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Sodium-ion batteries (SIBs) are one of the most promising candidates to replace lithium-ion batteries (LIBs) in
grid-scale energy storage applications. SIBs technology is still in an early development stage and new feasible and
low-cost active materials are required. The design of high-performance anodes and the fully understanding of the
sodium storage mechanisms are the main bottleneck to overcome. Hard carbons (HCs) are extensively studied as
anode material since sodium ions can be intercalated in pseudographitic domains and reversibly adsorbed in
surface edges, defects and nanopores. This review aims at providing a comprehensive overview of the current
state of knowledge of plant-derived HC anodes in SIBs, which can be helpful for researchers from different
backgrounds working in the field. Working principles of SIBs are summarized, together with a detailed
description of the Na-ion storage mechanisms in hard carbon anodes proposed to date. Finally, an exhaustive
literature review on the performance of plant-derived HCs in SIBs is presented, with special focus on the synthesis
pathways (including activation and/or doping treatments).

1. Introduction

Global warming and shortage of natural resources, together with a
progressive rise in energy demand, poses a challenge for energy pro-
duction, storage, and distribution. Despite the reduction in global CO,
emissions due to the COVID-19 pandemic, atmospheric carbon dioxide
concentration reached a record peak of 419 parts per million in May
2021 [1], a 50% increase above pre-industrial levels [2]. Since fossil
fuels still play a key role in the current energy scenario, development of
renewable, efficient, and profitable energy systems is a crucial challenge
for today. All the same, using the electricity generated from intermittent
renewable sources (e.g., wind and solar energy) implies the imple-
mentation of sustainable and low-cost energy storage systems to deliver
current to the grid when needed [3].

Lithium-ion batteries (LIBs) are the main rechargeable batteries since
their commercialization in the 90 s. However, demand and extraction of
lithium have experienced a significant rise over the last years owing to
the widespread usage of portable electronics and the global population
growth. Moreover, a larger increase is expected due to the electric
vehicle market expansion and the growing implementation of stationary
grid energy storage systems [4]. Considering this scenario, a global
supply shortage and a price increment can be anticipated since lithium is
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not widely distributed in the Earth’s crust and resources are concen-
trated in specific regions. Almost 60% of global lithium reserves are
found in lithium brines deposits located in South America, especially in
Chile, Bolivia, and Argentina, while the main ore deposits as spodumene
mineral are located in Australia [5]. In addition, the basic LIB compo-
nents cobalt and natural graphite are also produced in some specific
regions; currently, 59% of cobalt and 69% of natural graphite are
extracted in Congo DR and China, respectively. The EU expects that
lithium and cobalt requirements in 2030 will be 60 and 15 times higher
compared to the present supply. In view of supply risk issues, lithium,
cobalt, and natural graphite were included in the European 2020 critical
raw materials list [6]. Consequently, electrochemical energy storage
devices based on cheaper and more earth abundant elements need to be
developed and implemented in the midterm in order to decrease lithium
and associated materials dependence.

Sodium-ion batteries (SIBs) are one of the most promising candidates
since sodium and lithium have similar physical and chemical properties
(see Table 1). Both elements are neighbors in the alkali metals group and
both have one loosely bound electron in their outer shell, thereby
facilitating the formation of cations Lit and Na™ [7]. Moreover, they
have similar standard electrode potentials: —2.71 V vs SHE for Na*/Na
and —3.04 V vs SHE for Li*/Li. On the other hand, sodium is cheaper,
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Table 1
Comparison of selected properties of Li and Na [7,8,10].
Li Na

Abundance in the Earth’s crust (wt. %) 0.0017 2.36
Atomic number 3 11
Atomic weight (g mol™1) 6.941 22.99
Melting point (°C) 180.54 97.72
Tonic radius (6-coordinate) (nm) 0.076 0.102
Redox potential vs. SHE (V) -3.04 -2.71
Electronic configuration [He]2s' [Ne]3s'
Ionization energy (kJ mol™") 520.2 495.8

much more abundant than lithium in earth’s crust, and is widely
dispersed around the planet [8]. Unfortunately, the lower energy den-
sity of SIBs hinders its implementation in some sectors where space is a
limiting factor (e.g., mobile devices and the vehicle transportation
sector); but allows SIBs to be used in massive storage applications (e.g.,
grid energy storage) where energy density is not a crucial factor [9].

SIBs research started in the early 1980s [11], but decreased sub-
stantially after the successful commercialization of LIBs in 1991 [12].
SIBs were found to have worse specific capacity, minor energy density,
and lower rate and cycling performance. Compared with lithium, so-
dium is larger, heavier, and has a higher standard potential, therefore
SIBs have lower capacity and smaller range of redox potential. In the
past decade, however, interest in sodium batteries remerged driven by
concerns about LIB resources availability. The discovery of Na* inter-
calation in hard carbon (HC) by Stevens and Dahn [13] in 2000 sup-
posed a turning point in SIBs horizon. Reversible sodium capacity of 300
mA h g1 was found, close to that for lithium insertion in graphite (372
mA h g™1), which laid the groundwork for the current SIBs research.
Fig. 1 shows the growing interest in SIBs and how “hard carbon”
research follows the same trend.

In recent years, few SIBs start-ups and spin-offs have appeared on the
market revealing the upward trend of this new technology. Neverthe-
less, SIBs technology is still in an early development stage and new
active materials and electrolytes need to be investigated to further in-
crease the attractiveness of this technology in terms of cost and perfor-
mance. Selection and design of high-performance electrodes is the main
challenge for SIBs development. More in detail, the performance of the
anode is the bottleneck since it determines the rate of discharge and
plays a critical role in the overall coulombic efficiency. Graphite is
commonly used as anode material in LIBs thanks to its reversible lithium
de/intercalation. Lithiated graphite (LiCg) exhibits low operation
voltage, low cost, and non-toxicity [14]. Unfortunately, Na ions cannot
be intercalated into the graphite host due to thermodynamical issues
and, hence, other anode materials have to be proposed.

Among carbonaceous materials, hard carbons (HCs) appear as the
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Fig. 1. Number of published articles and reviews for “hard carbon”, “sodium
ion battery”, and “hard carbon in SIBs”. Source: Scopus.
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most promising candidates to be used in the anode, because they provide
more defects and active sites to store sodium ions. Hard carbons are
mainly produced from the pyrolysis of biomass or synthetic organics and
its non-graphitability is due to the high oxygen and disordered structure
of such precursors. HCs preserve disordered structures together with
randomly oriented pseudographitic domains, which have larger inter-
layer spacing than graphitic carbons, allowing Na' accommodation.
They also contain micro and mesopores and some remaining hetero-
atoms (N, S, P, B, etc.), that provide more sodium storage sites and
pathways for faster Na® transport. Plant-derived hard carbons are
especially promising candidates from both economic and sustainability
points of view [15]. The produced carbons retain the plant tissue
microstructure, which facilitates the electrolyte penetration and Na™
diffusion. Lignocellulosic wastes can also be selected as low cost mate-
rial precursors, as an interesting approach to manage an agricultural
residue and simultaneously mitigate CO» emissions through carboniza-
tion processes.

In order to obtain suitable anode materials for SIBs, relevant prop-
erties of plant-derived hard carbons —such as the interlayer spacing,
pore structure, and number of defects and heteroatoms— need to be
tuned. However, in-depth knowledge of Na™ storage mechanisms (still
in discussion) is required to design a successful strategy toward the
production of engineered HCs. This review aims at providing an over-
view of the current state of knowledge and development of carbon-based
anodes in SIBs.

2. Working principle and basic considerations of SIBs

A battery can be defined as a power source that produces direct
current (DC) by converting chemical energy into electrical energy [16].
It is composed of one or more electrochemical cells that connected in
parallel or in series provide the desired voltage and current levels. Each
cell contains a positive and a negative electrode, whose electrochemical
role changes between anode (oxidation) and cathode (reduction)
depending on the current direction. Nevertheless, the positive electrode
is usually designed as the cathode and the negative electrode as the
anode. In a SIB cell both electrodes are connected via an electrolyte and
a porous separator, which blocks the flow of electrons inside the battery
but allowing Na ions to flow though the cell.

The working principle of SIBs is represented in Fig. 2 and is equiv-
alent to the “rocking chair” concept in LIBs. Reactions occur in a closed
system, and for every electron generated in an electrode oxidation, other
electron is consumed in the reduction reaction happened on the opposite
electrode. During battery charging (red arrows in Fig. 2), electrons
provided by the oxidation of the positive electrode travel across the
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Fig. 2. Working principle of sodium ion batteries. Source: authors’
own creation.
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external circuit towards the anode. In order to maintain charge
neutrality, Na ions go through the electrolyte and get stored in the
anode. During battery discharging (blue arrows in Fig. 2), the reverse
process takes place when oxidation of the anode delivers Na ions to-
wards the cathode and the electrons travel through the external circuit
providing current to external devices.

