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The development of large-scale energy storage systems based on matured technology
of lithium-ion batteries (LIBs) is hindered by the high cost of Li. Thus, analogous
technologies involving other alkali metals (sodium (SIBs) and potassium (PIBs)) are
being developed. Among various materials for negative electrodes (anodes) for such
batteries, carbon materials are the most promising; in particular, hard carbon is of
special interest. The review is devoted to the state-of-the-art research on the structure,
composition and properties of this type of material, as well as to the analysis of methods
for its preparation and study. The description of the microstructure of hard carbon is an
extremely ambiguous and unresolved issue, therefore the review pays special attention
to various microstructural models. It also systematizes synthesis methods and analyzes
the results of studies of the physicochemical properties of hard carbon. It reveals
fundamental trends and correlations between production technologies, material
characteristics and electrochemical performance of hard carbon materials. A large
number of results of electrochemical studies are analyzed, the ideas about the
mechanisms of electrochemical interactions of Na* and K* cations with hard carbon are
systematized, and the contradictions existing in the various models of the mechanisms

of such interactions are shown.
The bibliography includes 247 references.
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1. Introduction

The continuous growth of energy consumption has led to the
development of energy storage technologies. The most effective
of them are based on the use of batteries as electrochemical
power sources. Widely used lead-acid batteries suffer from a
number of disadvantages, the most important of which are low
specific capacity (25—-40 W h kg™"),! short lifetime, high toxicity
of lead.

Lithium-ion (Li-ion) batteries have none of these drawbacks,
therefore they now dominate the market for portable electronics
and electric transport.? However, the use of Li-ion batteries for
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many large-scale applications (stationary energy storage, power
plant buffer systems, electric passenger transport, efc.) is
hampered by the high cost of lithium and by the fact that its
natural sources are localized at a few places in the world.
Replacing lithium with its alkali metal analogues (sodium and
potassium) appears to be a promising alternative due to the
abundance of Na and K in the Earth’s crust (2.5 and 1.7 wt.%
respectively)? and their low cost compared to lithium. In
addition, lithium forms alloys with aluminum during
electrochemical charging, forcing battery manufacturers to use
more expensive and heavier copper foil as the current collector
for the negative electrode (anode). Sodium and potassium are
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free of this shortcoming, so aluminum foil can be used both for
positive electrodes (cathodes) and for anodes, which is an
additional factor in reducing the cost of sodium and potassium
ion batteries (SIBs and PIBs) due to the lower cost of aluminum.
It is also worth noting the fundamental similarity of LIB, NIB
and PIB technologies, which makes it possible to apply the
technological solutions developed for LIB to SIB and PIB,
including those for the production of electrodes, cells, batteries,
monitoring and control systems.

In addition, the electrode potentials of the Na/Na* and K/K*
redox pairs in the propylene carbonate-based electrolyte are
close to the electrode potential of the Li/Li" pair (higher by
0.23 V and lower by 0.09 V respectively).* This allows for high
operating voltage and energy density of SIBs and PIBs and
makes their characteristics potentially comparable to those of
LIBs. Despite the fact that sodium and potassium ions have
larger weights and sizes relatively to lithium ions (the ionic radii
of Na* and K* are 1.02 and 1.38 A, respectively, the ionic radius
of Liis 0.76 A), the sizes of solvated sodium and potassium ions
in propylene carbonate are 4.6 and 3.6 A, respectively, which is
smaller than the Stokes radius of lithium ions (4.8 A).5 Therefore,
electrolytes for Na-ion and K-ion electrochemical systems may
have higher ionic conductivity, which will reduce the overall
resistance of SIB and PIB cells.?

Cathode materials for these electrochemical systems include
polyanionic compounds (e.g., phosphates, fluoride phosphates,
etc.), oxide materials and Prussian blue analogues. The specific
capacity of SIB and PIB cathode materials is lower than similar
metrics of LIB materials, which is mainly due to higher values
of ionic radii and atomic weights of potassium and sodium.

Among the various anode materials for metal-ion batteries,
carbonaseous materials have attracted the most interest®~1% due
to their low cost, high electronic conductivity and ability for
reversible electrochemical interaction with sodium and
potassium ions. However, graphite, which is widely used as an
anode material in LIBs, has an extremely low specific capacity
(~35mA h g'!) in SIBs and a significant volume change of the
material (up to 61%) in PIBs, which makes it technologically
unpromising in both cases.!'-'? In this context, the attention of
the researchers and developers of SIBs and PIBs is drawn to
other carbon materials, primarily hard carbon. However, it
should be noted that the main research is focused on the use of
hard carbon as an anode material in sodium-ion electrochemical
systems. The reasons for this seem to be the high performance
characteristics of hard carbon in SIBs (specific capacity, cycling
stability, Coulombic efficiency), as well as a higher maturity of
the technology itself compared to PIBs, which prospects are not
rather clear.

The first review devoted to the use of hard carbon as an anode
material for SIB appeared in 2015.3 In this paper, the authors
used results from the study of their own samples by gas
adsorption-desorption, X-ray  diffraction and Raman
spectroscopy to describe the properties of the material. However,
there was no comparison of these results with those of other
authors. The main focus of this paper was the electrochemical
properties of hard carbon in sodium-ion electrochemical
systems.

Mittal et al.!> gave general characteristics of hard carbon and
noted that the morphology of the material depends on the
synthesis conditions. The main issue of this paper is the
mechanism of electrochemical interaction of hard carbon with
sodium cations and a review of methods for studying the
material. Another review 4 also highlights the electrochemical
properties of hard carbon in sodium-ion systems. It classifies
models of the interaction of the material with Na*, considers
practical issues of the synthesis of hard carbon and the
preparation of sodium-ion batteries with improved
electrochemical properties.

A comprehensive analysis of the microstructure of hard
carbon is given in another review paper.!> It should be noted that
reviews devoted to hard carbon in SIBs require additions
summarizing the results of characterization of its composition
and structure using modern research methods. The application
of this material to other electrochemical systems, such as PIBs
and LIBs, is also relevant for generalization and analysis.

The subject of the present review is therefore hard carbon as
a material for negative electrodes of metal-ion batteries. It has
several objectives: 1) to reflect the state-of-the-art understanding
of the microstructure of hard carbon and the mechanisms of its
interaction with alkali metal cations; 2)to systematize the
methods used in materials research and the information obtained
from them; 3) to find out the correlations between the methods
of'synthesis of hard carbon, its microstructure and electrochemical
properties; 4) to analyze the results of the application of this
material in three electrochemical systems — LIBs, SIBs and
PIBs.

2. The definition of hard carbon and
3 models of its microstructures

Among all the variety of anode materials, a special role in the
development of SIBs and PIBs is played by non-graphitizable
carbon (or non-graphitic carbon, also termed as ‘hard carbon’).

The term ‘hard carbon’ refers to carbon materials that are not
graphitized by heat treatment at high temperature, up to 3000 °C,
in an inert environment. Samples of hard carbon have a
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disordered microstructure which differs from that of graphitizable
carbon (termed as ‘soft carbon’).!617 If graphitizable carbon
gradually forms the graphite structure during high-temperature
pyrolysis, the ‘final’ form of non-graphitizable carbon is glassy
carbon.'® This is why many studies of the macro- and
microstructure of hard carbon are closely intertwined with
studies of glassy carbon.!%-20

The first models of the structure of hard carbon were proposed
in the 1950s. Among them, it is worth mentioning the packet and
fringe model (other names include fringed micellar, crystallite)
(Fig. 1a), proposed by V.I.Kasatochkin (see?! and references
therein). Another model, the ‘house of cards’ one, was proposed
by R.Franklin?%23 in 1951 (Fig. 1 b). According to these models,
hard carbon is a set of randomly arranged crystallites (domains)
consisting of several graphitic atomic planes (4—6 layers) with a
lateral size of about 40 A. The domains are in turn connected by
a ‘fringe’ of linear carbon chains.

It was later suggested (Jenkins’ model, 1972, Fig. 1¢),?* that
hard carbon consists of intertwined graphitic ribbons —
randomly oriented and interconnected twisted microfibrils with
a higher concentration of voids and hence lower material density
than graphite (~1.5 vs 2.3 g cm™).

A new concept of the microstructure of hard carbon is based
on the model of P.Harris (1997) developed as a result of the
active study of fullerene-like structures.?3-27 According to this
model, hard carbon consists of fragments of bent graphene-like
layers containing five-, six- and seven-membered rings
(Fig. 14d).

At present, machine learning methods have greatly simplified
the modelling of the microstructure of amorphous hard carbon.
Recent studies 282° have shown that the density of hard carbon is
inversely proportional to the diameter of the micropores. It was
found?® that five- and seven-membered rings are inherent in the
microstructure of amorphous carbon, but that five-membered
motifs are more common than seven-membered or other, rarer,
types of defects in the graphene-like sheet, for example Stone-
Wales defects (which arise due to rotations of C—C bonds
through an angle of ~90° in the hexagonal structure, bringing
two pentagonal and two heptagonal rings into the structure).

Hard carbon has defects, mainly in the form of dangling
bonds at the edges of graphite-like domains and vacancies in
graphene-like layers. In addition, these materials often contain
heteroatoms such as O, N, S (the latter found in the case of
nitrogen- or sulfur-containing precursors used for synthesis).
The ratio of carbon atoms with different types of hybridization,
the presence of heteroatoms, as well as material parameters such
as porosity, defectiveness, efc. are determined by the choice of
precursor and synthesis conditions. The microstructure of hard
carbon, including the mutual arrangement of atoms and groups

of atoms, layers of carbon atoms, hybridization of C atoms, as
well as micropores of the material resulting from the peculiarities
of the mutual arrangement of layers of C atoms, defects in the
material, remains a relevant and fundamentally important issue
for the understanding of the mechanism of intercalation/
deintercalation of alkali metal ions and the optimization of the
microstructure of the material for its practical application.

3. Synthesis of hard carbon

Hard carbon materials are obtained by high temperature
annealing (pyrolysis) of organic raw materials in an inert
atmosphere. The synthetic route can be divided into several
stages: pretreatment of the precursor, high-temperature
annealing of the pretreated product or pure precursor, and
sometimes post-processing of the annealed product.’?

The precursors most commonly used to produce hard carbon
can be broadly categorized into carbohydrates, including
cellulose,’'-3¢ and synthetic polymers such as PAN
(polyacrylonitrile), PET (polyethylene terephthalate), PFA
(perfluoroalkoxide polymers), phenolic resins and pitches,3”-38
lignin.3*-*> Since hard carbon is a very promising material for
large-scale production, a number of environmentally friendly
technologies are being developed to produce it from a variety of
low-cost materials, including biomass.*0-% For example,
Lakienko et al.® have recently proposed a technology for the
production of hard carbon from Sosnowskyi hogweed, an
invasive and widespread plant. The key step in the proposed
synthesis is acid washing prior to carbonization, which helps to
improve the Coulombic efficiency of the first charge-discharge
cycle up to 87% (initial Coulombic efficiency, ICE).

