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Abstract: Sodium-ion batteries (SIBs) serve as the most promising next-generation commercial
batteries besides lithium-ion batteries (LIBs). Hard carbon (HC) from renewable biomass resources
is the most commonly used anode material in SIBs. In this contribution, we present a review of the
latest progress in the conversion of waste biomass to HC materials, and highlight their application in
SIBs. Specifically, the following topics are discussed in the review: (1) the mechanism of sodium-ion
storage in HC, (2) the HC precursor’s sources, (3) the processing methods and conditions of the
HCs production, (4) the impact of the biomass types and carbonization temperature on the carbon
structure, and (5) the effect of various carbon structures on electrochemical performance. Data
from various publications have been analyzed to uncover the relationship between the processing
conditions of biomass and the resulting structure of the final HC product, as well as its electrochemical
performance. Our results indicate the existence of an ideal temperature range (around 1200 to 1400 °C)
that enhances the formation of graphitic domains in the final HC anode and reduces the formation
of open pores from the biomass precursor. This results in HC anodes with high storage capacity
(>300 mAh/g) and high initial coulombic efficiency (ICE) (>80%).
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1. Introduction

Batteries are widely applied in portable electronics, electric vehicles, and large-scale
applications such as grid energy storage, and are recognized as being key elements in
realizing a carbon-neutral world [1]. Lithium-ion batteries (LIBs) are widely recognized as
the most attractive batteries due to their high energy density, long cycle life [2], stability,
compact and lightweight design [3], less environmental effect [4], and broad range of
applications [5]. With advancements in theoretical research and production technology,
lithium-ion batteries (LIBs) have gained dominance in the commercial battery market due
to improved system design and manufacturing [3]. However, limited lithium reserves
and uneven geographical distribution are expected to impede the long-term growth of the
LIB market and result in higher prices/kWh [6-8]. Hence, finding alternative commercial
batteries to supplement LIBs is imperative.

Sodium-ion batteries (SIBs) are considered a potential alternative to the lithium-ion
battery market, especially for large-scale energy storage applications [9], due to their phys-
ical and chemical similarities to lithium, as well as the cost-effectiveness and abundant
availability of sodium resources, as shown in Table 1 [10-12]. The energy density of a
battery is a critical factor in its performance and market viability. Currently, some compa-
nies have already released their commercial SIBs. Faradion has developed a SIB with a
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160 Wh/kg energy density, rapid charging efficiency, and excellent low-temperature perfor-
mance [13]. Natrium and CATL also produce SIBs with energy densities of 120 Wh/kg [14]
and 160 Wh/kg [15], respectively. Despite progress in the development of SIBs, there
remains a substantial gap between their energy density and that of commercial LIBs
(330 Wh/kg from CATL [15]).

Table 1. Comparison of Li and Na [10-12].

Li Na

Cation radius (nm) 0.076 0.106
Ionization energy (eV) 5.39 5.14
Electronegativity 0.98 0.93
Standard electrode potential (V) —3.04 —2.71
Molar mass (g/mol) 6.9 23.0
The ratio in Earth’s crust 0.0065% 2.83%
Price of metal (USD/t) [16] ~42,000 ~2325

The disparity is primarily due to differences in the materials used in the electrodes
and the reaction mechanism during charging and discharging. For instance, while graphite
is the typical anode material in conventional lithium-ion batteries (LIBs); attempts to
use it in sodium-ion batteries (SIBs) have been hindered as sodium has a larger radius
than lithium, making it difficult to form graphite intercalation compounds [17] with a
theoretic capacity of 35 mAh/g [18]. The most commonly used cathode materials for SIBs
are layered oxides, polyanionic compounds, and Prussian blue analogues. Among them,
layered oxides (Natrium [14]) and Prussian blue analogues (CATL [15]) have been used
commercially [19]. The options for suitable anode materials in SIBs are listed in Table 2.
Depending on the sodium storage mechanism of the anode material, sodium ion battery
anodes can be divided into three types: intercalated, alloying, and conversion, with the
latter two having higher theoretical capacities [20]. However, both alloying and conversion
materials experience significant volume expansion during the sodium storage process,
leading to electrode inactivation [12]. As a result, these anode materials are not yet mature
enough for commercial use in SIBs.