A passivation film termed as solid electrolyte interphase (SEI) is
formed on the hard carbon anode surface due to the reduction of the
electrolyte during the course of the first charge. Likewise, a surface layer
named solid permeable interface (SPD)! is formed on the cathode surface
due to the oxidation of the electrolyte. Both layers block electron
transport while allowing the passage of the alkaline ions as pure cationic
conductors, preventing further electrolyte degradation and protecting
the electrodes during cycling [17,18]. However, excessive growth of the
SEI in the first cycle causes severe sodium ion trapping and large ca-
pacity loss. Although the battery can deliver high enough reversible
capacities after a number of cycles, larger amount of cathode mass
would be required to compensate the immobilized sodium in the SEI,
leading to higher volume requirements and penalties in energy density.

2.1. Hard carbon electrodes

Graphite does not work as anode in SIBs and the common argument
is that sodium is too large to be intercalated into graphite layers. This
statement is not convincing since, for instance, bigger K* ions (0.138 nm
of radius) can intercalate into graphite [19,20], forming KCg with a
theoretical capacity of 279 mA h g~! [21], while lithium can be hosted
as LiCg with a theorical capacity of 372 mA h g~! [14]. Nevertheless,
graphite shows very little capacity for sodium stored as NaCjgg [22] or
NaCeg4 [23]: exhibited 12 and 35 mA h g_l, respectively [24].

Low formation of Na-intercalated graphite was justified since Na-C
bond is very soft and there are not enough energetic forces to promote
Na-ion intercalation [25]. Lenchuk et al. [26] applied density functional
theory (DFT) calculations and found sodium graphite intercalation
compounds (Na-GICs) thermodynamically unstable. The high capacity
for Li-GICs was attributed to an additional covalent contribution that
enhances the mainly ionic bonding and van der Waals interactions.
Thus, inasmuch as graphite cannot be used as negative electrode, other
materials need to be studied.

Insertion —or intercalation— electrodes store Na ions inside their
crystal structure without disturbing their three-dimensional framework.
The amount of intercalated sodium is determined by the thermodynamic
equilibrium at the electrode/electrolyte interface and specific capacities
higher than 400 mA h g! are seldom reached. Titanium dioxide (TiO2)
[27] and TiOy/C nanofibers [28] are being taking into consideration,
while carbonaceous materials are the most studied electrode candidates
for SIBs because of its chemical and thermal stability. Carbon materials
are generally classified into two main categories, graphitizable and non-
graphitizable [29]. Graphitizable or soft carbons can be transformed
into graphite after heat treatments over 2000 °C, while non-
graphitizable or hard carbons keep its disordered structure and never
get graphitized, even at 3000 °C (see Fig. 3). Nature of the raw material
is strongly related to the produced carbon graphitability. Generally, gas
or liquid-phase carbonization of aromatic precursors (e.g., petroleum
pitch and coal tar pitch) generate non-porous soft carbon materials. On
the other hand, pyrolytic products from biomass, with less aromatic
structures, result in porous and amorphous hard carbons [29,30], suit-
able for use in SIBs.

Besides intercalation anodes, alloy- and conversion-based electrodes
are being studied for SIBs. The former are based on the sodium alloying
and dealloying reaction with some elements to form Na-M intermetallic
binary compounds (e.g., Sn [31], Sb [32], and P [33]). Since a single

1 Some authors use the term solid electrolyte interphase (SEI) for both anode
and cathode surface interphases.

Chemical Engineering Journal 447 (2022) 137468

atom can alloy with multiple Na ions, these anodes can provide high
capacities up to 2000 mA h g_l. Conversion reaction electrodes, as metal
oxides [34], sulfides [35], and, selenides [36], also deliver high specific
capacities up to 1800 mA h g~! according to the following overall
reaction:

M X, + (bc)NazaM + bNa.X (€})

where M is a transition metal and X a non-metal. However, both alloy
and conversion anodes suffer from large volume expansion upon
cycling, giving rise to structural instability and irreversible capacity
losses [37,38]. This fact explains why insertion electrodes, and espe-
cially hard carbons (which have additional benefits in terms of sus-
tainability) became the most promising and studied materials for SIBs
anodes [39].

Despite the fact that suitable HC-based electrodes were produced and
successfully tested, a detailed understanding of the phenomena occur-
ring around the negative SIB electrode is still missing. Until now,
discrepant observations have been made by researchers, boosted by
heterogeneity in terms of hard carbon precursors, structure, and
chemical composition, together with the use of different characteriza-
tion techniques. The lack of consensus on the mechanisms involving the
negative electrode hinders a systematic research to develop optimum
HCs for electrochemical energy storage purposes. Therefore, in-depth
knowledge of the sodium storage mechanism, ion transfer process, and
SEI nature must be achieved to develop competitive sodium ion
batteries.

2.2. Mechanism of Na-ion storage in hard carbon anodes

While lithium insertion into graphite has been studied extensively,
the sodium reversible storage mechanism in hard carbons is still unclear
and controversial. Stevens et al. [40] defined the HC structure according
to the “house of cards” model, containing graphite-like microcystallites
and amorphous regions. Hard carbon is non-graphitizable, presents a
disordered structure, and contains abundant active sites as defects,
edges, and functional groups. As a result, sodium storage is a more
complex process than the lithium insertion/desertion in graphite. Three
different sodium storage behaviors have been reported for HCs in the
literature: (i) intercalation between graphite layers, (ii) adsorption on
the surface edges and defects, and (iii) nanopore filling.

Galvanostatic charge-discharge (GCD) profiles of HC-based elec-
trodes typically show two regions determined by the sodium storage
processes: a high-potential sloping region and a plateau at potentials
below 0.10 V (see Fig. 4). Unfortunately, there is still no consensus about
what storage behavior occurs in each voltage region. Six models have
been proposed so far to explain the mechanism behind Na* storage: (i)
insertion-filling model, (ii) adsorption-insertion model, (iii) three stage
model, (iv) four stage model, (v) extended adsorption-insertion model,
and (vi) adsorption-filling model.

i) Insertion-filling model. The first sodium storage mechanism,
known as insertion-filling mechanism, was proposed by Dahn et al. [13].
Glucose was pyrolyzed at 1000 and 1150 °C and the resulting carbon
was considered according to the “house of cards” structure model.
Random stacking generates small regions with groups of two or three
graphene sheets, approximately parallel each other, as well as nanoscale
porosity regions. Dahn et al. attributed the sloping potential profile to
the insertion of sodium between parallel or nearly parallel layers and the
low-potential plateau to the metal insertion into the nanovoids. In 2017,
Dahbi et al. [41] corroborated this model by using X-ray diffraction
(XRD) and pore size distribution in the sodiation of argan shell-derived
HC. They found a direct relationship between the slope region (from 1.2
to 0.15 V) and the graphene layer spacing (dog2), in accordance with the
Na™' intercalation. They also found a positive linear relationship be-
tween the platform capacity (from 0.15 to 0.00 V) and the average
micropore size, calculated by the Barrett-Joyner-Halenda (BJH)
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Fig. 3. Structure of graphite, soft carbons, and hard carbons.
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Fig. 4. Sodium storage mechanism models in SIBs. Source: authors’ own creation.
method. et al. [44] further investigated this mechanism for lotus stems-derived

ii) Adsorption-insertion model. Proposed by Cao et al. [42] in 2012
from experimental results obtained for a hollow polyaniline nanowire-
derived HC, this model assumes that low potential plateau below 0.1
V corresponds to Na insertion/desertion between the carbon layers,
while the sloping region relates to the sodium ion adsorption on the
surface. Moreover, by means of theoretical simulations they found a
critical minimum spacing of 0.37 nm between the graphitic layers (with
an energy barrier of 0.053 eV) to facilitate Na-ion insertion. In 2013,
Ding et al. [43] supported this model and concluded that intercalation
was the main storage mechanism of the plateau region when they used
peat moss-derived HC. By using ex situ XRD at different state of charge,
they observed a reversible inter-graphene spacing due to Na intercala-
tion. When the HC carbonized at 1400 °C was sodiated from 0.1 to 0.001
V, the dgo2 interlayer spacing expanded from 0.396 to 0.416 nm. Zhang

HC and corroborated the Nat adsorption in defect sites as the sloping
region storage process. Moreover, they attributed the platform region to
the Na't deposition in closed pores in addition to the Na metal insertion
between the graphite layers.