The choice of precursor is determined by its availability in
the region, the cost and the yield of hard carbon. Irisarri et al.”
noted a high yield (50%) of product derived from phenol
formaldehyde resin compared to that from lignin and
microcrystalline cellulose. A high product yield (40—-67%) is
also typical for PAN-derived hard carbon.”! Gorka et al.’?
considered biomass as a cheap precursor for the hard carbon, but
reported low yields of hard carbon derived from biomass and
various sugars (up to 10%) except for lignin (up to 50%).
Abramova et al.”® reported a higher yield of hard carbon
(10—-28%) when polytetrafluoroethylene (PTFE) was added to
sucrose.

The production of hard carbon is quite similar to the
technological process of producing activated carbon, since the
key step of the synthesis is also high-temperature annealing.”*
The main difference is that the production of hard carbon anode
materials does not require the activation step, as the creation of

Kasatochkin, 1950

Franklin, 1951

Jenkins, 1972

Figure 1. Hard carbon microstructure models: (a) packet and fringe Kasatochkin’s model,?! (b) ‘house of cards’ Franklin’s model,?%23

(c) Jenkins’ model ** and (d) Harris’ model.>
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mesoporosity contributes to the deterioration of the
electrochemical properties.

The first step of the synthesis is usually a preliminary heat
treatment of the precursor in air at temperatures above 100 °C.
The main objectives of the pretreatment are dehydration of the
feedstock and formation of the desired morphology of the
precursor. Thermal pretreatment of sugars is called
caramelization. It is a well known process in the food industry.
Pretreatmentis also carried out under hydrothermal, solvothermal
and microwave hydrothermal conditions.”>~7® Varying the
conditions of this process makes it possible to obtain micro- or
nanoparticles of microspherical shape. Both caramelization and
hydro- and solvothermal carbonization are complex processes.
During caramelization, the crystalline structure of the sugars is
destroyed to give amorphous glasses with different C:H:O
ratios.” In hydro- and solvothermal carbonization, sugars are
hydrolyzed to form monosaccharides, which subsequently
undergo dehydration and condensation and produce both liquid
and solid carbon-rich products.” The temperature of the process
is chosen according to the composition of the precursors.3¢65.80
Pretreatment is not a mandatory step in the synthesis of hard
carbon, but pre-dehydration followed by high-temperature
carbonization results in a material with a lower specific surface
area, which usually improves the — ICE.3> Bobyleva et al.3!
showed that the conditions of thermal pretreatment of glucose in
a narrow temperature range (200+£40 °C) have a decisive
influence on the morphology and specific surface area of hard
carbon. It has been found that reducing the specific surface area,
the degree of defectiveness and the oxygen content on the
surface can improve the ICE of hard carbon up to 89% in
sodium-ion half-cells.

Pretreatment is also carried out to remove impurities such as
potassium, calcium, magnesium and silicon, which are present
in biomass.”> Washing with water or solutions of acids and

alkalis removes impurities and has a positive effect on the
electrochemical properties of the biomass-derived hard
carbons,6482-84

The key step in the synthesis of hard carbon is carbonization —
high temperature annealing at temperatures between 900 and
2600 °C in an inert atmosphere. During this stage, heteroatoms
and remaining functional groups are removed from the precursor
or a pretreated carbonaceous product.’> As the temperature
increases, the ratio of carbon to oxygen and other heteroatoms
increases significantly. For the glucose-derived materials
subjected to hydrothermal pretreatment, the molar ratio of
carbon to oxygen, as determined by X-ray photoelectron
spectroscopy, changes from 15.9 at 1000 °C to 74.9 at 1900 °C.3¢

Carbonization temperatures up to 1000 °C do not allow
removing of a significant portion of heteroatoms, which affects
the electrochemical performance of the material, as sodium and
potassium ions are able to interact with heteroatomic functional
groups.’! Such interaction is mostly irreversible, so higher
carbonization temperatures are used for the synthesis of hard
carbon, as this helps to improve the electrochemical properties.

A number of studies confirmed the dependence between the
electrochemical properties, capacity and Coulombic efficiency
of the anode material and the carbonization temperature for
various precursors (see, e.g., Ref. 85). This dependence is not
direct — for example, the maximum capacity for hard carbon in
SIBs can be reached as annealing temperatures varies in the
range of 1300—1500 °C. With further increase in temperature,
the capacity begins to decrease (Fig.2). The nature of this
process and possible reasons for the decrease in capacity are
discussed below.

It should be noted that although the annealing temperature of
1300—1500 °C makes it possible to obtain materials with good
electrochemical performance, attempts are being made to reduce
it to 1000—1100 °C in order to reduce the energy costs of
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material production and the corresponding technological
challenges.’” Problems associated with the presence of
heteroatoms and the high specific surface area of such materials
are solved by more complex pretreatment of the precursor, as
well as the use of dehydrating agents that help to remove water
therefrom.

The post-processing of hard carbon includes grinding in a
ball mill, removal of mechanical impurities from the material
and additional drying to remove adsorbed water from the carbon
surface prior to preparation of the electrode slurry.

There are other less common methods of synthesis of hard
carbon, such as

1) plasma-chemical synthesis, which involves deposition of
nano-sized carbon on a carrier from a gaseous medium
containing hydrocarbons (e.g. xylene®’) and plasma generated
by a vacuum-arc discharge;

2) laser ablation of carbon fibres;®®

3) template synthesis, widely used to prepare carbonaceous
materials with micropores. Zeolites, -0 silica,”! magnesia®?
and zinc oxide?3~% can be utilized as the template. After
carbonizing a mixture of the template and precursor, the former
is washed out using alkali or acid solutions. To reduce the
specific surface area, the carbonaceous material obtained after
washing is subjected to repeated carbonization.”?

As a rule, the presence of heteroatoms, impurities degrade
the electrochemical performance of hard carbon due to
irreversible interaction with sodium/potassium cations.
However, there is an area of research aimed to make this
interaction reversible, which will allow to improve the
electrochemical capacity of doped hard carbon materials. The
main dopants are nitrogen,?¢ %8 sulfur,®-19 phosphorus !°! and
boron.!0%:103 To prepare doped hard carbons, special precursors
are used which already contain the necessary heteroatoms. For
example, to obtain nitrogen-doped carbon materials, polymer
precursors are used such as PAN,”! polyaniline (PANI) 1% and
polypyrrol (PP).195:106 The doping process can also be carried
out through carbonization of the precursor in a mixture with a
source of heteroatoms, or by annealing in an inert atmosphere
with the addition of gases containing the required
heteroatoms.!?” Also of interest is the co-doping of hard carbon
material with multiple heteroatoms to create a larger number of

4. Methods for studying the composition and
structure of hard carbon

A number of modern analytical methods are used to study hard
carbon. The main methods for studying the chemical composition
of hard carbon include CHNS/O elemental analysis, energy-
dispersive X-ray spectroscopy (EDS) and X-ray photoelectron
spectroscopy (XPS), particles morphology and open pores are
studied using scanning electron microscopy (SEM) and gas
adsorption/desorption, respectively. The microstructure of the
material under consideration is studied by means of transmission
electron microscopy (TEM), X-ray diffraction (XRD), Raman
spectroscopy, pair distribution function (or pair distance
distribution function (PDF)) based on the analysis of X-ray total
scattering, synchrotron and neutron scattering data, small-angle
X-ray scattering (SAXS), atomic force microscopy (AFM),
scanning tunnelling microscopy (STM), electron paramagnetic
resonance (EPR) and others techniques.

When studying hard carbon by various methods, the data
obtained are usually compared with those of graphite (Fig. 3).
Figure 3 shows the results of studies on these materials using
different techniques.

4.1. Chemical composition

Elemental analysis is widely used to study the chemical
composition of hard carbon. It helps to determine the chemical
composition of both the final material and the products of the
processing of precursors at different stages of the hard carbon
production. Titirici et al.''3 showed that the precursors obtained
via the hydrothermal treatment of various raw materials (sugars,
dehydrated hydrocarbon derivatives, efc.) contain the elements
C, O, H. Examination of hard carbon after the high-temperature
carbonization shows that it consists predominantly of carbon,
irrespective of the starting materials, and that as the annealing
temperature increases, the carbon atom ratio increases while the
ratio of other atoms decreases.>® 114 As the annealing temperature
is further increased, the ratio of O atoms becomes comparable to
the measurement error.

XPS is another method of studying the chemical composition,
which provides data on the chemical composition of the surface

probable interaction sites and boost the discharge  of hard carbon samples.!''3- 12! Figure 4 shows a typical XPS
capacity.108-111 spectrum of hard carbon.
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Figure 4. XPS spectra of hard carbon samples obtained from corncobs at different carbonization temperatures: (a) wide spectrum,'!s (b) fitted
C1s XPS spectra of a sample carbonized at 1000 °C;!'3 (¢) fitted O1s spectra of Ganoderma lucidum residue-derived samples carbonized at 800,

900 and 1000 °C.'"7

The XPS spectra indicate that the surface of hard carbon
contains carbon as the main component, corresponding to the
Cls line. In various studies, this peak is characterized by binding
energies in the range of 280 to 292 eV.

Moreover, oxygen is often found on the surface of hard
carbon. Oxygen-containing functional groups are detected in the
energy range of the Cls peak as well as at binding energies of
around 532 eV, where the O1s spectral line is identified. Among
the oxygen-containing groups, (C-0), (C=0), (0O-C=0),
(COOH), (C—OH) and the H,O molecule have been identified
in various studies,11-31-32.55.57,64,65,68,71,116-121

In addition to carbon and oxygen, nitrogen-containing groups
(C—N), (C=N), (N—C=0) have also been detected on the surface
of hard carbon by the XPS technique.64116.117.120 T addition
to the above atoms, small amounts of P and S were detected in
the Ganoderma lucidum residue-derived material.!'”?

The studies on the composition of hard carbon samples
carbonized at different temperatures show that the content of
heteroatoms  decreases  with increasing carbonization
temperature, in particular the content of oxygen groups (C=0)
and (C—0). At the same time, the (C=0) peak decreases faster
than that of the (C—O) group (Fig. 4c).'"” This may influence
the mechanism of energy storage in the material (as noted by the
authors of paper,!!7 a reversible reaction — C=0+Na++e- <
—C—-0-Na is possible).