Table 2. Suitable anode materials in SIBs.

. . Theoretical Reversible Capacity  ICE Price
Material Storage Mechanism Capacity Example mAh/g o USD/kg Refs.
Intercalation Hard carbon
Hard carbon . g - from poplar 330 88.3 1.5 [21]
adsorption, filling
wood
Allovin Alloying reaction 30
n g’l 1;5) M + Na* + xe~ 300-750 Sn@C 4936 - (Sn [22,23]
T +*NaxM powder)
. . NazTi(,Olg, / 2400 B
Titanate Insertion 200 Na,TizO; 173.6 64.4 (NayTisOy) [24-27]
Transition Conversion reaction
+
metal oxide MOy + 2xNa™ + 400-900 Fe,O5 323 63 50 [20,28]
(CuO MoO ) 2xe (Fe203)
’ 2 +xNa,O + M

Hard carbon (HC) is the most widely used anode material in SIBs due to its superior
electrochemical performance and cost-effectiveness. The properties of some of the current
commercial hard carbons can be found in Table 3.



Processes 2023, 11, 764 30f 18
Table 3. Properties of commercial hard carbon materials.
Company 2 . 3 First Reversible ICE

(Product Name) D50 (um) SSA (m*/g) Tap Density (g/cm”) Capacity (mAh/g) (%) Ref.
BTR (BSHC-300) 6.0+ 1.5 <5.0 0.8+0.1 295+ 5.0 >88 [29]
BTR (BSHC-260) 6.0 £ 1.5 <5.0 09 +01 260 £ 5.0 >88 [29]
BSG (NHC-330) 9.25 3.58 0.77 3325 90.5 [30]

BSG (YHC-1) 9.1 527 0.65 294.6 89.2 [30]

JEE - 0.7-5.0 1.61(true density) >350 - [31]

The main source of HC is waste biomass, which is abundant and low-cost. Converting
waste biomass into high-quality HCs promotes the value-add application of solid waste,
increases resource efficiency, and supports a circular economy. However, the biomass
precursors have a highly oxygenated, crosslinked, and disordered structure [32], resulting
in an irregular HC structure that cannot be graphitized and makes it difficult to build a
standard model. Since the 1950s, many research efforts have been made in order to establish
models that can adequately describe the structures of HCs [33]. Nowadays, it is widely
accepted that the basic structural units of HC are randomly oriented stacks of hexagonal
carbon layers [34]. Their random orientation leads to the formation of nano-graphitic do-
mains with certain graphene layers, which provide storage sites for sodium ions [33,35,36].
However, there is still no clear mechanism for sodium storage in HC [37], and this has lim-
ited the further development of HC anodes. To address this issue, the current study gives a
review of renewable biomass-derived HC as SIBs anodes. The proposed sodium storage
mechanism, the influence of the biomass precursors, biomass carbonization parameters,
and the influence of HC structure on its electrochemical performance are presented. At last,
the relationship between carbonization parameters and HC electrochemical is investigated.