iii) Three stage model. In line with the adsorption-insertion model,
Bommier et al. [45] also detected the reversible interlayer expansion of
glucose-derived HC by three different techniques: ex-situ XRD, Raman
spectroscopy and neutron diffraction measurements. Moreover, neutron
pair distribution function (PDF) analysis provided defect storage sites
concentration associated with the sloping region. However, using gal-
vanostatic intermittent titration (GITT), they found an increase in the
sodium diffusion coefficient values at the end of the plateau region, after
the relatively slow values related to the intercalation mechanism. As
conclusion, they suggested a minor phenomenon of Na-ion adsorption
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on pore surfaces at the end of the plateau region. This three stage model
was also proposed in 2020 by Morikawa et al. [46] for HC produced
from sucrose. Ex situ small and wide-angle X-ray scattering (SAXS and
WAXS, respectively) revealed the formation of pseudo-metallic sodium
in the nanopores and a relevant contribution of this phenomenon to the
reversible capacity of the electrode. Recently, Zhang and coworkers
[47,48] updated this mechanism when, after discharging the battery to
~0.40 V, they found a peak in the Raman spectrum. This peak located at
1450 nm is characteristic of Na-C compounds, suggesting that sodium
begins the intercalation before to achieve the plateau region. The au-
thors proposed a reformulated mechanism: first, Na ions are adsorbed on
the pores and defect sites; at 0.40 V Na ions begin to be intercalated into
the HC and, when the voltage reaches 0.10 V, the filling of the nanopores
starts to take place. It should be pointed out that during the low-voltage
plateau, both Na intercalation and nanopore filling can occur
simultaneously.

iv) Four stage model. In 2019, Alvin et al [49] attached a fourth step
(adsorption on micropores prior to the intercalation step) to the three
stage model. Lignin-derived HC was used and ex situ nuclear magnetic
resonance (NMR) spectra and Na-ion diffusion coefficients revealed a
partial micropore filling occurred in the sloping region between 0.2 and
0.1V, after the adsorption of Na™ on the high-energy surface defects and
edge sites. In the plateau region below 0.1 V, Na ions were intercalated
into the graphitic layers and a secondary adsorption of sodium in the
micropores occurred near the cutoff potential. In addition, clustering
and formation of metallic Na-Na bonds in the micropores were found
when voltage decreased below 0.1 V.

v) Extended adsorption-insertion model. Sun et al. [50] proposed
the “extended adsorption-insertion” mechanism after studying the
microstructure of ginkgo leaves-derived HC produced over a wide range
of pyrolysis temperatures (600-2500 °C). From lowest to highest tem-
perature, three types of HCs microstructures gradually appeared:

(1) Highly disordered carbon with dgoz larger than 0.40 nm. This
interlayer distance is large enough for Na™ to freely transfer via a
“pseudo-adsorption” mechanism, contributing to the sloping region
capacity together with the storage into conventional defects as pores,
edges, and heteroatoms.

(2) Pseudo-graphitic carbon with d-spacing of 0.36-0.40 nm, which
allows the interlayer insertion/desertion mechanism and contributes
to the low-potential plateau, with a theoretical insertion capacity is
279 mA h g~ ! corresponding to the formation of NaCg.

(3) Graphite-like carbon with dggz below 0.36, which is too small to
enable Na' insertion. Structural evolution of the carbon microcrys-
tallinity was confirmed by XRD, HRTEM, and Raman spectroscopy;
whereas kinetics analysis confirmed a diffusion-controlled process in
the plateau region and a non-diffusion limited process in the sloping
region. The best results regarding capacity, as well as rate and cyclic
performance were obtained for hard carbons pyrolyzed at
1200-1300 °C, in which interlayers larger than 0.40 nm and between
0.36 and 0.40 nm coexisted, offering both “pseudo-adsorption” and
“interlayer insertion” storage capacities.

vi) Adsorption-filling model. Zhang et al. [51] studied in 2016 the
storage process in carbon nanofibers during sodiation and no shift of the
(002) peak was observed when in situ XRD was performed. Hence, they
discarded the sodium intercalation between graphene layers and pro-
posed the adsorption-filling mechanism. The plateau region (below 0.1
V) was ascribed to the nanopore filling, since this region becomes the
most prominent for carbons having greater amounts of small mesopores
(around 3.2 nm). The slope region (1.0 to 0.1 V) was linked to the
adsorption of sodium ions on the surface of graphene sheets. Li et al.
[52] supported the “adsorption-filling” mechanism in light of the results
obtained for cotton-derived HC. The TEM images of both pristine and
sodiated HC revealed no differences in the microstructure, with similar
interlayer spacing (0.404 nm) for both samples. Two years later, Bai
et al. [53] corroborated this mechanism for sucrose-derived HC when
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they observed that (a) the low-voltage plateau disappeared after filling
the micropores with sulfur, and (b) the sloping capacity was reduced
when higher treatment temperatures (leading to lower amounts of de-
fects and heteroatoms) were applied.

There is no doubt that discrepancies between models can partly be
ascribed to differences in hard carbon structure, which strongly depends
on both the biomass precursor and carbonization process conditions.
Nonetheless, there seems to be a certain consensus about the existence of
an adsorption-driven storage process associated to the slope region,
showing this surface adsorption higher kinetics than the storage process
at the plateau region. Is in this plateau where doubts appear regarding
the processes taking place around the interlayer spaces and pores. The
achievement of a detailed knowledge about all phenomena taking place
during sodiation is crucial to reach a rational design of hard carbons and
produce competitive anodes for SIBs. The objective must be maximizing
the sodium storage capacity and be able to modify the electrode per-
formance according to the battery requirements for a given use.
Therefore, contributions from all the sodium storage sites must be
considered and controlled by selecting the appropriate carbon pre-
cursors and tuning the structure, porosity, and surface chemistry of
resulting HCs.

3. Plant-derived hard carbon anodes for SIBs

Selection of the biomass source is decisive since different plant
precursors lead to different hard carbons, having unique structural and
chemical properties and dissimilar sodium storage capacities. In order to
achieve a proper anode performance, low-ash and high-carbon content
HCs have to be selected. The natural microstructure of biomass is also a
determining factor since it remains after carbonization and strongly
affects to the electrochemical properties of the resulting carbon. Hence,
different plant tissues may give rise to different nanostructured carbon
materials with zero-dimensional (0OD) spherical structures, one-
dimensional (1D) nanotubes, two-dimensional (2D) nanosheets, or
three-dimensional (3D) hierarchical structures. For instance, the
carbonization of blue-green algae [54] led to a HC with an spherical
morphology, while hollow tubular structures where obtained from cot-
ton [55], bamboo [56], and kapok fibers [57]. Both structure types
facilitate the electrolyte penetration and reduce the Na™ diffusion dis-
tances. On the other hand, 2D sheet-shaped HCs —which were obtained
from cherry petals [58], garlic peels [64], and cucumber stems [59]—
also provide short paths for Na ion transportation and large surface areas
for sodium ion adsorption [60].

However, hard carbons with 3D structures are the most commonly
obtained when plant tissues are carbonized. The inherit channels and
pores, originally used to transport moisture and nutrients, form an
interconnected porous network that allows the electrolyte to enter the
bulk and provides more sodium pathways and storage sites in the
resulting HC. The pattern known as honeycomb-like structure usually
appears when the cell walls remain, acting as a highway for the elec-
trolyte (e.g., pine pollen [61], wheat straw [62], poplar wood [63], cork
[64], and apricot shell [65]). In addition, these channels and cavities can
buffer the volume expansion during charge/discharge cycles [66] and
enhance the porosity-tailoring procedures described in Section 3.3 (e.g.,
reagents adsorption during wet impregnations for chemical activations).
Note also that too high specific surfaces may be problematic when they
result in low initial coulombic efficiency (ICE) values due to the
enhanced solid electrolyte interface (SEI).

Plant-derived biomass include a wide variety of lignocellulosic tis-
sues and its composition has also a considerable influence on the final
HC electrochemical properties [67]. The three basic components of
plants are cellulose and hemicellulose (long and short-chain poly-
saccharides), together with lignin, a complex phenolic polymer. Cellu-
lose microfibrils are the main structural element, which are aligned and
attached with hemicellulose, lignin or also pectin to form fibril aggre-
gates or macrofibers [68].
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During the carbonization process, these lignocellulosic compounds
are decomposed by dehydration, decarbonylation, and decarboxylation
to form the carbonaceous material [69]. Cellulose and hemicellulose
decompositions are known to take place in the ranges of 300-400 °C and
200-300 °C, respectively, while the more stable lignin is decomposed in
a wider range of temperatures from 250 to 900 °C [70]. The release of
small molecules (COy, CH4, H30, Hy) and volatiles during those re-
actions determines the char porosity. Decomposition of abundant adja-
cent hydroxyls in both cellulose and hemicellulose produces micropores,
while the aromatic p-hydroxyphenyl, guaiacyl, and syringyl units from
lignin promote robust and non-microporous structures [71]. This ex-
plains why herbaceous-derived carbons usually exhibit higher surface
areas than the more lignified wood-derived materials [72]. On the other
hand, hemicellulose and lignin are highly crosslinked and noncrystal-
line, thus producing nongraphitic carbons when pyrolyzed [73].
Conversely, the anisotropic nature and abundant intra and intermolec-
ular hydrogen bonds of cellulose result in a more packed structure,
higher crystallinity and better thermal stability [74]. Hence, a proper
cellulose and hemicellulose-lignin ratio is desirable to ensure enough
ordered graphitic layers but, at the same time, avoiding an excessive
graphitization [75].