4.2. Morphology of materials

SEM is the main method used to study the morphology of hard
carbon. Comparison of SEM images of samples obtained
from different precursors by different processing
techniques 16-31,32:41,52,55-58,64,65,68,80,116,117,121-129. ghows o
great diversity in the morphology of the materials. The particles
of samples derived from carbohydrates by caramelizing the
precursor in air at 180 °C before carbonization (Fig. 5a),3! have
an asymmetric shape that depends on the milling conditions of
the sample.®!-13%-131 Hard carbon samples obtained from glucose
or sucrose by hydrothermal pretreatment at 180 °C are
characterized by spherical particle shapes (Fig. 55).347%131 It is
worth noting that it is extremely difficult to favour one or the
other type of morphology, as both types of materials can exhibit
quite attractive electrochemical performance.

Figure 5. SEM microphotographs of hard carbon samples derived
from: (a) glucose via caramelization (the image was taken from au-
thors archive to Ref. 81); (b) glucose via hydrothermal carbonization
(the image was taken from authors archive to Ref. 73); (c) cellulose
(the image was taken from authors archive to Ref. 131); (d) Sosnow-
skyi hogweed (the image was taken from authors archive to Ref. 69).

Analysis of the morphology of hard carbon samples derived
from different biomasses indicates that it inherits the morphology
of the starting materials (Fig. 5c¢,d).0%131

4.3. Microstructure of hard carbon

High resolution TEM and electron diffraction, Raman
spectroscopy, XRD and PDF methods are used to study the
microstructure of hard carbon. The key challenges solved by
these methods are to determine the influence of synthesis
conditions on the microstructure of hard carbon (due to the
special scientific and practical interest, the study of defects is
considered in a separate Section).

For example, Zhang et al.’' showed that PAN-derived hard
carbon has a highly disordered microstructure at a carbonization
temperature below 1000 °C. As the carbonization temperature is
increased up to 2000 °C, the formation of randomly oriented
domains consisting of bent sheets of carbon atoms is observed.
Further increase in the carbonization temperature result in a
significant rise in the domain length. Damodar ef al.'*® found
that in hard carbon obtained from sepals of Palmyra palm fruit
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calyx, the appearance of domains of several graphene-like layers
is observed already at the carbonization temperature above
700 °C and there is a tendency to increase the number of such
domains with increasing carbonization temperature. Similar
changes, from virtually amorphous microstructure to the
formation of nano-sized graphite-like domains, are also observed
in the natural cotton biomass-derived hard carbon!? with
increasing carbonization temperature from 1300 to 1600 °C.
Simone et al.!* also observed an increase in ordering of the
samples of cellulose-derived hard carbon with increasing
carbonization temperature. TEM clearly shows an increase in
the degree of graphitization of the material with increasing
carbonization temperature (Fig. 6).57-59-80.117.127.132,133  Thjg
trend is also confirmed by electron diffraction: a number of
publications 333,65 74,113, 116,119,123 renort a decrease in the
width of the diffraction rings with increasing carbonization
temperature. It indicates an increase in structural ordering. At
the same time, the temperature of graphite-like domains genesis
varies for different precursors and depends on their pretreatment.

It is worth noting that during carbonization of hard carbon
derived from various precursors (e.g. coffee waste,?® resorcinol-
formaldehyde resin!3*) at temperatures above 2000 °C, a
tendency towards further ordering of the microstructure is
observed. The increase in temperature from 2000 to 3000 °C
causes parallel sheets of carbon atoms to first bend and then
straighten during carbonization up to 2500 °C, but graphite
formation does not occur.

In addition to visualizing the material microstructure, a
number of studies>%-646%.68.124.125 haye used high-resolution
TEM to determine the distance between the layers of carbon
atoms () in graphite-like domains, which typically varies from
0.37 (Ref.59) to 0.44nm (Ref. 64) depending on the
carbonization temperature of the samples. It should be noted that
these values are always larger than d, of graphite (0.335 nm).

Similar results are obtained with PXRD. X-Ray diffraction
patterns of hard carbon show two strongly broadened reflections
at 20 ~ 23° (22-24°) and 43° (43-44°) (Acuko=1.54 A), which
are ascribed to the corresponding (002) and (100) crystallographic
planes of graphite (see Fig. 3 5).3° The average distance between
the graphene-like layers varies from 0.347 (Ref. 135) to

Figure 6. TEM images of a sample of hard carbon derived from
mangosteen shell carbonized at 800 °C (), 1300 °C (b), 1500 °C (c¢),
1600 °C (d).

0.443 nm (Ref. 136) depending on the type of precursor and
carbonization temperature. The most common values are
0.37-0.38 nm.

It is noteworthy that some papers3%9>-137 reported a ‘bell-
shaped’ dependence of the interlayer distance on the annealing
temperature: an increase was observed with an increase in
temperature from ~800 to 1250 °C3° and a decrease with a
further increase in temperature, which may indicate the existence
of an ‘intermediate’, more disordered state.

Li et al.® and Xiao et al?* studied the influence of other
carbonization parameters (in addition to the carbonization
temperature) on hard carbon structural properties. More ordered
structures were observed at slower heating rate.’* Additional
microwave treatment of hard carbon after its annealing leds to
an increase in the length of carbon domains to almost 15 nm,
while without additional microwave treatment this parameter
did not exceed 5 nm.3?

Since the strong broadening of reflexes in X-ray powder
diffraction patterns provides only a rough estimation of the
structure of hard carbon, the pair distribution function method is
used for a more in-depth study. The atomic structure of hard
carbon, its defects and the mechanisms of interaction of metal
ions with the material are studied using synchrotron X-ray and
neutron total scattering data.33-80:114.138-142 The relevance of
this method for hard carbon is due to the nanometer dimensions
of graphitic (graphite-like) domains (crystallites), which violates
the assumption of the presence of a long-range order in the
crystal lattice, and to local defects in the atomic structure. The
pair distribution function describes the atomic structure around
a selected atom by the probability of finding another atom at a
given distance from it. The graph of the pair distribution function
G(r) contains peaks at a distance » from the conditionally central
atom, which are caused by the corresponding atoms in the
material structure (Fig. 7).

The position of the maxima determines the interatomic
distance. The intensity of each peak reflects the relative
‘contribution’ of atoms in the corresponding interatomic
distance. The width of the peaks is related to the factors that can
cause changes in the interatomic distances, primarily thermal
fluctuations of the atoms.'!# The distances » determined in hard
carbon using PDF correspond to different distances of the
hexagons of graphene sheets.!!4138-140 [n this case, as noted by
the authors of papers, 103135 the peak at a distance 0f 3.35-3.45 A,
corresponding to carbon atoms in adjacent graphite sheets, is
practically absent regardless of the annealing temperature (it
should be noted that its intensity is quite low in the case of
graphite).!14 138 At higher annealing temperatures, the peaks in
the G(r) graph become narrower, indicating a greater ordering of
the atomic structure.

Kubota et al.'3% showed that the maxima on the G(r) plot at
values of 7 greater than 3 A for hard carbon differ in position and
intensity from graphite. This may be due to the non-parallel
arrangement of individual layers in hard carbon, defects at their
edges, as well as the curvature of the layers, which in turn may
be associated with a some of 5- and 7-membered carbon rings
and other factors. 114138141

The degree of ordering, or graphitization of hard
carbon is  estimated from  Raman  spectroscopy
data 325560, 116,118,120,121,121,129.143 There are several approaches
to estimating the degree of graphitization. They are based on the
study of D and G bands, which are characteristic of carbon
materials with different microstructure and degree of ordering.
The G band is observed at a frequency of ~1580—1600 cm™! and
is caused by in-plane vibrations of sp? carbon atoms in six-
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Figure 7. (a) Graph of the pair distribution function for hard carbon,'#! () schematic image based on paired distribution function data, showing

the nearest neighborhood of the central atom in the graphene layer.

membered carbon rings (the E,, mode of the irreducible
representation of the Dg, group).!#145 At ~1350—1360 cm™!,
the D band (D1) is observed, which is not characteristic of ideal
graphitic lattice.'#¢ Its nature is the subject of long scientific
debate. The D band has been associated with defects at the edges
and inside graphitic planes (A, mode),'*5 with symmetric
stretching vibrations of six-membered aromatic rings,'?® or with
double-resonant Raman scattering on carbon layers.'4’” Raman
bands and vibrational modes for carbon black and graphite are
discussed in detail in a study.'* The characteristic Raman
spectrum of hard carbon is shown in Fig. 8.

Approaches assessing the degree of graphitization of a
material are based on estimating the D1: G ratio or the integral
D3:G ratio.!3® The D3 peak at 1500 cm™! is observed for sp?
carbon atoms in amorphous states,'*’ so the second approach
proposes to estimate the degree of graphitization by the ratio of
sp?- and sp3-hybridized atoms. The first approach is the most
common. The ratio is calculated from the peak heights or integral
intensities signed as IG and ID (or AG and AD). The integral
intensity ratio is calculated from the ratio of the areas under
peaks G and D1 (IG/ID1). Gomez-Martin et al.''* proposed to
estimate the degree of graphitization by the calculation method
(IG/(ID1+1G)), which allows to obtain a value in the range from
0 to 1. The values of the ratio of the integral intensities D1/G for
different samples of hard carbon are close and usually greater
than 1. In addition, the width of the D and G peaks at half height
decreases with increasing annealing temperature of the hard
carbon samples, also indicating an increase in the ordering of the
materials.>’- 125

Intensity (a.u.)

1800

1000 1200 1400 1600

Raman shift, cm™

Figure 8. Raman spectrum of hard carbon and Gaussian approxima-
tion of peaks (the Figure was taken from authors archive to Ref. 73).

In addition to the presence of graphite-like domains,
micropores were found in the microstructure of the samples (as
visualized by TEM?!-122.127) " formed as a result of disordered
stacking of nanoscale domains. A more detailed investigation of
the porous structure of hard carbon is carried out using gas
adsorption/desorption methods to study open pores and the
SAXS method to study pores isolated from an external
environment. Due to the small scattering angles, SAXS has a
low resolution for single atoms and a high resolution for larger
particles. The scattering coefficient of a particle is determined
by the total electron density of the atoms within it, so the
presence of regions of significantly different electron density in
the sample (e.g., closed micropores) will be reflected in the
SAXS diffraction profile.'*® According to model representations,
closed pores in hard carbon are spaces between graphite-like
domains or separate graphene-like layers in the bulk. An
example of the SAXS curve for hard carbon is shown in Fig. 3d.
The part described as Q~* on the plot of the reflection intensity
vs the wave vector is associated with the reflection of X-rays
from the surface of graphite-like particles.!'? The pores of hard
carbon account for the appearance of convex regions on the
curve (for a detailed model to interprete the SAXS curves for
disordered carbon materials see !!2).