2. Sodium Storage Mechanism in HCs

The main structures of HC are surface defects, graphitic domains, and nanopores [12].
The graphitic domains are mainly determined by the following three parameters: (1) the
crystal thickness along the c-axis (L), (2) the crystal width along the a-axis (L)), and
(3) the d-spacing between graphene layers (dgp2) [17]. The XRD results are generally used
to calculate these three parameters [34]. The nanopores of HC are divided into open
and closed pores. They can be characterized by the micropore volume (V) and specific
surface area (5SA) evaluated by the BET analysis. Defects in HC include pores in the bulk,
dangling bonds, sp>-hybridized carbon bonds, and surface functional groups. Raman
spectroscopy is widely used to detect the structure of carbon material. There are 2 main
Raman bands for HC materials, namely the D peak between 1320 cm ™! and 1365 cm ™!
and the G peak between 1520 cm~! and 1600 cm ™!, The intensity or integrated area ratios
(Ip/Ig) represent a measure of material defects and disordered structures [38]. However,
there are no suitable parameters to quantitatively analyze surface functional groups. The
sodium storage mechanism in HCs has been continuously updated since the “house of card’
model proposed by Steve et al. [39]. So far, the following four main storage models have
been suggested: (1) an intercalation—pore filling model, (2) an adsorption—intercalation
model, (3) an adsorption—pore filling model, and (4) an adsorption-intercalation—pore
filling model [11]. Although there is no definite storage model, all of these models include
three types of sodium ion storage in HC, as shown in Figure 1: (1) Na* ions adsorb at the
defect sites on the surface; (2) Na* ions intercalate into graphitic layers; and (3) Na™ ions fill
the nanopores [40]. Overall, it can be concluded that the sodium-ion storage mechanism
is closely related to the HC structure. As a result, an optimized biomass carbonization
process plays a key role in the synthesis of HCs with a higher sodium storage capacity.
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Figure 1. Mechanism of sodium ion storage in HC anodes [40].

3. HC Synthesis Process
3.1. Biomass Precursor

A variety of biomass have been demonstrated to have the potential to become precur-
sor materials for high-performance HC anodes. Compared to other HC precursors such as
sugars and polymers, biomass precursors, with their wide range of sources, low cost, and
environmental friendliness, are undoubtedly the most promising green HC precursor mate-
rials [41]. Owing to the diversity of biomass, the selection of suitable and reliable biomass
raw materials depending on geographical conditions is crucial to the manufacturing of HC.
In some studies, biomass-derived HCs show promising electrochemical performance, but a
safe supply of biomass is hard to achieve.

3.1.1. Origin Biomass

Origin biomass refers to raw biomass that is used directly in HC processing after har-
vesting. Seaweed [42], cotton [43], and trees [21] are all common origin biomass precursors.
Origin biomass generally has a larger volume and a higher water content. These materials
require more pre-treatment steps, such as grinding, drying, acid washing, and pyrolysis,
to become suitable HC precursor materials [44]. In addition, these precursor materials
have other well-established applications and are inherently valuable. This makes them
inherently more expensive than other precursor materials. For example, timber prices in
the market are at 430 USD/MBF [45], approximately equal to 260 USD/t. Therefore, the
use of origin biomass as a precursor material for HC production would not only lead to a
complex production process, but also increased production costs.

3.1.2. Biomass By-Product

Biomass by-products are residues from the harvesting and processing of biomass and
are mainly classified as industrial, forestry, and agricultural biomass by-products. Industrial
biomass by-products are mainly derived from food or material processing. For example,
residual sugarcane bagasse from the sugar industry, which is currently at 145 USD/t on the
market [46]. Purna et.al obtained an HC anode with a capacity of 290 mAh/g and an ICE
of 70% using sugarcane bagasse as precursor [47]. Lignin, the by-product from the paper
industry, is also a widely used HC precursor material [48-50].

Forestry by-products are mostly residues from the tree harvesting process, such as
sawdust, roots, and bark. Compared to wood, these forestry by-products have a simi-
lar composition, but are more affordable. Sawdust, for example, is currently priced at
50-200 USD/t [51] and has greater potential as a HC precursor material.
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Agricultural by-products are mainly residues from the transformation of crops into
products. These include straw, stems, and leaves left over from the harvesting process, as
well as shells and peels from processing.

Agricultural by-products are a diverse and abundant source of material for biomass
waste. The type and quantity of agricultural waste may vary depending on geographical
conditions. For instance, Turkey produces an average of 0.5 Mt of hazelnuts annually,
generating a substantial amount of waste from hazelnut shells [52]. The United States,
being the top producer of corn with 383.9 Mt in 2021 /2022 [53], has an extensive amount
of waste in the form of corn straw and cobs. Meanwhile, China generates nearly 700 Mt
of straw waste annually [54]. In the view of this, the selection of HC precursors needs to
be made based on geographical considerations. Most of the agriculture waste biomass
by-product has been reported to have potential as a HC precursor material. A summary
of promising HC products derived from various agricultural by-products, including the
processing conditions and their electrochemical performances, are listed in Table 4. It can
be seen that the electrochemical performance of HCs is quite good, with a capacity higher
than 350 mAh/g, and an ICE higher than 70%.