Inorganic elements in biomass such as potassium, calcium, and sili-
con, also have a considerable impact on the electrochemical properties
of the resulting HC. Saavedra et al. [76] analyzed the influence of the
polymeric and inorganic composition of different feedstocks on the final
carbon. They pyrolyzed a resinous wood (pine), a deciduous wood
(beech), an herbaceous plant (miscanthus) and a cereal waste (wheat
straw) at 1400 °C. The pine wood-derived carbon had the highest lignin
content (27.5%) and showed the best electrochemical performance,
with a first reversible capacity and ICE of 300 mA h g~! and 85%,
respectively. On the other side, miscanthus and wheat straw-derived
carbons exhibited the worst performances in terms of reversible capac-
ities (240 and 200 mA h g’l) and ICE (70% and 60%). Saavedra et al.
ascribed the low reversibility of these biomass sources to the higher
content in inorganic species, since they can occupy active sites as well as
contribute to unwanted reactions [72]. As further discussed in Section
3.1.3, washing procedures are recommended to prevent and mitigate
this problem.

3.1. Hard carbon production

The conversion of plant-derived biomass into hard carbon is based on
thermochemical processes, such as pyrolysis and hydrothermal
carbonization (HTC). Operating variables, together with the choice of
plant precursors, have a strong influence on the final HC properties.

3.1.1. Pyrolysis
To date, pyrolysis is the most common procedure to produce

biomass-derived carbons. In this process, biomass is heated under an
inert atmosphere to be decomposed into three fractions: char, volatiles,
and permanent gases. Slow pyrolysis —with heating rates and peak
temperatures typically ranging from 1 to 30 °C min™! and from 350 to
700 °C, respectively— is a well-known technique to produce charcoal or
biochar. The term biochar applies when it is used as carbon-rich soil
amendment for long-term carbon sequestration purposes [77]. Biochar
can also be activated and/or functionalized to be used in a number of
potential value-added applications, including electrochemical energy
storage [78,79].

As will be discussed in Section 3.2, treatment temperatures higher
than 1000 °C are usually required to obtain HCs with an enough ordered
structure to be used in electrochemical applications —see Table S1 in the
Supplementary Information (SI)—. To this aim, two production strate-
gies can be adopted: one- and two-step carbonization processes. The
former consists of a single pyrolysis step at the desired final temperature,
while in the two-step carbonization approach, a previously made bio-
char is heated again through a second pyrolysis step [80,81]. Alvin et al.
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[82] assessed the effects of using these two production pathways (until
1000-1500 °C) for fir wood as feedstock. They underlined that, in the
one-step direct pyrolysis, carbon atoms might not have time enough to
reorganize, leading to a pseudographitic structure; for its part, the two-
step carbonization process can provide more pseudoequilibrium hex-
agonal carbon planes embedded in the amorphous carbon region. As a
result, two-step strategy provided best ICE, reversible capacity, and
high-rate performance.

Besides peak temperature, inert gas nature can also influence the
final carbon properties. Nitrogen (N3) is the preferred inert gas when
low-temperature pyrolysis is carried out, for example to produce bio-
char. Argon (Ar), however, is usually selected to produce HCs at higher
temperatures (e.g., for electrochemical purposes), since N5 can slightly
be oxidized at temperatures above 1000 °C. Marino et al. [83] studied
the influence of the Ar or N, annealing atmospheres and they did not
found significant differences on the physicochemical and electro-
chemical properties of almond shells-derived carbons produced at
1000 °C. The same was reported by Xu et al. [84] for hornet nest-derived
carbons produced at 1000 °C. However, at higher temperatures
(1200-1400 °C), carbons prepared under argon atmosphere offered
lower specific surface area and higher ICE, capacity retention, and rate
capability.

Additional operating parameters, such as gas flow rate and heating
rate, can also affect the specific surface area of carbons. For instance,
using relatively high flow rates reduce the residence time of released gas
(rich in COy), decreasing the extent of the reverse Boudouard reaction
and the related carbon porosity development [85]. On the other hand,
using relatively slow heating rates allows the produced gas to fully
escape from the particle, resulting in a certain closure of micropores and,
consequently, in an improved ICE and capacity retention [86].

3.1.2. Hydrothermal carbonization

Hydrothermal carbonization (HTC) is a thermochemical process in
which biomass is heated in a water suspension at relatively low tem-
peratures (less than250 °C) and under saturated pressure. HTC process is
inspired by the natural coal formation and its five reaction mechanisms
are hydrolysis, dehydration, decarboxylation, aromatization, and
condensation polymerization [87]. HTC is an attractive procedure
because of its low cost and mild synthesis conditions [88].

Despite the fact that hydrochar (i.e., the carbon material produced by
HTC) does not meet the required properties to be used as electrode
material, a cascaded HTC-pyrolysis process could be highly interesting
to produced engineered carbons. For instance, Zheng et al. [89] used
HTC at 180 °C followed by pyrolysis at 800 °C to produce holly leaf-
derived HC. HTC process enlarged the pores of tiny graphite-like do-
mains compared with the direct pyrolysis strategy. Since large nano-
pores proved to be beneficial for Na-ion transfer and storage, HTC
derived carbon provided better reversible capacity (318 mA h g~! at
0.02 A g71) than the direct pyrolysis HC (112 mA h g~1). Wang et al.
[90] also reported positive results (372 mA h g~! at 0.025 A g~!) when
reed straw was hydrothermally carbonized at 200 °C and then pyrolyzed
at 1300 °C (see Table S2). In addition, hydrothermal reaction of
macromolecule monomers is known to form surface nanospheres
[91,92], whose aggregation origins holes and channels and facilitates
electrolyte penetration and Na™ intercalation. HTC is also appropriate to
remove biomass impurities, avoiding the need of acid or alkali washing
procedures. Finally, as shown in section 6.3.1, chemicals can be added to
the aqueous solution to modify carbon structures by promoting certain
decomposition reactions.

3.1.3. Removal of inorganic species

As previously discussed, inorganic elements can remain in HCs and
worse its sodium storage capacity. Zhang et al. [80] evaluated the effect
of impurities on the electrochemical performance of pinecone-derived
HC anodes, which were produced by a two-step carbonization method.
After the first pyrolysis step at 500 °C, the resulting char was dispersed
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into 20 wt% KOH aqueous solution at 60 °C, filtered, dispersed under
stirring in a 3 M HCI solution at 60 °C for 5 h, and finally rinsed by
deionized water. Once dried and carbonized at 1400 °C, the inorganic
elements content in the final hard carbon (Mg, P, S, K, Ca, and Si)
decreased under the SEM-EDX detection limit. The ash content was also
reduced from 1.46 wt% in the unwashed HC to 0.008 wt%. Zhang and
coworkers also observed that the plateau capacity significantly
decreased along cycles for the unwashed HC anode, because impurities
occupied some sodium storage active sites. The measured capacity after
100 cycles was 328 mA h g! and 299 mA h g~ for the washed and
unwashed HC, respectively.

Hydrochloric acid (HCl) is the most used washing agent to produce
hard carbon for SIBs. Dahbi et al. [41] studied the HCl-washing of raw
argan shells to remove inorganic species before pyrolysis. After been
washed with acetone, argan shells were treated with 2 M HCl for 20 h at
60 °C, and finally washed with deionized water. X-ray fluorescence
(XRF) spectra indicated that HCI treatment could not eliminate heavy
metals such as Ni, Co, Fe and Zn, but eliminated K completely. More-
over, HCI treatment contributed to an increase in the BET surface area of
the resulting HCs, which also exhibited a larger number of active sites
due to the promotion of defects and/or voids. As a result, the argan shell-
derived HC —which was produced via washing with HCl and subsequent
pyrolysis at 1200 °C— delivered a reversible capacity of 333 mAhg!,a
12.5% higher than that obtained for the HC produced from the un-
washed precursor. Alternative agents such as hot water, HF, HySOy,
NH4HF; and ethanol have also been used by other authors to wash
biomass and/or the produced carbon (see Table S6).

3.2. Highest carbonization temperature

Hard carbon graphitization degree, heteroatom presence, and
porosity are strongly influenced by the highest carbonization tempera-
ture. Zhang et al. [51], who assessed the temperature effect on poly-
acrylonitrile-derived HC nanofibers produced at temperatures ranging
from 650 to 2800 C, observed that HCs produced at relatively low
temperatures showed a microporous structure and a poor stacked C-C
aromatic structure. By contrast, carbonization at higher temperatures
improved the structure ordering by graphene layers growth, while ultra-
micropores and heteroatoms were gradually removed. Moreover, mes-
opores (@ > 2 nm) were developed via the release of COx and HCN gases
from the decomposition of functional groups, but also due to the rotation
of the graphene layers. As a general rule, microporosity in
lignocellulosic-derived carbons shows a maximum value at around
800 °C, from which the surface area starts to decrease due to the
structural order increase [93].