Several approaches have been proposed to determine the
pore size of hard carbon.®3130:132149 For example, Simone
et al.'3? used Guinier’s dependence (1) to analyze the scattering
intensity in the convex region:

I:N‘V2<exp(7_ Q23-Rg2> (D)

where N is a pore number, V' is the pore volume and Rg is radius
of gyration.

Pore diameter (D) can be estimated using Eq. (2), a factor of
3/5 is introduced to account for the non-spherical oval-shaped !32
pores (see Fig. 3a):

3 (D

Re= /3 (2 @

Pore sizes of hard carbon derived from different precursors
vary from ~0.6 to ~4.5 nm. Based on the SAXS data, it was
found that the pore size increases with increasing annealing
temperature.®127-130.132 At the same time, when the annealing
temperature is increased from 700 to 1300 °C, the pycnometric
density of the samples of hard carbon increases from 1.727 to
2.105 g cm3, whereas further increase of the temperature leads
to a decrease of this parameter to 1.392 g cm™ at 2000 °C (for
comparison, the pycnometric density of graphite is 2.26 g cm™3).
Based on the analysis of the SAXS data and the determination of
the skeletal (or effective) density (which is determined by the
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total density of the skeleton and the closed pores) by helium
pycnometry, it is assumed that this is due to an increase in the
volume of closed pores with a simultaneous decrease in their
number. This is explained by the formation of larger pores due
to the merging of small ones.!?’ It is also likely that closed pores
can be formed due to the collapse of open pores as the annealing
temperature of the material increases.!?’

The open pore portion in hard carbon is mainly
determined by the gas adsorption/desorption
method. 28 34.35,39.56-58.63,81,132,143,150-154 Nitrogen at 77.4 K is
used to measure the specific surface area of the material (the
ratio of the total surface area of the sample to its mass) and pore
sizes larger than 0.7 nm,*%127 CO, is used to measure pores
smaller than 0.7 nm and, to account for their contribution to the
specific surface area value, measurements are made at 273 K.'%5
Measurements using N, and CO, can be complementary. 4071114
The reason for the differences in specific surface area values for
the same sample of hard carbon when different gases are
adsorbed thereon is related to the different sizes of their
molecules,!'* and also to the fact that measurements with CO, at
higher pressures (up to 10 kPa) allow the contribution of pores
smaller than 0.7 nm, which are inaccessible to N,, to be taken
into account due to the better diffusion of carbon dioxide.** 15!

There are at least 5 types of adsorption/desorption isotherms
for gases that do not undergo chemisorption on the surface of the
sample (Fig. 9). Type I isotherms are the feature of samples with
micropores and relatively small surface areas, while types II and
IIT are typical for macroporous and non-porous objects. Type IV
and V isotherms are observed for mesoporous samples.'>” There
is also the type VI isotherms, obtained for non-porous
materials.!>® Type IV and V isotherms may have a hysteresis
loop, which is interpreted when analyzing pore characteristics,
such as their shape. There are a number of theoretical approaches
and models for the analysis and calculation of material
parameters which are discussed in detail in studies.!%6:158-160
For hard carbon, different isotherms are obtained depending on
the precursors, primary processing methods and annealing
temperatures. For example, cork-derived samples are
characterized by a combination of I and II type isotherms.!?’
Materials from peanut shells and phenol formaldehyde resins
have a combined I/IV type adsorption isotherm.?-%2 Type IV is
characteristic of hard carbon from sodium polyacrylate? and
some plant precursors, e.g., Ganoderma lucidum residue.''’
Treatment of starting biomasses with hydrochloric acid can

N M v
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change the adsorption isotherm, e.g., from type I to type II for
argan samples, and from type III to type IV for typha!'® and
peanut shell.!?!

The Brunauer, Emmett and Teller (BET) equation is used in

most works to describe the isotherms and calculate
the specific surface area of the
samples.-3435.39-41.56-58.64.114,116,122,129.154. 161 The  specific

surface area (SSAggr) of hard carbons varies considerably
depending on the precursor and can range from ~1 m?g!
(Ref. 132) to ~2500 m? g~' (Ref. 62) for different starting
materials. The specific surface area of hard carbons derived
from sugars, natural and synthetic polymers varies from several
tens3* 161 to several hundreds of m? g! (Ref. 62).

According to several studies,>®63:122:125.127 increase in
carbonization temperature from 800 °C (Refs 63, 122, 127) to
1600 °C (Refs 125, 127), leads to a decrease in the specific
surface area of the samples, which may be related to the collapse
of open pores.'?’ For example, for hard carbon derived from
phenol formaldehyde resin, SSAggr decreases from 350 to
101 m? g*! with increasing carbonization temperature from 800
to 1500 °C.3° It was shown 4132 that at higher carbonization
temperatures the specific surface area ceases to decrease
significantly and can even slightly increase. In addition to the
carbonization temperature, the argon flow rate over the samples
during their high temperature carbonization has a significant
effect on the specific surface area:* as the rate of Ar supply
increases from 200 to 600 and 1000 cm3 min~! respectively, a
decrease in SSAggr of hard carbon from sucrose is observed
from 670 to 120 and 11 m? g~! respectively. This may be due to
the faster removal of gaseous carbonization products, which can
react with the carbon material, activating the surface and thus
increasing the surface area of the samples. A high heating rate
results in an increase in the specific surface area of hard carbon
samples,3* while a low heating rate of the samples contributes to
amore effective desorption of gaseous products from the surface
of the material during carbonization, thus reducing pore
formation.

4.4. Study of defects

The main types of defects in hard carbon that can significantly
affect its electrochemical performance are dangling bonds at the
edges of graphite-like domains, vacancies within graphene-like
layers, heteroatoms, atomic structure defects (due to the presence
of sp> atoms in the material), ezc.

The dangling bonds were studied by EPR spectroscopy. '3
Localized paramagnetic centers were attributed to dangling
o-bonds of carbon atoms at the edges of graphite-like domains
and at the surface of open pores. The spectra showed a
broadening of the peaks, which was explained by the presence
of sp? carbon atoms in hard carbon, leading to a broadening of
the energy gap between the valence and conduction bands.
Using the EPR method, it was found that localized paramagnetic
centres are able to interact with atmospheric oxygen, giving rise
to a difference between the EPR spectra recorded in air and
in vacuo.

Datta et al.'®? calculated the energy of vacancy formation in
a graphene-like layer using the DFT method and showed that the
formation of divacancies, i.e. two vacancies located at the
adjacent points of the lattice, is energetically the most
advantageous (the energy of monovacancy and divacancy
formation is the same and is 8 eV, hence the removal of an atom
in the first case requires 8 and 4 eV in the second case)
(Fig. 10@). When divacancies are formed in the material, the
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Figure 10. Schematic representation of defects in hard carbon: diva-
cancies (a)'%* and Stone-Wales defects (b).!*

atomic lattice remains virtually unchanged. According to
calculations, in addition to divacancies, the formation of Stone-
Wales defects is the most energetically favourable. They arise
from rotations of C—C bonds by an angle of ~90° in the
hexagonal structure (Fig. 105), resulting in two pentagonal and
two heptagonal rings in the structure (their formation energy is
5¢eV). At the same time, the dangling bonds are unstable in
graphene-like layers.

The content of defects in the layer of sp? atoms can also be
determined by evaluating the integral areas of the peaks in the
PDF plot.!38

Gomez-Martin et al.''# proposed to estimate the degree of
deformation of hard carbon 3 by Raman spectroscopy as 1—a,
where o is the degree of graphitization of the material. It
decreases from 0.78 to 0.66 with increasing annealing
temperature of hard carbon samples from 800 to 2000 °C ''# and
from 0.76 to 0.65 with decreasing heating rate of samples from
5 t0 0.5 deg min~! (for annealing at 1300 °C).34

Defects in hard carbon can also be studied by measuring the
active surface area, which is calculated from the chemisorption
of oxygen. The amount of oxygen-containing complexes is
determined by mass spectrometry from the amount of CO and
CO, gases released during outgassing at 950 °C.3-195 The active
surface area depends on defects, such as vacancies and dangling
bonds, as well as the presence of heteroatoms, adsorbed atoms
and groups of atoms, etc. Zhang et al.”' found that by increasing
the annealing temperature from 950 to 1250 °C and decreasing
the number of defects, the active surface area of hard carbon
decreases from 23 to 1.1 m? g !, athigher annealing temperatures
further reduction of the active surface area is insignificant.

The defects in the layers and heteroatoms, which determine
the value of the active surface area, can influence the ICE of
hard carbon and the process of formation of passivation layers
due to electrolyte decomposition. It was shown that as the active
surface area decreases with increasing annealing temperature,
there is initially a small growth in the ICE for anodes in sodium-
ion half-cells from ~50—60 to ~70—75%, and then its decrease.”!
The mechanism of these changes requires further in-depth
investigation. This may be due to the influence of other
parameters of the material that are also determined by the
annealing temperature, such as a reduction in the volume of
open pores, the number of which affects the availability of the
material surface for electrolyte decomposition. Defects and
heteroatoms can also affect the electrochemical capacity of the
material. For example, (C=0) groups can provide a reaction
pathway for the reversible intercalation of Na, K and Li ions to
form (C—O Na/K/Li).166

5. Electrochemical performance of hard
carbon

Most of applied and fundamental studies and reviews are
devoted to the electrochemical properties of hard carbon in
SIBs, and to a much lesser extent in PIBs. As for LIBs, the
practical interest to this material in this system is not very high
today, mainly due to the more attractive properties of graphite,
although it is often noted that hard carbon can be operated in
LIBs at higher current densities and low temperatures.

The diversity of precursors and synthesis conditions
mentioned above hampers the comparison of the electrochemical
properties of hard carbons. Bommier et al.3? gave a statistical
analysis of the electrochemical characteristics for different
carbon materials as a function of material type (graphite,
graphitizable carbon, various samples of non-graphitizable
carbon, efc.), charge-discharge current density and other
parameters of the cycling process and suggested that there is a
limit to the electrochemical capacity that can be achieved for
hard carbon in SIBs. Theoretical calculations have shown that
the theoretical capacity of hard carbon is in the range of
300—-400 mA h g~! for SIBs.'%7 In practice, capacity values of
around 300 mA h g~! and higher have been achieved for samples
of hard carbon derived from various precursors such as
sucrose,’130:168 cellulose, 3199 phenol formaldehyde resin, 2 134
biomass products.!”® Higher capacities (above 400 mA h g™
have also been reported, while the materials with such
electrochemical properties are characterized by a high
microporosity. The electrochemical performance of various
samples of hard carbon in SIBs are given in Table 1.

The main factors affecting the electrochemical performance
of hard carbon-based materials and the mechanisms underlying
the electrochemical reactions of this material with alkali metal
cations are discussed below.

