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Ryoichi Tatara, a Kosuke Nakamoto a and Shinichi Komaba *a

With rising interest in new electrodes for next-generation batteries, carbon materials remain as top

competitors with their reliable performance, low-cost, low voltage reactions, and diverse tunability.

Depending on carbon's structure, it can attain high cyclability as with Li+ at crystalline graphite or

exceptional capacities with Na+ at amorphous, porous hard carbons. In this review, we discuss key

results and research directions using carbon electrodes for alkali ion storage. We start the first section

with hard carbon (HC), a leading material of interest for next-generation Na-ion batteries. Methods for

tuning the HC structure towards a high capacity pore-filling mechanism are examined. The rate

performance of hard carbon electrodes is further discussed. We finish this section with soft carbons that

mostly remain as low performing materials compared to other carbons. In the second section, we

discuss alkali ion insertion into graphite and graphite-like materials. Though graphite has a long history

with Li-ion batteries, it also shows promising characteristics for K-ion batteries. We discuss the

significant progress made on improving the electrolyte for high cyclability of graphite with K+. Thereafter,

we evaluate B/C/N materials that have a similar structure to graphite but can attain higher capacities for

both Li+ and Na+. Finally, we touch on the recent developments using alternative solvents for Na+

cointercalation at graphite and deeper knowledge on the intercalant structure. Despite steady progress,

carbon electrodes continue to improve as a key group of materials for alkali energy storage.
1 Introduction

Lithium-ion batteries (LIBs) continue to have a strong hold on
the battery market as the most reliable and robust energy
storage technology to date. Their chemistry has seen major
improvements over the years with a growing usage across the
globe and in our daily lives.1 At the same time, there is signi-
cant motivation for moving “beyond” the LIB with many unique
chemistries under development that posit massive capacities,
improved rates, safety and even lower costs for the next-
generation batteries.2–5 Following in the footsteps of the LIB,
sodium ion (SIBs) and potassium ion batteries (PIBs) are
steadily making progress.6 Both Na and K show signicantly
improved global distribution and abundance compared with Li,
and their electrode materials tend to be produced from low-
cost, abundant sources.7,8 At the same time, they maintain
comparable high voltages and capacities to the LIB. SIBs are
even becoming commercialized and have been recognized as
a top emerging technology.9 Though a direct translation of our
knowledge from LIBs to the other alkali ions has not proven
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successful,10 the effort has nevertheless stirred up signicant
research interests in improving the electrode materials and
electrolytes for better compatibility for future alkali ion
batteries.6,11,12

For electrode materials in alkali ion batteries, carbon
continues to show several advantages being low-cost, sustain-
able, and having a low redox potential for alkali ion insertion
reactions. Carbon shows a wide variety of structures (e.g. 2D and
3D architectures) with unique properties (conductivity, energy
storage mechanism). Hard carbons (HCs), which show great
structural tunability, are proving to be the most promising
negative electrode for SIBs. Their structure can incorporate
pores as well as pseudo-graphitic domains (Fig. 1) that lead to
fast rate performance and high reversible capacities.13 HCs are
also of signicant interest for PIBs and have had commercial
usage in LIBs as well. Looking to the chemistry of the LIB, we
nd that much of its success has been reliant on the robust
performance of the graphite negative electrode.1,14 With a stable
layered structure, graphite shows a highly reversible intercala-
tion process with Li+ (Fig. 1). Similarly, fast K+ (de)intercalation
and low redox potentials makes graphite a promising negative
electrode material for commercial PIBs.7,15,16 In the middle
ground, the relatively unexplored so carbons (SCs) can have
overlapping properties with both graphite and HCs.17,18
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Illustration of the key carbon electrode materials for energy
storage with alkali ions.
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Currently, there are many research directions to further
improve carbon electrodes for higher performing SIBs and PIBs.
In particular, our group has shown vast improvements in the
performance and reversible capacities of HCs through various
optimization strategies.19,20 The pore structure has been recog-
nized as a key feature of HCs and accessing its full potential is
drawing signicant research attention. For graphite, a vast
amount of literature has already been involved in improving its
performance for Li+.14 More recent efforts have focused on
incorporating other electrode materials with higher capacities,
e.g. Si nanoparticles, directly with graphite to further boost the
energy storage capabilities. Aside, there have also been signi-
cant efforts looking toward improving the cyclability of graphite
in K+ electrolytes for use in PIBs.21,22 Much of this has involved
engineering of the electrolyte and additive discovery. Surpris-
ingly, graphite also shows some remarkable cycling behavior for
sodium ion batteries when certain electrolytes are utilized.23 We
believe carbon electrodes will continue to play a major role in
energy storage for years to come, and thus we will highlight
their key characteristics herein.6,24,25