Table 4. Comparison of agricultural by-products-derived HC anodes for SIB.

Precursor Carbonization Temperature Capacity mAh/g ICE% Capacity Retention Ref.
Shaddock peel 1200 °C 430.5 (at 0.03 A/g) 67.7 97.5% after 200 cycles [55]
Pinecone 1400 °C 370 (at 0.03 A/g) 85.4 90.3% after 120 cycles [56]
Mangosteen shell 1500 °C 330 (at 0.02 A/g) 83 98% after 100 cycles [57]
Lotus Stem 1400 °C 351 (at0.02 A/g) 70 94% after 450 cycles [58]
Waste cork 1600 °C 358 (at 0.03 A/g) 81 71% after 2000 cycles [59]

3.1.3. Biochar

Biochar, a product from biomass pyrolysis [60], is one of the commercial products that
is of interest as a precursor to produce HCs. Advantages of the use of biochar include safe
raw material supply and high carbon efficiency. Both types of biomass mentioned above
can be used in biorefineries and obtain the corresponding biochar products [61]. Compared
to biomass and biomass by-products, biochar has a higher carbon content (>70%) after the
pyrolysis process (300-900 °C) [60]. This means that there is a higher yield of HC in the
carbonization process and fewer by-products (syngas, bio-oil), which reduces the waste
treatment process and improves the economics. Moreover, the two-step heat treatment
process also increases the graphitization of the HC, thus improving the performance of
the HC anode [62]. However, biochar, as an energy product, is currently more expensive
on the market, at around 200-500 USD/t [63]. Meanwhile, after carbonization, the HC
structure still retains a certain degree of similarity to the precursor [32]. Rios used biochar
from four biomasses with similar C (50%), H (6%), and O (41%) contents as HC precursor
materials. HC anodes with different electrochemical properties were obtained under
the same conditions, including: pine (323.8 mAh/g, 85%), ash wood (280 mAh/g, 79%),
miscanthus (274.9 mAh/g, 80%), and wheat straw (224.4 mAh/g, 65%) [64]. This means
that the raw material for biochar still has a significant impact on HC performance.

The sources of all three types of biomass are limited by geographical as well as
industrial conditions. Therefore, the primary consideration in the selection of HC precursor
materials is the local condition. Secondly, the HC structure will vary depending on the
main components of the biomass precursor material (cellulose, lignin, or hemicellulose).
Therefore, the relationship between biomass type and HC structure must be explained in
order to establish the basis for precursor material selection. Alternately, the material can be
structurally modified to improve the HC structure. Finally, the economics of the production
process should factor into the selection of HC precursor materials. Based on the biochar
yield of the pyrolysis process and the carbon content in the biochar for these three types of
biomass material [65-67], to obtain 1t HC requires around 6 t of origin biomass (timber [68],
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water content is 20.9%; biocahr yield is 26%; carbon content in biochar is 81%; price around
1560 USD/t HC), 5.1 t of biomass by-product (sugarcane bagasse [69], water content is 6%;
biocahr yield is 25.6%; carbon content in biochar is 81.5%; price around 739.3 USD/t HC),
or 1t of biochar (carbon content above 99%; price around 500 USD/t HC (). Current prices
for high purity HC (300 mAh/g, ICE > 80%) for SIBs and LIBs are around 1500 USD/t [70].
Controlling raw material costs and improving the performance of the final HC product are
the keys to improving economics.