5.1. Coulombic efficiency of hard carbon

Coulombic efficiency of the first charge-discharge cycle of
anode material is a critical parameter that determines the mass
ratio of the main components (cathode, anode and electrolyte) in
metal-ion batteries. It is governed by intensity of irreversible
processes, primarily, the formation of a passivation layer (or
solid electrolyte interphase, SEI), responsible for the exclusion
of a part of ions from the cycling process. SEI is formed through
electrochemical decomposition of the electrolyte to produce a
complex mixture of organic and inorganic compounds on the
surface of the anode material. The composition, thickness,
conductivity and chemical stability of the passivation layer
depend on the electrolyte composition. This layer protects the
electrolyte and the anode material from degradation and
therefore influences the cycling stability.

The low ICE significantly complicates battery production:
manufacturers are forced to use an excess of cathode weight in
relation to the anode weight.!7* Another method of compensating
irreversible capacity is the use of the so-called ‘sacrificial’ salt,
a special additive to the cathode material that replenishes the
lack of alkali metal cations after the first charge.!”>!7® The
carbon electrode can also be subjected to a preliminary
electrochemical cycle in a half-cell with a metal counter
electrode.For sodium-ion systems, the chemical ‘presodiation’
of anodes by contacting them with sodium metal or its
salts 177179 has been reported,with their subsequent utilization
to assemble full cells.'® However, the application of the last two
methods in the battery production requires the addressing of
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Table 1. Comparison of synthesis techniques from different precursors and electrochemical performance of hard carbon samples as anode
material for SIBs.

Synthesis technique Characteristics of sodium-ion half-cells

Anode material

izati Specific . Ref.
Precursor Pretreatment method Carbomzatml:c sfrface The 1st cycle discharge Electrolyte
temperature, area capacity, mA h g”! (current  ICE (%)
2 gj*‘ density, mA g
Glucose Caramelization in air 1300 °C in an <1 300 (25) 89 1 M NaPFg 81
at 200 °C argon flow EC:DEC 1:1
Glucose Hydrothermal carbonization 1500 °C in an 11 293 (30) 85 1 M NaPFg 86
at 230 °C, filtration and argon flow EC:DEC1:1
drying of a solid 1700 °C in an 7 190 (30) 96
argon flow
Sucrose Hydrothermal carbonization 1300 °C in an 1.74 361 (20) 86 1 M NaClO, 34
at 230 °C, filtration and argon flow EC:DEC1:1
drying of a solid
Cellulose Heating at 275 °C in air 1300 °C in an 506 353 (25) 94 1 M NaPF4 PC 35
argon flow
Cellulose Hydrothermal carbonization 1300 °C in an 10 302 (30) 91 1 M NaClO, 77
at 200 °C, separation of argon flow EC:DEC 1:1
supernatant and drying
Pitch Pretreatment at 300 °C in air 1400 °C in an - 300.6 (30) 88.6 1 M NaPFg 37
argon flow EC:DEC 1:1
Phenol Resin synthesis (resol, 1500 °C in an 84.6 386 (10) 85 1 M NaPFq 42
formalde-  formalin, maleic acid), argon flow EC:DEC1:1
hyde resin  carbonization at 800 °C
in an argon flow
Resin Resin synthesis 1500 °C in an 3.5 294 (~7) 92 1 M NaPF¢ 153
(phloroglucinol, glyoxylic argon flow EC:DEC 1:1
acid, triethylenediamine) at
room temperature, isolation
and drying of a solid
Resorcinol  Resin synthesis (resorcinol, 1600 °C in an 3.8 350 (20) 92 0.8 M NaClO, 171
formalde-  formaldehyde) at 40 °C argon flow EC:DEC1:1
hyde resin
Epoxy resin  Resin synthesis (Epoxy 1800 °C in an 1.43 480.3 (50) 84.6 1 M NaPF; DME 38
phenol novolac resin and argon flow
maleic anhydride) at 180 °C,
carbonization at 500 °C
in an argon flow
Magnesium Precarbonization of the 1500 °C in an 681 478 (25) 88 1 M NaPFq 92
gluconate+ mixture at 600 °C, treatment argon flow EC:DEC1:1
glucose with hydrochloric acid, drying
of a solid
Sosnowskyi Heating at 200 °C in air, 1300 °C in an 7 221 (25) 87 1 M NaPF¢ 69
hogweed treatment with hydrochloric ~ argon flow EC:DEC 1:1
acid
Hazelnut Washing with hydrochloric 1400 °C in an - 342 (20) 91.2 1 M NaPF¢ 84
shell acid argon flow EC:DEC 1:1
Sucrose, Egg-shell membrane pressed 1300 °C in an - 310 (20) 89 1 M NaClO, 172
egg-shell between pressed graphite argon flow EC:DEC 1:1
membrane, plates
graphite Hydrothermal carbonization 1300 °C in an - 301 (20) 91 1 M NaClO, 172
of sucrose at 180 °C, then the argon flow EC:DEC1:1
solid product is mixed with
graphite powder and pressed
between graphite blocks
Egg-shell Egg-shell membrane pressed 1300 °C in an 3.61 321.7 (20) 99.5 1 M NaClO4 173
membrane, between pressed graphite argon flow EC:DEC1:1
graphite plates, pretreatment at 380 °C

for 36 h

Notes. EC is ethylene carbonate, DEC is diethyl carbonate, DMC is dimethyl carbonate, DME is dimethoxyethane, PC is propylene carbonate.
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serious technological and engineering challenges due to the
complexity of the operations performed on an industrial scale.

Chemical ‘prepotassiation’ is also known for potassium-ion
systems. Prepotassiation is achieved by electrochemical pre-
cycling of anode materials in a potassium-ion half-cell and
further assembly of full cells with the treated electrode.
Patent '8! proposes a method of treating finished electrodes
with a mixture of naphthalene and potassium dissolved in an
organic solvent. However, these approaches have not been
scaled-up.

The main factors affecting the Coulombic efficiency of hard
carbon in metal-ion batteries are:

1) electrode composition (which typically includes binder
and various conductive additives, such as carbon black);

2) electrolyte composition;

3) material properties (specific surface area, defectiveness,
presence and the type of heteroatoms).

5.1.1. Coulombic efficiency of hard carbon in SIBs

For hard carbon electrodes in sodium-ion electrochemical
systems, the ICE can vary over a wide range. A number of
articles have reported an increase in the ICE for hard carbon
electrodes in sodium-ion cells when using materials with a
specific surface area of less than 10 m? g1.34182

The influence of the anode composition in SIBs on the ICE
has been studied in a number of works.!3% 135,171, 183-185
Bommier and Ji '8 showed that the fabrication of hard carbon
electrodes without the addition of acetylene black helps to avoid
decomposition of the electrolyte on the extended surface of this
conductive additive, resulting in anodes having higher ICEs.
The formation and optimization of a conductive carbon coating
on hard carbon particles have been reported, with such
composites showing ICEs above 70%. 184185 This is attributed to
the fact that a special conductive coating reduces the specific
surface area of the material (from 95 to 70 m? g! for the coated
sample).'® High Coulombic efficiencies are also achieved in
self-supported ‘monolithic’ electrodes prepared in the form of a
polymer binder-free finished carbon film.!7!:183 The authors
explain this observation by the absence of significant grinding
of the components of the electrode mixture,'3* 87 whereas the
preparation of traditional electrode slurry may increase the
specific surface of the material due to the fragmentation of its
components. At the same time, Bobyleva et al.8! showed that
even after milling, hard carbon with a monolith-like morphology
(amonolithic carbon rod is formed during synthesis, and requires
additional milling to be powdered) maintains high Coulombic
efficiencies of about 89%. Some authors have demonstrated a
significant increase in ICEs (up to 99.5%) by using a graphite
plate as a template for the synthesis of hard carbon.!7%173

The composition of electrolytes, i.e., salts and solvents,
determines the composition of the passivation layer formed on
the surface of the hard carbon as the electrolyte decomposes.

Typical electrolytes for hard carbon anodes are solutions of
salts in non-aqueous organic solvents, such as alkyl carbonates
and ethers.!86:188.189 For sodium ion systems, the salts of choice
are perchlorate (NaClO,), hexafluorophosphate (NaPF4) or
sodium bis(trifluoro)sulfonylimide (NaN(CF;S0O,),, NaTFSI),
sodium bis(trifluoro)sulfonylamide (NaN(SO,F),) and others.
Among the organic alkyl carbonates, the common solvents are
ethylene carbonate (EC), propylene carbonate (PC) and their
binary mixtures, as well as binary mixtures of EC with diethyl
carbonate (DEC) and dimethyl carbonate (DMC), and other
combinations. Among organic ethers, the most demanded are

glymes — ethylene glycol dimethyl ethers with the general
formula CH;0(C,H,40),CH; (n = 1-4).

The electrochemical properties of hard carbon in electrolytes
based on the two classes of the above solvents, namely, esters
(EC, PC, DEC, DMC) and ethers (glymes), were studied in a
recent works.!?%1°! The use of glymes improves the cyclic
stability and increases the Coulombic efficiency, which is
associated with the formation of a thinner and more stable
passivation layer (referred to as ‘pseudo-SEI’). At the same
time, it has been reported that the use of glymes for hard carbon
is characterized by the phenomenon of ‘co-intercalation’, i.e. the
intercalation of sodium ions surrounded by a solvate shell into
the interlayer spacing.'%?

A number of studies have reported a beneficial effect of the
fluoroethylene carbonate (FEC) electrolyte additive on the
resulting passivation layer, reducing the degradation of anode
materials during cycling in both sodium-ion half cells and
sodium-ion full cells. However, the negative impact of this
additive on the electrochemical performance of hard carbon also
has been noted.'0® 193 The observed negative effect may be
related to the formation of a less electrically conductive
passivation layer when FEC is added to the electrolyte.

One of the reasons why it is difficult to analyze and
systematize data on electrolytes is the lack of a commercially
available electrolyte that can be used as a benchmark. Hosaka
et al.'®* noted that the differences in the quality of the salt,
especially NaPFg, and differences in the purity of the solvent
significantly affect the properties of the finished electrolyte. The
use of NaClO, is limited by its thermal instability, and
application of NaTFSI is hampered by its ability to react with
aluminium current collector.!88

In addition to the use of various additives in the electrolyte,
its properties can be modified by varying the salt: solvent ratio.
Thus, the use of medium (2.5-3 M) and high (>3 M)
concentrated solutions instead of the standard 1 M salt solutions
(NaPF4, NaFSA) improves the Coulombic efficiency of hard
carbon anodes in SIBs, since it has been shown that increasing
the concentration of the solutions contributes to the formation of
a more stable passivation layer.!%~197

Among the less common salts and solvents, sodium
tetraphenylborate was found to increase the Coulombic
efficiency to 95%;!%% also sodium bis(oxalato)borate in triethyl
phosphate featuring high stability of the electrolyte to thermal
decomposition.!?2%0 The ability to operate at high current
densities (charging within 5 min) was demonstrated by a system
with a solid electrolyte based on sodium carborane
Na(CBoHj )0 7(CB1 Hjz)p 3.2

The electrolyte composition also has a significant impact on
the cycling performance of hard carbon in full cells. For
example, a full cell with Na;V,(PO,),F; cathode and hard
carbon anode retains 80% of its original capacity after cycling
for 12 months in an electrolyte based on 1.5M NaPFg in
ethylene carbonate.22 The authors noted that the use of
electrolytes based on cyclic carbonates is preferable to maintain
capacity during long-term cycling. In a follow-up study,?3 the
cycling performance was improved through the use of a number
of additives in carbonate electrolytes (vinylene carbonate,
1,3-propanesultone, succinonitrile, sodium difluoro(oxalato)
borate), which allowed to retain 89% of the original capacity
after 60 cycles at 55 °C.