Zhang et al. [44], who produced lotus stem-derived HCs at highest
temperatures varying from 1200 to 1600 °C, reported that an increased
carbonization temperature resulted in the removal of heteroatoms and
the improvement of the local structure ordering. By means of Ny
adsorption/desorption isotherms, they also determined how the
increasing temperature concentrated the pore size distributions in the
range of 2-4 nm and reduced the specific surface area and the number of
open pores. Similar effects of the carbonization temperature on porosity
was noticed by Sun et al. for ginkgo leaves-derived HC [50]. Ultra-
micropore area from CO, adsorption isotherms showed a volcano-
shaped tendency with a maximum value at 800 °C, while BET surface
area (from N, isotherm) had a maximum value of 242 m? g_1 at 1200 °C,
ascribed to the complete release of small molecules. Then, BET area
diminished until 16 m? g~! at 2500 °C together with the growth of the
graphitic crystallite. Structural ordering with temperature is possible
since carbon atoms have enough energy to realign themselves.
Furthermore, the stronger van der Waals interaction between adjacent
graphene layers can also promote ordering [82]. Textural densification
at high temperatures results in the pore structure collapse and the above-
mentioned low surface areas [94]. It should also be noted that higher
graphitization is also linked to an increase in the electronic conductivity,
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due to the reduction of oxygen heteroatoms and the improved crystal-
linity of the HC [75,95].

Recently, Yu et al. [96] reviewed more than 20 articles focused on
plant-derived HCs and conclude that temperature determines the pore
size distribution, specific surface area and degree of graphitization. As
previously discussed, higher temperatures promote graphitization and
thus decrease the hard carbon interlayer spacing. In addition, the spe-
cific surface of the HC decreases with temperature, leading to less
electrolyte decomposition and higher ICE. Since the maximum revers-
ible intercalation of Na% is reached for an interlayer space around 0.40
nm, there is an optimal temperature value for each biomass feedstock,
generally between 1000 and 1400 °C, at which the storage capacity can
reach its maximum value. Fig. 5 plots the reversible capacities reported
in 57 previous studies on plant-derived HCs (see Tables S1 and S6 for full
details). Reversible capacities in the range of 200-400 mA g h~! and ICE
values above 60%-90% were reported. At this point, it should be
pointed out that biomass feedstock can strongly affect the anode ca-
pacity, in the light of the relatively wide range of capacities reported for
electrodes prepared following similar carbonization procedures and
preparations.

Regarding the porosity, researchers usually link high BET surface
areas with severe SEI formation and subsequent low ICE values.
Nevertheless, this connection is not as simple as it may seem since BET
surface area does not mean electrochemical active surface area. As an
example, Zheng et al. [63] produced poplar wood-derived HC at
different temperatures and reported that two HCs having BET surface
areas of 5.8 and 117 m? g~ ! showed almost equal ICE values of 88.3%
and 87.0%, respectively. The authors observed that, for the HC exhib-
iting the highest surface area, the porosity was mainly due to narrow
micropores of around 1 nm, which were probably not covered by the
SEIL. Zheng and coworkers concluded that, even if narrow micropores
were electrically conductive and accessible by electrolyte, the resulting
SEI was hardly formed in them as well as very thin. Therefore, ascribing
low ICE values exclusively to high BET surface areas may be inappro-
priate. Other factors such as the pore size distribution and the avail-
ability of functional groups on the surface of HC should also be
considered. In line with this, Yang et al. [97] observed that the elec-
trolyte was unable to penetrate inside a ultra-microporous (0.3-0.5 nm)
HC electrode, leading to more available active sites for Na™ storage and
enabling a relatively high ICE value of 80%.

Another relatively new approach to understand the electrochemical
performance of HC anodes relates to the percentage of open and closed
pores [98,99]. “Open pores” are those connected with the external
surface, while “closed pores” are isolated voids inside the material.
Closed pores can store Na' ions and simultaneously avoid the SEI
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Fig. 5. Reversible capacities obtained for different plant-derived hard carbon
anodes in SIB half-cells. Data and references are included in Table S1.
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growth, since they are not in contact with the electrolyte. Na metal
clusters seem to be preferably deposited into the closed pores, contrib-
uting to the sodium storage plateau capacity [44]. As the carbon is
reduced and the Na*-C interaction turns less ionic, the charge transfer to
the Na ions makes them more metallic and sodium pooling takes place.
This phenomenon is favored in closed pores, because sodium ions
around are in a solid state without solvent molecules [99]. The avail-
ability of closed pores is promoted when the highest carbonization
temperature increases, due to structure arrangement that causes the
folding of curved carbon layers and the coalescence of nanopores [64].
Moreover, some open pores can turn into closed ones when highly active
carbon free radicals restore and rebuilt the conjugated carbon structure
at high enough temperatures [100].

3.3. Tailoring porosity of hard carbons

Several strategies have been proposed to improve the sodium storage
capacity of plant-derived HCs and/or reduce the highest carbonization
temperature for their production (see Fig. 7). Activation processes could
be useful to adjust the pore size distribution and simultaneously increase
the specific surface area and the number of defects. It is generally agreed
that a hierarchical pore structure —composed of micro-, meso- and
macropores— provides easily accessible active sites for Na ions [101],
shortening the ion diffusion distance and improving charge transfer ki-
netics [102,103].

Nonetheless, and as stated in the previous sections, large surface
areas can lead to SEI growth and low ICEs, although pore size distri-
bution can also condition the amount of SEI [63]. In addition, HCs
having a hierarchical and interconnected porous structure can suffer
from a fast electrolyte penetration, which can enhance the formation of
a stable SEI film during the first cycle [104]. It should also be kept in
mind that the low ICE values measured for some HCs is also related to
the irreversible sodium trapping in functional groups, defects and be-
tween the interlaying spacing [65,94,105]; therefore, they cannot be
only attributed to the porosity and SEI [106].

In order to build tuned and hierarchical porous structures, with
honeycomb or sponge-like morphologies, physical or chemical activa-
tion processes can be applied. For physical activation, steam and CO4 are
typical activation agents, whereas KOH, H3PO4 and ZnCl, are the most
used compounds for chemical activation purposes [107].

3.3.1. Chemical activation

Chemically activated HCs can be produced via two different pro-
cedures. On the one hand, the activation agent can be mixed with the
raw biomass to conduct a simultaneous pyrolysis-activation or HTC-
activation process. This can be done through a dry mix or by impreg-
nating the biomass with an aqueous solution of the chemical agent. On
the other hand, the chemical agent can be blended with a previously
made carbon (e.g., biochar or hydrochar) and subsequently carbonized.
As can be seen in Table S3, both biomass and char activations have been
used to produce plant-derived HCs. The most common chemical agents
and their effects on the textural features of resulting chemically acti-
vated carbons are discussed below.

(i) Potassium hydroxide (KOH) is the most used agent to produce
porous HCs. Recently, Chen et al. [108] have proposed a mechanism to
explain the role of KOH during biomass pyrolysis. They suggested that
KOH reacts with active O-containing species in biomass to remove most
of the O-containing groups and form a number of vacancies. Moreover,
KOH also reacts with more stable carbon fragments to generate va-
cancies. Then, OH- from KOH can quickly occupy these vacancies to
introduce oxygen, forming large amounts of new O-containing groups in
the biochar. KOH can also be transformed into KoCO3 at 400-600 °C,
and then further converted to K20 at 700-800 °C. At this temperature,
the CO; released from the decomposition of KoCO3 can enhance the
porosity growth via reverse Boudouard reaction. Moreover, metallic
potassium, K2CO3 and K20 can also react with carbon, leading to more
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voids and structural changes [109,110].

With regard to the carbon morphology changes, three mechanisms
may occur [111]: (a) chemical etching to form pores, (b) carbon gasi-
fication with CO», and (c) lattice expansion due to the insertion of K"
into the lattice planes. As a result, KOH-activated carbons showed
interconnected carbon walls and interconnected macro-, meso- and
microporous structures, which facilitate the access of electrolyte and
reduce the high-rate diffusional losses. It has also to be mentioned that
KOH activation tends to attack the graphitic domains, leading to more
disordered carbon structures [112]. Furthermore, KOH activation seems
to increase the content of carbonyl-containing functional groups in
surface, providing more reversible Na™ storage sites and higher specific
capacities [113,114].

(ii) Phosphoric acid (HsPOy4) is another common chemical agent
used for activation purposes. In this case, H3PO4 incorporates phos-
phorous- and oxygen-containing functional groups on the carbon sur-
face. The pseudocapacitive effect from theses functional groups can
contribute to the energy storage [115,116]. Similar to KOH, H3PO4
activation partially consumes the graphite structure, develops a 3D-con-
nected porous structure, and expands the carbon layer spacing. Dou
etal. [117] also found that a prolonged acid pretreatment of the biomass
(for 2 weeks), prior to its carbonization at a relatively low temperature
of 800 °C, enhanced the structural order, micropore closuring, and
mesopore growth of final HCs, thus avoiding the need of higher
carbonization temperatures.