3.2. HC Production Process

Figure 2 illustrates the process of converting biomass into HC. Origin biomass and
biomass by-products can be transformed into biochar through a drying, grinding, and
pyrolysis process. Additionally, these three types of biomass can also be directly converted
into HC through high temperature carbonization at temperatures between 900 and 2000 °C
for a duration of 0.5 to 6 h with a certain heating rate. Figure 3 shows that during this
process, the biomass transforms into HC and small gas molecules precipitate out. The
carbonization process involves simultaneous dehydrogenation, condensation, hydrogen
transfer, and isomerization [33]. The final HC retains a non-graphitizable structure similar to
the precursor material due to the highly oxygenated, crosslinked, and disordered structure
of the precursor.

Biorefiner

Biochar ‘

Industry

Biomass
By-product

Physical treatment

Chemical treatment .

High-temperature
carbonization Pre-treatment

Sodium-ion
Battery

Figure 2. Processes involved in the production of hard carbon from biomass.
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Figure 3. Hard-carbon formation scheme as a function of temperature [33] (Published in Mate-
rials Today, Volume 23, 2019,Dou (s), Hard carbons for sodium-ion batteries: Structure, analysis,
sustainability, and electrochemistry, Pages 87-104, Copyright Elsevier (2023)).

Apart from the major carbonization process, an extra pre-treatment and post-treatment
may also be included to improve the precursor structure, HC electrochemical performance,
and economic process [32]. Specifically, these additional treatments include: acid wash for
high ash content precursor [71]; activation to alter porosity [71]; heteroatom-doping for
improving the surface chemistry of HC [72,73]; pre-sodiation to improve ICE and long-
term cycling performance of the HC anode [74]; and catalytic graphitization to reduce the
temperature requirement, and thus increase the economic process [75]. In the majority
of studies, a direct carbonization of biomass by-product precursors is conducted without
pre-/post-treatment. Therefore, the current review does not focus on the influence of the
pre-/post-treatment.

4. Influence of Biomass Processing Parameter on the HC Structure
4.1. Influence of Biomass Precursor

Biomass has vast sources and wide variations [76]. Lignin, cellulose, and hemicellulose
are the main components of biomass [77]. The proportions of the three components of
biomass vary considerably between biomass species. Even biomass originating from
different regions of the same plant might differ in composition and structure [77]. As a
result, the structure and properties of HCs are different [32]. Figure 4 gives a more specific
summary of the HC structure parameters (Ip/Ig, SSA, dgoz) derived from the different
biomass species under the same carbonization condition: 1200 °C for 2 h [56-59,78-83].
The different colored dots represent different biomasses. It can be seen that the properties of
hard carbon derived from different biomass species can greatly vary even under the same
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carbonization conditions. For instance, the hard carbon derived from Ginkgo leaves [84]
has a larger specific surface area and a higher ID/IG ratio compared to the hard carbon
derived from Tamarind fruits [83], even though they have similar d-spacing values (4.01 A).
Furthermore, the presence of inorganic impurities can vary among different biomass
precursors and have a significant impact on the structure and performance of the resulting
hard carbon [85]. High levels of inorganic impurities result in increased d-spacing, surface
defects, and SSA. This can negatively affect sodium ion storage, leading to an increase in
irreversible capacity loss in hard carbon anodes [86]. To mitigate this issue, it is crucial
to remove inorganic impurities from some biomass precursors through a process such
as acid washing. Thus, it is crucial to choose the right biomass precursor to achieve a
high-performing hard carbon anode.

(@) 160 (b).4o
Lotus seedpod
140 | 3.5
o Olive stone
120
3.0
Mangosteen shell
100 r
Tf‘\ 25 Walnut shell Waste cork
o0 ) o ° [ ]
g 304 Pinecone % Lotus seedpod Pinecone
< . n
) 2.0 o
60 Olive stone Date palm seed
@
o Date palm seed 1.5 4 Mangosteen shell — Tamariod fruits
L4 Corn straw pith ®
Walnut shell ° 1.0 4
201 ® Kapok fiber Waste cork °
® L] . A 1 Corn straw pith
Tamarind fruits
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3.6 3.7 3.8 39 4.0 4.1 3.6 32/ 3.8 3:9 4.0 4.1
d(A) d(A)

Figure 4. Hard carbon structure properties for different biomasses tested using the same condi-
tion (1200 °C for 2 h), including the relationship between d-spacing and (a) SSA, and (b) Ip/Ig.
(Pinecone [56]; Mangosteen shell [57]; Lotus seedpod [58]; Waste cork [59]; Olive stone [78]; Walnut
shell [79]; Kapok fiber [80]; Date palm seed [81]; Corn straw pith [82]; Tamarid fruits [83]).