5.1.2. Coulombic efficiency of hard carbon in PIBs

Compared to the ICE of hard carbon anodes in SIBs, the
Coulombic efficiency of PIBs is significantly lower.
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Similar to SIBs, PIB electrolytes typically comprise organic
solvents (alkyl carbonates or ethers) and potassium salts. The
latter are potassium hexafluorophosphate (KPF) or bis(trifluoro)
sulfonylimide (KN(CF;S0,),, KTFSI).!%*

The Coulombic efficiencies of negative electrodes in such
electrolytes is usually 40—65%.294-209 Katorova et al.?% studied
the influence of the concentration of KPFy in diethylene glycol
dimethyl ether (diglym) on the electrochemical performance of
hard carbon anodes. It was shown that as the salt concentration
increases from 1 to 2.5 M, the Coulombic efficiency increases
from 70 to 77%. Dai et al.?°° compared two electrolyte solutions
containing 1 M KPFg, the first based on dimethoxyethane and
the second based on the EC—~DEC mixture. In the first case, the
Coulombic efficiency was 77.3%, in the second case it was less
than 50%. In addition, the dimethoxyethane-based electrolyte
had a higher capacity, stable long-term cycling performance and
the ability to operate at high current densities. For example, in
the dimethoxyethane-based electrolyte at a current density that
allows charging or discharging in 3 minutes (denoted as 20C),
the capacity of hard carbon was 112 mA h g'!, and in a mixture
of ethylene carbonate and diethyl carbonate this value was
11.9mAhg.

As for the salts for electrolytes, the Coulombic efficiency of
hard carbon anodes in potassium-ion half-cells with
dimethoxyethane electrolyte was 76.3% in the case of 1 M KPF
and 44.8% in the case of 1 M KTFSL2%7 However, in alkyl
carbonate solutions it is close for both salts, just over 50%. Thus,
a higher Coulombic efficiency in ether-based electrolytes can be
assumed as a general trend.

5.2. Capacity and operating potential of hard-
carbon anodes

The capacity and operating voltage of anodes are usually
estimated based on their galvanostatic measurements in half
cells, where the counter electrode is an alkali metal electrode as
an ‘infinite’ source of corresponding ions.

5.2.1. Capacity and operating potential of hard-carbon
anodes in SIBs

A typical galvanostatic charge curve for hard carbon in a half
cell with a sodium counter electrode can be divided into two
distinct regions, a sloping region up to ~100 mV vs Na/Na™ and

the subsequent more flat region (termed as a plateau, quasi-
plateau or pseudo-plateau) from ~100 to 0 mV (Fig. 11a).
Capacity values for both regions are usually analyzed in terms of
being affected by material properties such as interplanar distance
dyg2 » ordering, specific surface area, porosity, defectiveness and
the presence and composition of heteroatoms (e.g., O, N).

The interlayer distance is one of the key parameters in the
study of the mechanisms of electrochemical reversible
intercalation of metal ions into the microstructure of the material.
For sodium-ion electrochemical systems, there is an increase in
the plateau region and a decrease in the sloping region of the
galvanostatic curves with a decrease in the distance dg, and an
increase in the lateral dimensions of the graphite-like domains,
observed when raising the annealing temperature of the samples,
i.e. with a greater degree of graphitization of the material. As
already mentioned, in sodium-ion half-cells the maximum
capacity of hard-carbon anodes is observed for materials
obtained by annealing at 1300—1500 °C. Increasing the
annealing temperature above these values decreases the anode
capacity. This can be due to an increase in the degree of
graphitization and growth in the size of graphite-like domains
(as mentioned above, reversible intercalation of sodium ions
into graphite is difficult, unlike lithium or potassium ions).

An important task is to elucidate the relationship between the
porosity and pore size of a material and its key electrochemical
properties such as capacity and Coulombic efficiency. Among
the main parameters of the material that determine its capacity,
the size and number of closed micropores are singled out. Metal
ions are considered to be able to reversibly fill micropores of
hard carbon through diffusion between carbon layers. As the
annealing temperature increases (with increasing pore size, as
determined by SAXS) a boost in capacity is observed in sodium-
ion half-cells,3%63127-132 with a concomitant increase in capacity
in the plateau region of the galvanostatic charge-discharge
curve, 130

For sodium-ion systems, a number of studies contained
experimental data with the charge-discharge curves representing
only a sloping region down to 0 V.3:61.62 The tested samples of
carbonaceous materials featured high specific surface area
(above 1430 m? g1).%2 In this case, it was assumed that sodium
cations interact with defects and heteroatoms on the material
surface rather than with its internal volume. The charge curve in
such cases is similar to that of graphitizable carbon, for which
the intercalation mechanism of the interaction of sodium ions
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Figure 11. Typical galvanostatic charge-discharge curves of hard carbon in an electrochemical half-cell vs sodium metal (a), potassium metal
(b), lithium metal (c) (the Figure was created by the authors using original data from the studies73-81-13%), The charge curve is indicated by the
solid line, the discharge curve is indicated by the dashed line. The division of the charge and discharge curves into two colours helps to explain

its division into two regions (slope and plateau) described in the text.
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with the material is being questioned by some authors.3%-185
However, it should be noted that the possibility of graphitization
of the material was rarely tested in the works, so it is not always
possible to clearly understand which type of carbon, graphitizable
or non-graphitizable, was studied by the authors.
Non-graphitizable carbonaceous materials have been shown
to be capable of long-term cycling stability. A number of papers
have reported retention of more than 93% of capacity for 1000
charge-discharge cycles at a current density of 0.2 A g~! (see2%%)
and 73% of initial capacity for 10 000 cycles at 2 A g~! (see2??).

5.2.2. Capacity and operating potential of hard-carbon
anodes in PIBs

In potassium-ion systems, two regions are also distinguished on
the galvanostatic charge-discharge curves, a sloping region
above 0.4 V vs K/K" and a plateau or quasi-plateau region below
these values.!1%13%166 Qther authors, e.g., Kubota et al.!30
identified three sloping regions (Fig. 12) in the ranges of
0.002-0.2,0.2-0.7,0.7-2.0 V vs K"/K.

The influence of the synthesis conditions and the
microstructure of hard carbon on the capacity ratio for these
regions has been explored in a number of papers. For example,
it was shown that raising the annealing temperature during the
synthesis of hard carbon from 1100 to 1500 °C increases the
specific capacity of the anode material in all regions of the
charge-discharge curve.?>*? Kubota et al.'3° found that the
specific capacity of anodes based on hard carbon samples
carbonized at temperatures between 700 and 2000 °C does not
change significantly over the whole range of potentials, but in
the same time, there are changes in capacities of different
regions of the galvanostatic curve. Thus, the capacity in the
range of 0.7—2.0 V decreased drastically and the capacity in the
range of 0.2—0.7 V increased. The capacity in the potential
range of 0.002—0.2 V is significantly lower than in other
potential ranges, and reaches its maximum of 47 mA h g! for
the material carbonized at 1800 °C. The authors believe that the
capacity of the samples carbonized at lower temperatures
(700—-900 °C) is mainly associated with the intercalation of
potassium cations in the space between the defective graphene-
like layers with a large d, distance.

In a number of works devoted to PIBs, materials derived
from different biomasses were studied.!20-143.210 For example,
the capacity of ahard carbon anode material derived from corn
husk was about 230 mA h g!, while after 100 cycles it retained
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Figure 12. Galvanostatic curves of the hard carbon samples carbon-

ized at different temperatures.'3°

89.1% of the original capacity and was ~205 mA h g !.!?% The
special feature of various biomasses is the presence of naturally
occurring heteroatoms in the hard carbon; and such dopants
have been specifically explored.!03:111.166.211 The analysis of the
publications devoted to carbon doping does not allow to speak
about a boost in capacity or the ICE for such anode materials.
Moreover, virtually no quasi-plateau region was observed in
galvanostatic curves at low potentials.!%2!! The predominance
of pseudo-capacity interactions between hard carbon and
potassium cations observed in these works is associated with an
increase in the number of defects and interlayer space in hard
carbon. On the other hand, it was noted 108.111.166.211 that the
hard carbon doping with heteroatoms improves the capacity
maintenance during long-term cycling and an increase in the
anode capacity at high current densities.

5.2.3. Capacity and operating potential of hard-carbon
anodes in LIBs

Due to the larger interlayer distance compared to graphite, faster
diffusion of lithium ions is expected in hard carbon, leading to
better operation at high current densities.?!? In addition, the
microstructure of hard carbon allows additional storage of
lithium ions in micropores below 0V wvs Li/Li* (see
Fig. 11¢).212-214 Therefore, some studies consider hard carbon
as a safer and higher capacity alternative to graphite for the new
generation of lithium-ion batteries.?'3-21% For example, the
prototype of LIBs based on the LiNi, {Mn, ,Co, ,O, cathode and
the hard carbon anode showed good cycling stability at current
densities providing charge or discharge for 20 min (designated
as 3C).2!8 At the same time, in the case of SIBs and PIBs, cycling
stability is usually studied at current densities that provide
charge or discharge in 1 h (designated as 1C). It was shown that
increasing the current density above 1C in the SIB prototypes
promotes the deposition of sodium metal 21

In addition to studying the relationship between the ratio of
sloping and plateau capacities with synthesis conditions and
material properties, the elucidation of mechanisms of the
electrochemical processes occurring during the charge-discharge
cycle remains relevant. Given the complexity of the subject
under study, these mechanisms are still the matter of intense
debate.

5.3. Interaction models for hard carbon and alkali metal
ions in electrochemical cells

Based on the available experimental data, the main reaction
pathways for the interaction with alkali metal cations can be
distinguished:

1) interaction with defects and heteroatoms;

2) intercalation of ions into the interlayer space;

3) filling of open and closed micropores by metal ions, where
the formation of metal clusters can be observed.