(iii) Zinc chloride (ZnCly) acts as a dehydration agent during
biomass carbonization, resulting in HCs having higher aromatization
degrees and crosslinked porous development. Contrary to the previous
cases, carbon is not removed by the activation agent. Thus, carbon
content is generally improved, despite higher surface areas than those
obtained with KOH can be attached [118]. ZnCl; penetrates inside the
material structure and works as a skeleton upon which a coral-like
mesoporous carbon can be created. Additionally, microporous can
appear on the carbon surface when gases scape from bulk reactions
[119].

(iv) Other acids such as sulfuric and hydrochloric can also be
employed as activation agents, since they catalyze the hydrolysis of
lignocellulose biomass, leading to chars having an altered morphology,
microstructure, and surface composition. Wang et al. [104] reported
that chemical activation of platanus bark with H;SO4 was a successful
method to obtain a hierarchically porous loose sponge-like carbon
structure. Concentrated H,SO4 dissolved the cellulose and extracted
impurities to form micropores, while the large carbon layers were
fragmented into small sheets, giving rise to a mesoporous structure. In
addition, an increase in the order degree and the interlayer spacing was
observed. Similar results were found by Wang et al. [120] for HCl-
treated lotus leaves.

As shown in Fig. 6, chemical activation allows to obtain suitable HCs
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Fig. 6. Reversible capacities obtained for different activated plant-derived hard
carbon anodes in SIB half-cells at a current rate of 1 A g~ 1. Data and references
are included in Table S3.
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for SIBs at relatively low carbonization temperatures (600-800 °C).
Decreasing the highest temperature is an industrial strategic advantage
because it means a reduction in the energy consumption. Also
outstanding is the improved high-rate capability of HC anodes, attrib-
uted to connected porous structures, stable pathways for ion diffusion,
and more availability of electrochemically active functional groups on
surface. Fig. 6 also shows how different plant-derived HCs, activated
with diverse chemicals, deliver more than 100 mA h g~! when are cycled
at1 A g’1 (full results are available in Table S3). On the contrary, the
main disadvantage of chemical activation is the low ICE measured, even
less than 40%. This problem could be attenuated by modifying the
surface and pore size distribution of the HC, as well as by improving the
binder formulation in the electrode and/or the electrolyte. Furthermore,
the relatively low highest temperatures used can lead to carbons with
low electronic conductivity and, therefore, poor capacity retention.

In addition to the above-explained common activation procedures,
catalyzed HTC can also be conducted in a pure or dilute chemical agent
solution to produce hydrochars with engineered properties (see
Table S4). For example, apple pomace [121] and pistachio shells [122]
were hydrothermally carbonized in 0.8 M KOH and 3 M NaOH,
respectively, to further develop the porosity of the final HC. Further-
more, HCl and H2SO4 can also be used for catalytic HTC step, since acids
can catalyze the hydrothermal hydrolysis, dehydration, condensation,
and decomposition reactions of biomass [120], also contributing to
insert surface oxygen-containing functional groups [102]. With this
respect, it must be highlighted that C-O and C = O bonds can increase
the adsorption capacity of sodium, although C-O bonds can also pro-
mote the irreversible sodium storage and subsequent low ICE [123,124].
Other chemical additives have been proposed for hydrothermal treat-
ment; for instance, hexadecyl trimethyl ammonium bromide (CTAB)
plus KOH (to reduce micropores and increase mesopores [125]), or
HS04 plus HyO5 (to enlarge the interlayer spacing of graphitic domains
[62]).

3.3.2. Physical activation

The addition of CO; into the feed gas stream during thermal treat-
ment induces the porosity development through the reverse Boudouard
reaction. Kumaresan et al. [126] carbonized Borassus flabellife in-
florescences in a CO2-N3 gas mixture (up to 10 vol% CO3) at 1400 °C.
The physical activation promoted rough surface, wrinkles, and broken
edges, together with a pore growth between turbostratic nano-
crystallites. Regarding the electrochemical performance, the notable
rise in the plateau capacity (about 70%-75%) was ascribed to the
improved interlayer spacing, while no significant variation in coulombic
efficiency was observed. When the feed gas was composed of 5 vol%
CO,, reversible capacities of 358 and 151 mA h g~! were measured at
0.02 and 1 A g%, respectively (the nonactivated HC performed 272 and
81 mA h g7!, respectively). Despite this, physical activation is less
common than chemical activation in this field and, to our knowledge; no
more COs-activated HCs have been tested for SIBs.

Physical activation with air is also an alternative to develop the
porous structure. Ding et al. [43] activated a previously made peat moss-
derived HC under air flow at 300 °C for 3 h, increasing the BET surface
area from 24.5 to 196.6 m? g~ Despite the difference in porosity, not
appreciably effects on the graphitic order/disorder or surface composi-
tion were observed. Moreover, similar reversible capacities were ob-
tained when the half-cell was cycled under a current density of.

0.05 A g~1: 325 mA h g7 (60.7 % ICE) for the nonactivated HC and
332mAh g’1 (57.5 % ICE) for the activated HC. Nevertheless, as also
observed for chemical activation, a notably greater improvement was
achieved for the rate capability. When the current density increased to.

0.5 A g~!, the activated HC delivered a reversible capacity of 203
mA h ¢!, 89% higher than that measured for the nonactivated one.
Moreover, cycling capacity retention was also improved because pores
could buffer the sodiation-induced expansion/contraction and the sub-
sequent damage of the electrode. HCs from banana peels [73] and lotus
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petioles [127] were also produced via carbonization at 1100 C, with a
preliminary step consisting of air activation at 300 ‘C. The resulting
carbons delivered around 150 mA h g~! when were cycled at 1 A g~!
(see Table S3).

To sum up, a broad diversity of chemical and physical activation
techniques is available to tune hard carbon structures in accordance
with the desired electrode destination. One or even various techniques
can be selected in each case, particularly with the aim at improving the
high-rate capability. For example, activation with air of a previously
chemically activated carbon was proposed to develop additional
porosity [128]. An acid-catalyzed HTC step followed by KOH activation
can be employed to obtain a more ordered pseudographitic structure
with higher surface area and more surface oxygen-containing groups
[112,113].

3.3.3. Other strategies

Besides chemical and physical activations, other strategies have been
proposed to tailor the microstructure of HCs in order to improve their
electrochemical performances.

(i) Microwave activation. Exposure to microwave radiation gener-
ates thermal and molecular vibration effects on plant-derived HCs,
improving the graphitization degree and creating slit pores among mi-
crocrystals. Yu et al. [129] activated a sugarcane-derived HC ina 0.2 M
HCI solution via microwave heating at 1500 W for 1 h. As a result,
enhanced porosity —according to both CO3 and N isotherms— and an
improved reversible capacity of 323.6 mA h g! at 0.05 A g~ were
achieved [129].

(ii) Hz reduction. This method was proposed to reduce the defects of
HCs and then improve the microcrystalline structure [65]. An apricot
shell-derived HC produced at 1300 C was then treated for 2 h under a
Hy/Ar hybrid atmosphere (7:93 v:v) at 800 C. This process improved the
reversible capacity from 363 mA h g~! to 400 mA h g~ and the ICE from
69% to 79%, when the half-cell was cycled at 0.025 A g~* [65].

(iii) High current pretreatment. A high current charging-discharging
process was applied to a hemp haulm-derived HC (which was produced
via carbonization at 600 C) to reconstruct its surface structure. After a
number of charge-disharge cycles at 1.8 A g~! in a half cell, the low-
energy Na ions bombardment resulted in a more ordered surface
structure and to a certain rearrangement of the superficial graphitic
layers. As a result, an improvement in the plateau capacity and the high-
rate capability was reported. This procedure increased the anode ca-
pacity from 101 mA h g~! to 256 mA h g~! when was measured at a
current density of 0.374 A g~ [130].

(iv) Presodiation to improve ICE. Irreversible trapping of Na ions
together with an excessive growth of the SEI layers usually lead to low
ICE values. Presodiation of HC anodes in half cells before the full cell
assembly is a common technique to mitigate the effect of low ICE.
However, this process, in which the anode must be extracted and then
moved to the full cell, is not practical at industrial scale [131]. As an
alternative, Xiao et al [132] proved the effectiveness of commercial
stabilized lithium metal powder (SLMP) for a SIB prototype, reaching an
ICE improvement from 70.3% to 92.1% when SLMP was added to a
commercial HC. Recently, also chemically presodiation techniques are
being studied for HC anodes. Sun and coworkers [133] sprayed a sodium
naphthaline solution onto a hard carbon electrode achieving an ICE
improvement from 67% to 87%. Conversely, Liu et al. [134] immersed a
HC electrode in a sodium biphenyl solution for 1 min reaching an ICE
improvement from 70% to 100%.

(v) Exfoliation to create 2D materials. Two-dimensional materials
(e.g., graphene and transition metal sulfides/selenides) are gaining
popularity due to their unique 2D-layered structure with infinite planar
lengths, that provides short paths for Na diffusion and large surface area
for sodium ion adsorption [60]. To our knowledge, 2D plant-derived
HCs have not been studied as anodes for SIBs yet. However, some
exfoliated plant-derived HCs with high capacitances and energy den-
sities were studied for the field of supercapacitors. Recently, carbon
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nanosheets were obtained through a room temperature H3PO4 exfolia-
tion from a previously KOH-activated nettle stem-derived HC [135].
Exfoliated corn cob-derived HC was also produced by its oxidation in
concentrated HNOs for 4 h and the subsequent thermal exfoliation via a
flash heat treatment (45 s) at 950 C [136].