4.2. Influence of Processing Parameters

According to the literature, the carbonization conditions, i.e., the processing param-
eters of HC, have a significant effect on the structure of HC [11]. The carbonization
temperature is the most studied parameter that determines the HC property. In general,
the increase in the carbonization temperature causes the HC surface defects to decrease,
graphite domains to grow, nanopore volume to decrease, and the structure tends to become
more ordered.

To further verify the effect of carbonization temperature on the structure of HC,
this review summarizes the data corresponding to the structural parameters of biomass-
derived HC with carbonization temperature in recent years. The results are presented in
Figure 5; the different colored dots represent different biomasses. As shown in Figure 5a,
the graphene lactic layer spacing for HC graphite ranges between 4.2 and 3.6 A. The dgg,
values, which indicate the distance between graphene layers, are observed to vary among
the different biomass precursors for a constant carbonization temperature. However, a
common trend is observed where the dgg, value decreases with increasing carbonization
temperature for all HC samples. The extent of this decrease, however, is dependent on
the specific biomass precursor used. These results are also consistent with the previously
reported data [87]. Figure 5b illustrates the correlation between the specific surface area
(SSA) and the carbonization temperature. At low carbonization temperatures, the SSA
values for HC derived from different biomass precursors span a wide range, from 0 to
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1000 m?/g. However, as the carbonization temperature increases, the SSA values of the HC
samples converge to values below 50 m?/g. This suggests that the rise in carbonization
temperature effectively reduces the surface area of the HC. Figure 5c shows the relationship
between the microporous volume (V) and the carbonization temperature. Although the
microporous volume decreases slightly with increasing carbonization temperature, closer
inspection reveals that the change in microporous volume for HC derived from different
biomass precursors is not uniform. For instance, the HC derived from Ginkgo leaves [84]
exhibits a fluctuation in V with rising carbonization temperature, while the HC derived
from Shaddock peel [55] exhibits an increase in V with increasing temperature. Further
research is required to fully understand the correlation between the microporous volume
and carbonization temperature. Figure 5d,e show the relationship between the graphite
domain size (L, and L) and the carbonization temperature. The size of La, which represents
the size of the crystalline domains in the a-axis direction, varies between 3 and 14 nm due
to the different biomass precursors. With increasing carbonization temperature, the size of
La exhibits an upward trend. Similarly, Lc, the size of the crystalline domains in the c-axis
direction, also shows an increase, although to a lesser extent. As the temperature rises
from 800 to 1600 °C, the Lc size gradually approaches a value of 2 nm from its initial value
of 1 nm, which is in agreement with previous literature [88]. These findings demonstrate
that while a higher carbonization temperature promotes the growth of graphitic domains,
it simultaneously decreases the d-spacing of HC. Figure 5f illustrates the relationship
between the carbonization temperature and the intensity ratio of the D band to the G band
(Ip/Ig ratio). The Ip/Ig ratio is mainly observed to range between 1.5 and 3.5. When
the carbonization temperature exceeds 1500 °C, the Ip /I ratio is found to converge to a
range between 1 and 2. Specifically, the Ip /Ig ratios of HC derived from Ginkgo leaves [84]
and Mangosteen shells [57] decrease from 2.5 to 1.31 and 2.03 to 1.49, respectively, as the
carbonization temperature increases from 800 to 1600 °C. This trend indicates that the
Ip /1 ratio decreases with rising carbonization temperature, tending towards a value of
approximately 1. This outcome reflects the non-graphitizable nature of HC, which retains a
significant degree of disorder even at very high carbonization temperatures. In conclusion,
the results suggest that as the carbonization temperature increases, the graphitic domains
grow, the surface area decreases, and the graphitization degree is increased, which is in
line with previous findings.
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Figure 5. Effect of the carbonization temperature on hard carbon structure: Effect of the carbonization
temperature on (a) doop; (b) SSA; (¢) V; (d) La; (e) Le; and (f) Ip /I [55,56,58,59,81,84,88-91].