5.3.1. Interaction models for SIBs

Stevens and Dahn?%0 were the first to study hard carbon as an
anode material for SIBs in 2000. The D-glucose-derived material
demonstrated a capacity of 300 mA h g~!. The authors proposed
a model of a two-step mechanism by which sodium cations
intercalate into the microstructure of hard carbon. According to
the authors, two processes occur during charge and discharge,
each corresponding to its own part in the galvanostatic curve.?!’
At the sloping region (above 100 mV), a shift of the peak
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corresponding to the plane (002) towards smaller angles was
detected by the in situ wide angle X-ray scattering. It was
suggested that intercalation of metal ions into the interlayer
space occurs at this site. According to the authors’ model, after
intercalation, in the range from 100 to 0 mV vs Na/Na*, sodium
metal deposites in the pores of the carbonaceous material. This
model has been called ‘house of cards’ or ‘intercalation—filling’
(see Fig. 13 a); it is the model adopted by most authors exploring
the electrochemical properties of hard carbon (see, e.g., Ref. 15).
A similar mechanism of interaction between hard carbon and
alkali metal cations has been proposed by another scientific
group.??! In this study, hard carbon electrodes were charged to
different degrees (a number of ‘points’ in the galvanostatic
curve) in a half-cell vs sodium metal and studied by PXRD,
SAXS and Raman spectroscopy. The combination of these
methods showed that in the sloping region, the change in the
position of the G line in the Raman spectra together with the
shift of the peak (002) towards lower angles is associated with
the intercalation of sodium ions into the interlayer space of hard
carbon. The processes occurring in the plateau region were
interpreted from the SAXS measurements, i.e. the drop in
intensity in the region of 0.03—0.07 A~' was ascribed to the
filling of the hard carbon nanopores with sodium ions.

With the increased attention paid to SIBs, studies of the
mechanisms of interaction of hard carbon with alkali metal
cations have recently received a new impetus. The ‘intercalation-
filling’ mechanism has received a number of additions and
critical remarks, in particular because of the curve region below
100 mV, which is mainly associated with the deposition of
sodium metal clusters inside micropores. This issue was studied
by 2Na NMR spectroscopy. In the studies,??2-223 the formation
of metal clusters was not observed, although it was found that
sodium ions occupy at least two different energy positions.

In 2012, Cao et al.*?* proposed a new model of a two-step
‘adsorption—intercalation” mechanism (Fig. 13 b). According to
the authors, based on cyclic voltammetry data, the sloping
voltage curve corresponds to the reaction of sodium cations with
the surface of graphite-like domains. At lower voltage, sodium
ions are introduced into the interlayer space of hard carbon due
to the large interlayer distance.

Subsequently, the ‘adsorption—intercalation’ model was
confirmed by ex situ PXRD,??® which showed that the shift of
the peak corresponding to (002) reflection of the graphite
structure occurs in the range of potentials below 0.2 V, while the
interlayer distance increases from 3.96 to 4.16 A for the charge
in this region. Bommier et al.'3® supplemented this model by an
assumption of the third stage of the mechanism of interaction of
sodium ions with hard carbon at potentials close to 0V vs
Na/Na*. The authors found that in the plateau region, the
diffusion coefficient of sodium ions reached a minimum at a
potential of 0.05 V, and its significant increase was observed
with decreasing potential. Based on these findings, it was
concluded that the deposition of sodium metal occurs in the
range of 0.05-0.02 V, which corresponds to the third, more
sloping voltage region.

Using on the above models, Zhang et al.’! classified hard
carbon materials into three groups according to the character of
the galvanostatic curve in SIBs and the physical properties of the
materials, which in turn depend on the annealing temperature. In
the materials of the first group, obtained at temperatures below
950 °C, the energy storage mechanism is significantly influenced
by the presence of oxygen- and nitrogen-containing functional
groups, as well as by the strong defectiveness of the material.
Sodium ions can interact both reversibly and irreversibly with
functional groups of hard carbon obtained at temperatures below
950 °C. In materials of the second group, prepared at annealing
temperatures of 950 to 1550 °C, the galvanostatic curve in
sodium-ion systems is divided into two regions. According to
the authors, the mechanism of storage, corresponding to the
sloping region, is related to the interaction of sodium ions with
defect sites presenting in graphite-like domains. Charge storage
in the plateau region occurs via filling the micropores of the
material with sodium ions. The third group of materials,
synthesized at temperatures between 1550 and 2200 °C, do not
show the plateau region. At the same time, according to the
in situ XRD data, no shifts of the (002) reflection were detected,
and therefore, the authors questioned the idea of intercalation of
sodium ions into the interlayer spacing of the graphite-like
domains. Based on these data, the third model of the two-step
‘adsorption—filling’ mechanism was proposed (Fig. 13¢). Li
et al.'® argued that this model is confirmed by the TEM results
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for the hard carbon material charged to 0 V. The authors have
not found a change in the distance between graphene-like layers,
but found a peak of sodium metal.

The fact that the sloping region of the charge-discharge curve
is related to the processes of chemo- or adsorption of sodium
ions onto the surface of the carbon particles, is supported by the
disappearance of the plateau region and the retention of only the
sloping region of the galvanostatic curve with an increase in the
specific surface area and the formation of a large number of
micropores open to the electrolyte.”*2%7

Samples of hard carbon doped with boron, phosphorus and
sulfur atoms also demonstrated the change in electrochemical
performance (elongation of different charge/discharge voltage
regions).'%% The authors note that doping hard carbon with these
heteroatoms increases the storage capacity of the sloping region.
At the same time, the highest capacity is observed for B-doped
carbon. Such an influence of heteroatoms on the capacity is due
to the fact that their presence can increase the graphite
interlayerdistance (in the case of S and P) and create more
defects in the microstructure (N-, O- and B-doping).??8

The electrochemical processes in the plateau region at the
voltage range from 0.1 to 0 V in sodium-ion systems are also
much discussed. It is the most important for SIBs because its
length determines the energy storage capacity of the battery. The
nature of the processes taking place at the anode at potentials
close to 0 V has been studied by various methods, including
NMR spectroscopy.

Grey’s group 40 confirmed the hypothesis of metal cluster
formation using operando **Na NMR measurements. Two
sodium signals, ‘ionic’ at —40 ppm and ‘metallic’ at 760 ppm,
were detected in the NMR spectra of the electrode in the charged
state. During anode charging, the signal from the sodium
involved in the charging process is shifted towards metallic
sodium. The authors also hypothesized a high activity of charged
electrodes in air, which could explain why the signal of sodium
metal was not detected in previous ex situ NMR studies.??® The
importance of carrying out operando experiment was pointed
out: in the ex situ experiment, i.e. after disassembly of the
electrochemical cell, the hard carbon electrode degrades due to
the high reactivity of the newly formed clusters. Morita
et al.'*%230 ysed ex situ NMR to find out a correlation between
the parameters of material synthesis and the nature of the Na
signal in fully charged electrodes and concluded that metal
clusters detected by NMR are formed in materials with large
micropore radii of up to 1.95 nm, as determined from the SAXS
curves, in contrast to materials with small pores (radius is
1.42 nm). The authors found that the pore size estimated from
the SAXS data did not exhibit an evident correlation with the
signal position of metal sodium clusters, which was determined
by NMR. However, hard carbon samples obtained at higher
carbonization temperatures (above 1600 °C) show a stronger
signal shift towards metallic sodium. For the fully charged
electrode from the material prepared at 2000 °C, the sodium
signal is almost identical to that of metallic sodium.

Alvin et al.!33 proposed that the interaction of sodium ions
with surface defects and functional groups is associated with a
sloping voltage region up to 0.2 V, and the second part of the
sloping region from 0.2 to 0.1 V appears due to adsorption of
cations on the surface of the graphene-like layer. The
intercalation of sodium ions into the interlayer spacing
corresponds to the plateau voltage region. The authors also
identified the fourth stage of the interaction process, which
involves secondary filling of hard-to-reach closed pores at
potentials close to 0 V.

The interaction of sodium ions with hard carbon has also
been studied using small- and wide-angle X-ray scattering
(SAXS and WAXS). In one of their first papers, Stevens and
Dahn?!7 used in situ SAXS measurements. In 2019, a group led
by Yamada??' used detailed analysis of ex situ WAXS data
acquired during plateau charging of hard carbons with different
degrees of ordering to reveal the appearance of a new peak (at
0~20-2.1A"1 with d=37A) close to the peak
corresponding to the reflection of the 002 structure of graphite
(at 20=23-25°, 0=~1.6-1.8A!). Based on theoretical
calculations, models of metallic sodium clusters have been
proposed for this new peak. Another research group '3
attributes the appearance of a new peak to the formation of
sodium intercalates. In addition to the XRD measurements, the
formation of metal clusters in the plateau region was investigated
by Raman spectroscopy.??2-234 It was shown that during
charging of hard carbon, the G-band signal is not shifted in the
plateau region, as would be expected in the case of intercalation.
At the same time, a shift from 1600 to 1560 cm™! is observed in
the sloping region above 100 mV 233 as indicating the probable
formation of intercalates.

It should be noted that the interpretation of PXRD and Raman
spectroscopy data for disordered materials is somewhat difficult.
For example, the peak corresponding to the (002) reflection of
the graphite structure in hard carbon is significantly broadened,
and the typical Raman spectrum of amorphous carbon show
other bands in addition to the D1 and G bands.?%

The charge-discharge process for hard carbon anodes in
sodium-ion cells has also been explored by PDF.!!4.130.138.139
Gomez-Martin et al.'' found that the capacity of the sloping
region of the electrochemical charge-discharge curve decreases
monotonically with increasing annealing temperature, which is
in line with a decrease in defect concentration and an increase in
the size of graphite-like domains. In turn, the plateau region
capacity reaches its maximum at the annealing temperature of
1400 °C. The maximum interplanar distance in graphite-like
domains determined by PDF corresponds to the same
temperature. The correlation of the interplanar distances and
defect concentrations with the capacity of each section of the
galvanostatic curve led the authors to the conclusion that the
interaction followed the ‘adsorption-intercalation’ mechanism.
On the other hand, Kubota et al.!3° considered the mechanism of
interaction of sodium ions with hard carbon according to the
‘intercalation-adsorption’ model, and they also found that as the
annealing temperature is increased up to 2000 °C, the capacity
continues to rise monotonically in the plateau region.
Interestingly, this trend was not observed when interacting with
lithium and potassium ions. For these systems, the authors
proposed a three-step model, in which metal ions first interact
with defects on the surface of graphite-like domains, followed
by intercalation into the interlayer spacing, and near 0 V begin
to fill micropores to form metal clusters.