3.4. Hard carbon doping

In addition to the activation processes described above and the use of
conductive additives, HC doping could also improve the intrinsic HC
electronic/ionic conductivity. Furthermore, doping can promote struc-
tural changes that can boost the electrochemical sodium storage prop-
erties [137]. Dopants can increase the interlayer spacing, act as active
sites, and produce charge distortions on the HC surface atoms
[138,139], being an effective method to accelerate transfer and reaction
kinetics to produce SIB electrodes with higher power density and storage
capacity.

3.4.1. Heteroatom doping

Nonmetal element doping is widely used when HCs are produced
from synthetic organics, since dopants can easily be added by using
special precursors. Concerning plant-derived HCs, nonmetal doping is at
an early stage and is usually conducted on a previously chemically
activated HC. A dopant source compound is mixed with that carbon and
then the nonmetal heteroatoms are attached to the carbon structure via
an annealing process (see Table S5). It should be pointed out that, in
many articles, “doped hard carbon” refers to the heteroatoms already
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available in the raw biomass. In our opinion, it should not be considered
a doped HC since all biomasses contain —to a greater or lesser extent—
nonmetal elements (N, S, P, etc.) and it can be confused with the process
described herein.

Coming back to the carbon enhancement, two types of dopants can
be added to modify the carbon charge distribution. Donor or n-type
dopants act as electron donors, while acceptor or p-type dopants has a
deficit of electrons and originate positive holes [16]. The most used
nonmetal dopants are nitrogen, sulfur, phosphorus, boron, and fluorine.

(i) Nitrogen is the most extensively investigated heteroatom dopant.
It shows three common bonding configurations within the carbon lat-
tice, including pyridinic-N, pyrrolic-N, and quaternary-N (or graphitic-
N) [140]. Pyridinic-N and pyrrolic-N introduce carbon vacancy defects
that originate electron acceptor states to gain electrons from Na atoms
(see. Fig. 8). Quaternary-N introduction, however, does not promote
sodium storage because does not create edges or vacancy defects able to
accept more electrons [141]. Urea [139] and ammonia [142] doping
were investigated as compounds to add nitrogen functional groups in
synthetic HCs. Regarding plant-derived carbons, hemp fibers [143] and
onion wastes [144] were doped via HTC with urea solutions. In the
former case, HTC doping was conducted on a HC previously activated
with KOH, reaching an ICE improvement from 34.8% to 44.9%. In the
second article, the onion waste was directly hydrothermally treated in a
urea solution and then annealed at 800 C. When cycled at 1 A g},
nondoped and doped HCs showed reversible capacities of 26.9 mAh g~!
and 120 mA h g7}, respectively. In other study, a grapefruit peel-derived
HC was produced via carbonization at 600 C, then impregnated with
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(quaternary/graphitic nitrogen) i
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@ N-5 (pyrrolic nitrogen) i

Fig. 8. Pyridinic, pyrrolic and quaternary nitrogen in a doped carbon lattice. Source: authors’ own creation.

urea, and finally annealed at 600 C [145]. Despite the low annealing
temperature, a reversible capacity of 172 mA h g~! was reported for a
current density of 0.037 A g~ . Ethylenediamine was also used to dope a
mango-derived HC via impregnation with methanol at room tempera-
ture [146]. This HC, previously produced by acid-catalyzed HTC and
several oxidation steps, delivered impressive reversible capacities of
445 mAh g ! and 162 mA h g~! at current densities of 0.02 A g ! and 1
A g7}, respectively. More information is available in Table S5.

(ii) Sulfur doping increases the interlayer distance of carbon due to
its larger covalent diameter, improving the Na™ intercalation capacity.
Moreover, sulfur creates C-S,—C (x = 1, 2) electrochemically active
covalent bonds, improving electronegativity of HC and also the revers-
ible storage of sodium ions. The bond cleavage and the rearrangement of
sulfur atoms during the discharge/charge cycles allow the Na™ ions to be
accommodated and improves the cell reversible capacity [147,148].
Because safety risks, gaseous sulfur sources are usually avoided and solid
or liquid-state sulfur sources are mixed with the undoped materials
before the annealing process. Elemental sulfur [147] and 2-tiopheneme-
thanol [149] were used with bacterial cellulose and durian shell,
remarkably increasing the sodium storage. The durian shell-derived HC
treated with 2-tiophenemethanol delivered a reversible specific capacity
of 264 mA h g~ after 200 cycles at 0.1 mA g™}, a 52.6 % increase over
the equivalent nondoped carbon.

(iii) Phosphorus is an n-type dopant that induces localized elec-
tronic states and improves the electronic conductivity of HC. Due to its
bigger atomic radius, also enlarge the interlayer distance. Furthermore,
since P-C bond is 24.6% longer than the C-C bond, P atoms cannot be
housed in the two-dimensional graphitic lattices and give rise to
pyramidal-like structures [150,151]. P-doped HCs were produced from
Artemia cyst shells [152] and horse chestnut leaves [153] by H3PO4
impregnation prior carbonization. The latter biomass was impregnated
with a H3PO4 solution (mass ratio of H3PO4 to leaves of 3) and then
carbonized at 500 C. The resulting HC delivered a reversible capacity of
326 mA h g~! at 0.1 mA g}, substantially higher than that delivered by
the nondoped HC (112 mA h g™ 1).

(iv) Boron is a p-type dopant that improves the electrostatic
adsorption of sodium while produces a slight lattice expansion (B-C
bond = 1.50 A). The adsorption energy of Na on B-doped graphene was
found to be -1.93 eV, about 2.7 times than that of essential graphene
(-0.71 eV). This results in more stable Na™ adsorption sites, where each
B atom in the graphene can adsorb until three sodium atoms [154]. This
high-binding energy should be treated with caution since could lead to
irreversible adsorption in the first charge/discharge cycle [137]. Boric
acid [155] and boron tribromide [156] were used to dope graphene
oxide and graphitic carbon. However, no articles focused on B-doped
HCs were found.

(v) Fluorine has the strongest electronegativity of the previously
described elements (y = 3.98 of F vs. 3.04 of N). Thus, in addition to the
possibility of enlarging the interlayer spacing of HCs, F-doping can
reduce the energy barrier for Na* insertion [157]. Fo gas [158] and
hydrofluoric acid [159] have been used to dope carbon in the super-
capacitors field. However, to our knowledge, fluorine doping has not
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been tested yet for HC-based electrodes in SIBs.

Furthermore, dual heteroatom doping is an interesting option to gain
synergies between the doping elements. For example, N-S dual doping
merges the carbon surface defects induced by N with the interlayer
spacing and active sites created by S. Thiourea [160,161], rhodamine
[162], trithiocyanuric acid [163], ammonium sulphate [164], and thi-
oacetamide [165] have been used to dope synthetic HCs. Moreover,
thiourea doping of a tangerine peel-derived HC [166] and a cotton-
derived HC [167] were reported. The latter study —where cotton was
immersed in a thiourea solution, carbonized at 800 C, and activated in
air at 300 C— reported a successful reversible capacity of 351 mA h g~?
for the 600th cycle at 2 A g~1. N-P dual doping can also be suggested to
create a more defective structure and larger interlayer spacing.
(NH4),HPO4 was employed as doping agent to dope a corn stalk rind-
derived HC (previously carbonized at 1200 C) by an hydrothermal
carbonization process [160].

3.4.2. Nanocomposites

Carbon materials can also be used as matrix for loading metallic
nanoparticles (NPs) or other active materials. These composites can
notably increase the electronic conductivity and the storage capacity of
the HC. At the same time, the carbon framework buffers the high-volume
changes during redox reactions at metal NPs. As a result, these advanced
materials can provide higher reversible capacities, greater high-rate
capabilities, and better cycling stability. NPs of Sb [168], Se [169],
SnO, [170], CoP [171] and CusP [172] have been used with different
carbon materials, showing promising reversible capacities and high rate
capabilities for SIBs.

In the last years, few composites from plant-derived HCs have been
studied as SIB anodes. Ni NPs were embedded in a KOH-activated
Loofah-derived HC by a simple hydrothermal treatment with NiCly,
followed by an annealing step at 800 °C [173]. Conductivity of the
resulting material was improved, since graphitic carbon was formed on
the surface of metallic NPs, leading to a better reversible capacity and
rate performance. Cheng et. al [174] studied the addition of FeSy NPs
into a Fe(NOgs)s-doped juncus biomass-derived carbon matrix via a py-
rolysis step at 900 °C, followed by a second carbonization step at 500 °C
in the presence of S. After 1000 galvanostatic cycles at a current density
of 1A g’l, the synthetized nanocomposite exhibited a high capacity of
432 mA h g’l. Su et al. [175] embedded MoSe; NPs and carbon nano-
tubes within a mangosteen epicarp-derived HC that was previously
activated by KOH at 800 °C. The resulting composite delivered a ca-
pacity of 405 mA h g~! after 250 cycles at 0.2 A g~ L.