5. Relationship between Structure and Electrochemical Performance of HCs

The HC structure is directly related to the sodium-ion storage method and contributes
significantly to the electrochemical performance. The correlation between the HC structure
and anode performance is summarized in Figure 6. The data are consistent with those
presented in Section 4, and the electrochemical data are from half-cell tests. Four structural
parameters, dop2, SSA, V, and the Ip /I ratios, are selected to characterize the three main
structures of HC: graphitic domains, surface defects, and nanopores. The main considera-
tion is the effect of the structure on the capacity and initial Coulombic efficiency (ICE) of
the HC anode.

Figure 6a illustrates the relationship between the interlayer spacing (d-spacing) and
the capacity of the HC anode. The data points are mostly concentrated in the range of
d-spacings from 3.6 A to 4.0 A, corresponding to capacities between 200 and 400 mAh/g.
The data points with high capacities, greater than 320 mAh/g, are primarily located in the
range of d-spacings from 3.75 to 3.95 A. Conversely, the capacities of HC anodes decrease
significantly for d-spacings greater than 4.0 A. This suggests that the d-spacing of HC has
a direct impact on the anode capacity, with the highest capacity achieved for d-spacing
ranging from 3.75 to 3.95 A. This is consistent with the findings of Au H et al. [34], who
reported that d-spacing values in the range between 3.7 and 4.0 A are most suitable for
sodium ion intercalation. Values below 3.7 A result in a high energy barrier for sodium
ion intercalation, while values exceeding 4.0 A lead to surface-like pseudo-adsorption of
sodium ions instead of intercalation [11]. Figure 6b shows the relationship between the HC
anode ICE and d-spacing. The data points are evenly distributed in the range of d-spacings
from 3.6 to 4.05 A, without a significant correlation trend. However, there is no established
theory to support that an increase in d-spacing improves the ICE performance.
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Figure 6. Relationship between hard carbon anode capacity and: (a) dogp; (c) SSA; (e) Vi; (g8) In/Ig
ratios; Relationship between hard carbon anode ICE and: (b) dog; (d) SSA; (f) Vi (h) Ip/Ig
ratios [55-59,78-84,88-91].
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Figure 6¢ reveals that the capacity of the HC anodes is evenly distributed for specific
surface areas (SSA) between 0 and 200 m?/g, indicating that the SSA does not have a
significant influence on the anode capacity. Figure 6d shows that all HC anodes with
ICE values greater than 85% have SSA values below 50 m?2/ g. Furthermore, for the same
biomass precursor, there is a noticeable increase in ICE as the SSA decreases. For instance,
for HC derived from date palm [81], the ICE increases from 67% to 88% as the SSA decreases
from 225 m?/g to 33 m?/g. In summary, the overall distribution of data points forms a
tapered pattern, with HCs exhibiting high ICE values tending to have lower SSA values,
and HC with low ICE values having more variable SSA values over a wider range. This
trend suggests that the SSA value directly impacts the ICE value, with lower SSA values
leading to higher ICE values. This is because the higher surface area can cause irreversible
sodium ion storage and the formation of a solid electrolyte interphase (SEI) layer, leading
to a reduced ICE value and anode performance.

Figure 6e and f demonstrate that the relationship between the microporous volume
and anode performance is not clear, as the data points are evenly distributed in the graph.
Figure 6g,h shows the relationship between HC anode performance and the Ip/Ig ratio.
The data points with capacities greater than 300 mAh/g are mostly located in the range
of Ip/Ig ratios less than 2.5, while the data points with ICE values higher than 80%
are mainly concentrated in the range of Ip/Ig ratios lower than 2.0. However, a clear
relationship between anode performance and ID/IG cannot be established. A combination
of factors affects the anode capacity, and the best performance is achieved with HC structure
parameters including d-spacing between 3.75 A and 3.95 A, Iy /1 ratios lower than 2, and
SSA less than 100 m?/g.