Bobyleva et al.2'% confirmed a three-stage model similar to
that presented in a study '3® by exploring the pseudocapacitive
(surface-controlled) properties of materials with different
textural characteristics using linear voltammetry. The authors
concluded that the sloping voltage region corresponds to
pseudocapacitive processes and the plateau region corresponds
to intercalation. It was also suggested that there was a third stage
corresponding to the filling of closed pores of hard carbon with
sodium ions.

In 2020, an extended version of the mechanism of interaction
of sodium ions with hard carbon was presented. Based on the
ex situ®> Na NMR measurements, small-angle neutron scattering
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and PDF in combination with theoretical calculations, it suggests
that the sloping region corresponds to several processes at once,
including not only interactions with the surface and defects (all
types of the above defects), but also intercalation into the
interlayer spacing.8¢

An important publication in the study of the mechanism of
sodium ion insertion was the result of the collaborative survey of
the research groups of Allan and Grey, 4! who used a combination
of operando *Na NMR and operando PDF and showed that the
size of the metal clusters does not exceed 13—15 A regardless of
the pores radii in the material. The authors also noted that the
intercalation of sodium ions in the interlayer spacing can occur
due to the presence of five- and seven-membered rings in the
microstructure of hard carbon.

Surta et al.3® modelled the microstructure of hard carbon
samples using PDF results from neutron scattering. The authors
put forward a fundamentally new hypothesis that sodium ions
interact mainly with specific defects in the microstructure of
hard carbon. One of these defects is thought to be the most
curved regions of the graphene-like layer.

5.3.2. Interaction models for PIBs

Studying the interaction between potassium ions and hard
carbon by cyclic voltammetry (CV), galvanostatic intermittent
titration  technique, ex situ and in  situ Raman
spectroscopy,?!'1:237:238 resulted in a conclusion about different
interaction ways between potassium cations and hard carbon in
the sloping and plateau regions. The sloping region was
attributed to a pseudo-capacitive processes caused by the
interaction of K* ions with defects, including heteroatoms. The
plateau region was assigned to intercalation. Based on the
calculation of the density of states, Alvin et al.>37 proposed a
model for the intercalation of K™ ions between carbon layers,
according to which potassium cations tend to form ordered
structures. In this case, the potassium atoms are located directly
under the carbon atoms in the intercalates. Such intercalates are
unstable. Kubota et al.!3? also assumes the formation of ordered
intercalates of graphite with potassium cations.

Chen et al.''? suggested a slightly different mechanism of
electrochemical interaction of K* ions with hard carbon. It is
based on an in-depth analysis of the CV measurements, the
shift of the X-ray diffraction peak at 26 ~ 23° towards smaller
angles during anode charging and back again during
discharging, the reversible appearance of the K 2p peak in XPS
spectra and the simultaneous reversible decrease of the carbon
Cls peak for charged/discharged anode, the analysis of data
from galvanostatic intermittent titration, in which it was found
that the diffusion coefficient of potassium cations is
significantly higher in the potential range >0.4 V (in a study,??’
the limit of the 0.3 V potential range is indicated as 0.3 V).
Taken together, these data let the authors to conclude that the
sloping region corresponds mainly to pseudo-capacitive
processes (associated with sorption) and the plateau region
corresponds to diffusion. However, according to the authors,
these processes cannot be completely separated. Firstly,
adsorption takes place at surface active sites and in the hard
carbon pores, and at the same time, a some intercalation of
potassium cations begins (sloping voltage region). After the
hard carbon pores are filled with potassium, the potential drops
to ~0.4V and the previously adsorbed potassium cations
intercalate between the layers of the hard carbon (plateau
region) with simultaneous absorption of new potassium cations
on the vacated pores.

A new approach to modelling the mechanisms of
electrochemical interaction of K* ions with hard carbon was
proposed based on CV measurements, galvanostatic intermittent
titration, ex situ X-ray diffraction data and in situ Raman
spectroscopy.23*=241 The authors relate the mechanism of
interaction to the carbonaceous microstructure and offer several
models depending on the annealing temperature of hard carbon.
It is noteworthy that this approach has much in common with the
reported mechanism of interaction of hard carbon with sodium
ions.8¢ The amorphous component of hard carbon?? stipulates
adsorption of potassium cations, while graphite-like domains
cause intercalation. Thus, for materials with a high proportion of
amorphous component annealed at low temperatures of
800—1000 °C, the mechanism of interaction with K* ions is
adsorptive. In this case only a sloping region is observed on the
charge-discharge curves. For the materials annealed at
T=1000—1500 °C, the galvanostatic curve shows a sloping
region and a plateau region at a potential <0.4 V, leading the
authors to suggest an adsorption—intercalation mechanism of
interaction of K* ions with hard carbon. For the most ordered
samples annealed at 7= 1800—-2900 °C, intercalation processes
contribute most to the interaction with K* ions. In this case, the
charge-discharge curves reveal longer low-voltage plateau.

Lin et al >*'suggested the adsorption mechanism of interaction
with K* ions both for low-temperature samples and for samples
annealed in the temperature range of 1000—2000 °C. In the first
case, the adsorption takes place on the defects of disordered
structures and heteroatoms and moieties containing them, and in
the second case, the adsorption sites are ordered carbon layers
forming domains. The intercalation mechanism of interaction of
K* ions with hard carbon is proposed for materials annealed at
temperatures above 2000 °C.

In all these studies, the of K™ ion storage mechanisms in hard
carbon are determined by adsorption and intercalation processes.
In case of PIBs, energy storage as a result of filling the pores of
the material with metal cations in the case, in contrast to SIBs, is
a controversial issue,2’%242 since to date there are no data
unequivocally confirming this mechanism. Li et al.>** suggest
that nanopores of about 0.5 nm may act as adsorption sites for
potassium ions, which have a size of 0.38 nm in the solvated
state. Huang et al?*¥ proposed a qualitatively different
mechanism of potassium cation storage in hard carbon. The
authors associate the sloping region with potassium adsorption
on heteroatoms and defects, and the plateau region with pore
filling. Using the CO, adsorption/desorption method, the
average pore size is estimated to be 0.5 nm. This value is smaller
than the interplanar spacing of graphite with potassium cations
intercalated therein (0.53 nm). Accordingly, the authors suggest
that potassium cations fill the pores to form ordered structures
similar to the potassium intercalation in graphite.

Further development of models for the potassium, and
possibly sodium, cationstorage in hard carbon, can be based on
the ability of these cations to form adducts with molecules of
aromatic hydrocarbons containing curved planes due to the
presence of five-membered rings. This ability of potassium
cations to interact with corannulene has been reported.44-246

Therefore, the storage mechanism of alkali metal cations in
hard carbon is multi-stage and depends largely on the hard
carbon microstructure. The microstructure of hard carbon is in
turn determined by the method of preparation, i.e., annealing
temperature, method of pre- and post-treatment, type of
precursor. The most important parameters of the microstructure
include the average interlayer distance, micropores radius,
defects, presence of heteroatoms. In the above publications, the
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authors demonstrated the ability of alkali metal ions to penetrate
into the interlayer spacing of hard carbon, interact with various
defects and heteroatoms, and fill micropores to form metal
clusters. The most contradictory point is the essential difference
between the proposed models of K cation storage in hard
carbon. However, this contradiction can be explained by the fact
that the term ‘hard’ covers a variety of materials with different
microstructures. Nevertheless, the determination of the exact
nature of the relationship between the parameters of the material
and its electrochemical properties remains an urgent task that
requires the explanation of a series of experimental data.

6. Conclusion

In this review, the main research findings of the properties of
hard carbon obtained under different synthesis conditions and
the electrochemical performance of hard carbon anode for
metal-ion batteries are discussed in detail.

The hard carbon microstructure implies several different
reaction ways for interaction with alkali metal ions. Establishing
the dependence of material parameters (presence of defects,
interlayer distances, pore size, efc.) on synthesis conditions
(nature of precursors, methods of their processing, annealing
temperature, etc.) as well as correlations of the mechanism of
interaction between hard carbon and cations of different metals
with the physicochemical properties of the material remain
relevant.

Currently, for hard carbon in SIBs, the average specific
capacity is about 300 mA h g7 and the ICE is ~90%, while in
PIBs, the average specific capacity is about 250 mA h g! and
the ICE is ~50%.

Graphite is still a benchmark carbon material used as an
anode material for metal-ion batteries (since in the most
developed technology of LIB production, its specific capacity is
about 370 mA h g1, ICE is over 95%, cycling stability is high).
Developers of other carbon anodes suitable for SIBs and PIBs
are targeting such electrochemical properties. The progress of
recent years and the fundamental properties (reversible capacity,
cycling stability, Coulombic efficiency) of hard carbon suggest
that similar electrochemical performance can be achieved for it
in SIBs in the near future. The development of technology for
the production of hard carbon and anodes based thereon for PIBs
will probably require more significant efforts.

In addition, the prospect for further increasing the capacity of
anode materials for sodium and potassium ion batteries is the
design of composites containing antimony, tin, lead and bismuth
(similar to the graphite/silicon pair), as well as the creation of
materials containing a deposited alkali metal.?*” The use of
carbon black as a material for negative electrodes in SIBs and
LIBs is also reported.®

Although hard carbon is the most promising anode material
for sodium-ion and potassium-ion batteries, there is currently no
consensus in the scientific community on the optimal methods
for producing it, reliable methods of studying it, or the
mechanisms of its operation. Over the last few decades, there
have been significant breakthroughs in the study and
understanding of the peculiarities of this material, but so far the
data, observations and regularities obtained using different
methods on different samples often contradict each other. It is
obvious that further development of the SIBs and PIBs will
require a more thorough, detailed and methodical study of hard
carbon.
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7. List of abbreviations and designations

AFM — atomic force microscopy;

BET — Brunauer— Emmet—Teller equation;
CV — cyclic voltammetry;

DEC — diethyl carbonate;

DMC — dimethyl carbonate;

EC — ethylene carbonate;

EDS (EDX) — X-ray energy dispersive spectroscopy;
EPR — electron paramagnetic resonance;
FEC — fluoroethylene carbonate;

ICE — initial Coulombic efficiency;

LIB — lithium-ion battery;

PAN — polyacrylonitrile;

PANI — polyaniline;

PC — propylene carbonate;

PDF — pair distribution function;

PET — polyethylene terephthalate;

PFA — perfluoroalkoxyalkane;

PIB — potassium-ion battery;

PP — polypyrrol,

PTFE — polytetrafluoroethylene;

RS — Raman spectroscopy;

SAXS — small-angle X-ray scattering;
SEI — solid electrolyte interphase;

SEM — scanning electron microscopy;
SIB — sodium-ion battery;

SSAger — BET specific surface area;
STM — scanning tunneling microscopy;
TEM — transmission electron microscopys;
XPS — X-ray photoelectron spectroscopys;
XRD — X-ray diffraction.
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