The above-reported remarkable performances were surpassed by a
red phosphorus/HC composite. Red phosphorus is a well-known anode
candidate because of its high theoretical capacity of 2596 mA h g~*.
Unfortunately, its low conductivity and huge volume changes during
sodiation/desodiation cycles prevent its use in SIBs. Tian et al. [176]
made a coconut shell-derived HC/red phosphorus composite through a
simple procedure. The biomass was activated with ZnCl, at 650 °C, then
carbonized at 900 °C, and finally mixed with red phosphorus and heated
again at 450 °C for 3 h. A phosphorus content of 53 wt% was measured
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in the composite and, after 100 cycles, the composite exhibited a
reversible capacity of 993 mA h g ™! at a current rate of 0.5 A g~1, with a
high ICE of 89 %.

Fig. 9 summarizes the electrochemical performance of doped HCs.
Good or very good reversible capacities were obtained in all cases for
both low (<£0.1 A g’l) and high (1 A g’l) current rates; being always
significantly higher than those reported for HCs produced via nondoped
activation procedures (see Fig. 6). Particularly noteworthy is the good
performance of the N-S dual doped cotton-derived HC, as well as the
already commented red P/HC composite. Surface redox reactions pro-
moted in the doped HCs are faster than bulk intercalation reactions. This
fact, together with low electrode structural changes upon cycling, con-
tributes to the high rate capability and cycling stability [114,177]. It has
also to point out that these advanced materials were produced at rela-
tively low carbonization temperatures (500-900 °C).

4. Conclusion and prospects

In view of the need to replace lithium-ion batteries, sodium-ion
batteries are the most promising candidates to implement large-scale
energy storage systems. Great efforts have been made during the last
years in terms of electrode materials and electrolyte formulations to-
wards competitive SIBs. However, while cathode performance is close to
that of the current Li-ion technology, further improvement for the anode
should be done in terms of energy and power density, as well as cycling
stability. Biomass-derived hard carbon is a promising anode material
candidate due to its electrochemical performance at relatively low cost
and environmental impact. In this article, we reviewed the fundamental
and current knowledge about plant-derived HC anodes with the aim at
providing researchers with the basic tools required to delve into this
topic.

Dry and hydrothermal carbonization of plant-derived biomass are
common thermochemical processing routes to prepare HCs. They
represent cheaper and more sustainable approaches than synthetic
routes involving fossil fuel-based precursors. The natural porous struc-
tures of plant precursors remain in the final carbon material, providing
shorter diffusion paths for Na™ and more storage sites to enhance the HC
electrode capacity. By adjusting the carbonization temperature in the
range of 1000-1400 °C (carbonization up to this highest temperature is
usually conducted after preliminary pyrolysis or HCT steps), the mi-
crostructures of HC can be tailored to optimal specific surface area and
interlayer spacing (0.38-0.40 nm) in order to reach the maximum
coulombic efficiency and reversible storage of sodium. Biomass feed-
stock selection plays a key role in determining the properties of the
resulting HCs and, therefore, the optimum highest carbonization
temperature.
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Fig. 9. Reversible capacities obtained for different doped plant-derived HC
anodes in SIB half-cells at a current rate lower or equal than 0.1 and 1 A g~ .

More details are available in Table S5.
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Nevertheless, despite the considerable progress made in the last
years, there is still a long road ahead to reach the full potential of this
technology. More research efforts should be focused on the following
points (see Fig. 10):

(i) In-depth knowledge of Na storage mechanism. With regard to
the sodium storage in HC, multiple mechanisms have been proposed in
the last years. Nonetheless, the fact that an adsorption storage process is
associated with the slope region and that an intercalation mechanism is
linked to the plateau region is being accepted by an increasing number
of researchers. The global mechanism, however, still remains incon-
clusive and needs to be further investigated, especially in terms of the
low-voltage plateau, ultra-micropores, and closed pores filling. Further
research —using in/ex situ techniques as well as theorical calculations
and simulations— is required to better understand the role of pore size
distribution, open and closed porosity, functional groups on surface,
structural defects, and pseudographitic domains during sodiation/des-
odiation processes.

(ii) Rational structure design of anodes. To further improve the
anode performance through tuning the porosity of HCs, physical and
chemical activation processes are proposed. Hierarchical pore structures
improve the interface wettability and the rate performance of the anode.
Since Na* diffusion in the bulk of the carbon seems to be the rate-
limiting step, an increased porosity can reduce the required Na™* diffu-
sion distances. Furthermore, despite the low ICE values as negative
aspect, producing competitive carbons at temperatures below 1000 °C
could be an advantage for their manufacturing at large scale. Other
emerging strategies as microwave activation, Hy reduction, and high
current pretreatments have been also proposed and their suitability
should be further assessed. The specific capacity and ICE of activated
HCs can be improved by heteroatom doping. This approach could
enhance the ionic conductivity, provide more active sites, and even
enlarge the interlayer spacing. Furthermore, the synthesis of nano-
composites with metallic NPs (or allowing materials) begins to receive
more attention since it seems to be able to produce SIB anodes having
excellent reversible capacities and high-rate capabilities.

(iii) ICE improvement. Improving the ICE of HC electrodes is also a
crucial task to enhance the energy density and enable SIBs to be pro-
duced and marketed. Low ICE is caused by a certain decomposition of
the electrolyte and also by the irreversible sodium trapping in pores,
functional groups, and interlayer spaces. Optimizing electrolyte and
binder formulations, together with HC engineering of defects, surface
area, and functional groups are interesting strategies to improve it.
Nevertheless, a comprehensive knowledge on the formation and role of
the SEI is crucial to facilitate a rational and efficient electrode design.
Recently, chemically presodiation of the HC anodes before assembling
the cell has been proposed as an effective and scalable alternative.
Finally, the production of HCs with enhanced conductivity would allow,
among other benefits, to reduce the amount of additive (usually carbon
black) or even avoid it, also resulting in an improvement of the ICE.

(iv) Environmental, economic, and scaling-up aspects. One of
the main strengths of plant-derived HCs —compared with synthetic
materials— relates to the possibility of producing them via easily scal-
able processes at relatively low cost. This competitive advantage, how-
ever, could be further strengthened by implementing less energy-
intensive processes and avoiding the use of expensive and/or hazard-
ous chemicals. In this sense, synthesis of HCs at relatively mild tem-
peratures via, for instance, heteroatom doping using cheap and
sustainable sources (or even waste streams) is encouraged. This
achievement could definitely boost SIBs technology and bring it closer to
its commercialization.

(v) Full cell approach. The study of HC anodes in full cells, in which
the cathode doesn’t supply infinite Na ions, is required to evaluate their
performance in a realistic situation. Several types of cathode materials
have been developed and assembled in commercial SIBs (e.g., layered
oxides, NVPF, and Prussian blue analogue cathodes assembled by Far-
adion, Tiamat, and Novasis, respectively [178,179]). Although some
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Fig. 10. Prospective challenges for improving the performance of plant-derived HCs as anodes in SIBs.

plant-derived HC anodes have been studied coupled with these cath-
odes, more full cell studies are necessary —particularly once the anode
has been optimized— to check some issues that rarely are considered in
half cells testing. Full cells are required to calculate the areal reversible
capacity ratio of the negative to the positive electrode (N/P ratio), select
the cut-off voltage, and check the polarizability of both electrodes, the
aging of the cell, and the climate influence. Moreover, the compatibility
of electrolytes and additives with the anode and cathode materials is
particularly relevant. Regarding electrolytes, some additives (for
instance, FEC) have been studied to improve the most used alkyl
carbonate-based electrolytes in terms of cell ICE and cycling stability.
Moreover, a growing number of studies revealed that using ether-based
electrolytes results in the formation of more stable SEI films on HC an-
odes. Exploring those electrolytes, together with most advanced solid
and gel-based electrolytes, could improve the anode and cell perfor-
mances, not only affecting the SEI, but also increasing the voltage
window of the full cell and, therefore, the energy density.

To conclude, easily tunable plant-derived HCs appear as suitable
anode candidates for SIBs. To fit the properties of the anodes to the
battery requirements, a combination of different processes can be
applied thanks to synergistic effects. Thus, activation and doping stra-
tegies might efficiently be combined to reach an optimum balance be-
tween several parameters, including —but not limited to— ICE, energy
density, and power density of the final electrodes. Particular effort has to
be devoted to elucidate the impact of both the pore size distribution and
the nature of the SEI film on the ICE, rate capability, and long-cycle
stability. Once this necessary progress is achieved, sustainable, high-
performance and low-cost HC-based anodes are expected to be pro-
duced from plant wastes in the near future to be assembled in large-scale
energy storage systems.
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