6. Proposed Relationship between Processing Parameters and the HC Performance

Combined with the results in Sections 4 and 5, the relationship between carbonization
temperature and HC anode performance is shown in Figure 7. As the carbonization
temperature increases, the capacity of the HC anode shows a parabolic trend, while the
ICE shows an upward trend. This is because the increase in carbonization temperature
leads to a decrease in the graphene lactic layer spacing, which is gradually suitable for
sodium ion insertion The optimal range of carbonization temperature is between 1200 °C
and 1400 °C, which allows for a dgp, value (3.75 A-3.95 A) that results in higher capacity.
However, as the temperature continues to rise, the d-spacing becomes too small (less than
3.7 A), leading to a significant increase in the energy required for sodium ion insertion,
resulting in a decrease in the HC anode capacity. Additionally, according to Figure 5, high
carbonization temperature causes the SSA value of HC to gradually approach a value below
50 m? /g, reducing SEI layer formation sites, and thus reducing the irreversible sodium ion
storage [47]. This results in a higher ICE value. The results also show different biomass
precursors (different colored dots) have different optimum carbonization temperatures.

Figure 8 summarizes the relationship between the synthetic route, HC structure,
and anode performance. The biomass precursors directly determine the structure of the
HC. Different synthesis conditions can be used to further optimize the HC structure to
achieve a better electrochemical performance. In the figure, the blue line represents the
two parameter having a correlation, the red line represents a positive correlation, and the
green line represents a negative correlation. It can be seen that an increased carbonization
temperature will lead to reduced surface defects and SSA value, which will increase ICE.
However, an excessive increase in the carbonization temperature will reduce graphite layer
spacing, thus reducing the HC anode capacity. This corresponds to the trend in the data
shown in Figure 7.
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7. Summary and Future Outlook

The rapid expansion of the sodium ion battery market is gradually driving up demand
for HC anode materials. Biomass, as a renewable, sustainable, and abundant material, is
a promising precursor material to produce HCs as SIB anode materials. The selection of
suitable and reliable biomass raw materials depending on geographical conditions is crucial
to the manufacturing of HC. Resource abundant and industrially available HC precursor is
suggested to be one of the essential points to consider in the coming HC studies.

Currently, biomass by-products originating from agroforestry and biochar originating
from bio-refineries are proven to make high quality HC materials and are available in a
stable supply. For example, sawdust waste from forest industries and lignin from paper
industries are of interest as HC precursors. HC production as the downstream industry of
the above enterprises is a very promising business model for the future. Resource efficiency
of the biomass waste is also important to consider.

There is still a significant capacity gap between sodium and lithium ion batteries,
mostly due to the limited capacity of HC anodes. Therefore, optimizing the HC structure
to increase the capacity of HC anodes is the most important factor in enhancing the
competitiveness of sodium batteries. This study reviewed the mechanism of sodium-ion
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storage in HC, the biomass precursor type, processing methods and conditions of the HCs
production, the effect of the biomass types and carbonization temperature on the carbon
structure, and the effect of various carbon structures on electrochemical performance. In
conclusion, temperature is a key factor affecting the structure of HC. As the carbonization
temperature increases, the specific surface area (SSA) of HC decreases, the graphite crystals
grow, the microporous volume decreases, and the structure tends to become ordered.
Therefore, the selection of the optimum carbonization temperature according to the type of
biomass is a central issue in HC production.
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Nomenclature

SIBs sodium-ion batteries

LIBs lithium-ion batteries

HCs hard carbons

SSA  specific surface area

dgo2  graphene lattice layer spacing

ICE initial coulombic efficiency

La the crystallite width along the a-axis
Lc the crystallite width along the c-axis
SEI  solid electrolyte interphase
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