, biomass-derived anode materials
are most promising for LIBs and NIBs, especially considering the environmental impact
arising from Gr extraction, which poses a huge problem across the world. In addition,
the recent growth in the production of EVs and the consequent ever-increasing demand
for LIBs and NIBs can drive industries to focus their attention on sustainable biomass
anode materials.
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