This review is divided into two main sections: (1) non-
graphitized carbons, and (2) graphite and graphite-like mate-
rials. In Section 1, we start by focusing on HCs due to their
signicant promise for next-generation alkali ion batteries,
especially SIBs. The major developments by our group for
improving the capacities of HCs using a template synthesis
method are discussed. Other synthetic methods using modied
activated carbons are also considered. We emphasize the
importance of the rate performance of HCs and present effec-
tive methods for understanding their rate limitations utilized in
our laboratory. We nish this section with the current knowl-
edge and progress on so carbons for battery applications. In
Section 2, we cover the stage structures that form with graphite
and graphite-like materials. We discuss recent progress toward
electrolyte development for utilizing graphite as a long-life
negative electrode for PIBs. Thereaer, we discuss the
© 2024 The Author(s). Published by the Royal Society of Chemistry
observed stage 1 Na+ intercalation compounds that can form
with graphite-like B/C/N materials and their associated elec-
trochemical properties. We nish this section with recent
progress on understanding solvent cointercalation chemistry at
graphite for application toward SIBs. There are many inter-
esting directions that have been developing in recent years; here
we provide our vantage point of the current progress and
promising routes for future research focus.

2 Non-graphitized carbons
2.1 Hard carbon

Hard carbons, or non-graphitizable carbons, are some of the
most promising negative electrode materials for SIBs.6,19 HCs
can show very high energy densities due to their large sodium
storage capacity and low working potential compared to other
candidates. They are easily prepared from most organic
compounds by thermal decomposition under inert atmosphere,
including commonly available saccharides and biomass waste.
Both the starting materials and the synthesis methods (e.g.
heat-treatment) strongly impact the nal HC structure and
performance, and there is still signicant opportunity to obtain
HCs with improved structures for Na+ storage.

HCs are low-crystalline carbons composed of two main types
of structural domains that are involved in the energy storage
process: (1) pseudo-graphitic domains and (2) (nano)pore struc-
tures between the pseudo-graphitic domains.13,26,27 Note that the
pseudo-graphitic domains contains various defects such as
residual heteroatoms, carbon vacancies, and Stone–Wales
defects.28 Fig. 2a shows the sodiation (discharge) curve of a HC
electrode with the corresponding structures and mechanisms
involved.29 Based on various characterizations and theoretical
calculations, it is now widely accepted that the Na+ storage
mechanism proceeds as follows: [1] physicochemical adsorption
of Na+ on defects sites in the high potential region, [2] Na+

intercalation into pseudo-graphitic domains at lower potentials,
and nally [3] pore-lling by the formation of quasi-metallic Na
clusters during the low potential plateau.13,31,32 The capacity ob-
tained during each step are well correlated with the structural
characteristics of the HC, such as the amount of defect sites, the
crystallinity of the pseudo-graphitic domains, and the size/
volume of the nanopores. Therefore, not all HCs necessarily
exhibit practical capacities for energy storage. In fact, our group
has improved the specic capacity of HCs from 260 mA h g−1 to
480 mA h g−1 over the past 15 years.

The synthesis temperature, or heat treatment temperature
(HTT), is one of factors that has a signicant inuence on the
nal HC structure and can be easily managed experimentally.
Our group systematically investigated sucrose-derived HCs
prepared at various HTTs as model materials in order to
understand the fundamental relationship between HC structure
and alkali metal storage properties.30 Fig. 2b shows charge and
discharge proles of sucrose-derived hard carbons in Li, Na, or K
cells. Here, the sample name denotes the HC synthesis temper-
ature, e.g. HC1100 for HC prepared at 1100 °C. For Li cells,
HC700 exhibited a sloping prole with notable potential
hysteresis, but a very large reversible capacity >500 mA h g−1.
Chem. Sci., 2024, 15, 18272–18294 | 18273
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Fig. 2 Alkali ion storage at hard carbon. (a) Sodium insertion model and typical sodiation curve of a HC electrode. Reproduced with permission
from ref. 29. Copyright 2022 Elsevier. (b) Charge and discharge curves in Li, Na, or K cells, (c) SAXS patterns, and (d) calculated average pore-size
of sucrose-derived HCs prepared through different HTT. (b)–(d) were reproduced with permission from ref. 30. Copyright 2020 American
Chemical Society.
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HC1100 also showed a large reversible capacity and improved
hysteresis. As the synthesis temperature was increased further, as
in HC1500 and HC2000, the plateau region (including interca-
lation and pore-lling processes) diminished. This trend is fully
consistent with the pioneering works by Dahn and co-workers.33

In contrast, Na cells showed an increase in the plateau region
with higher synthesis temperature. Even for HC2000, a notable
plateau region was observed. K cells showed a similar trend to
Na, with an increasing plateau-like prole as the synthesis
temperature increased. The capacities did not vary signicantly
from HC700 to HC2000 for the K cells, within the range of 200–
250 mA h g−1. Based on these results, the impact of the HC
structure on energy storage is notable, but also the structures
show some preference for particular alkali ions (Na+ in this case).

Since HCs obtained at lower HTTs have many defects, it is
assumed that the sloping prole as observed with HC700 is
mostly derived from the chemical adsorption of the alkali ion
on those defect sites. On the other hand, the plateau region has
been linked to the formation of Li clusters within the nanopores
by neutron/X-ray scattering and 7Li-NMR methods.34–37 Like-
wise, studies have reported that a major part of plateau capacity
in Na cells is also derived from Na cluster formation in the
nanopores.31,32,38–40 In the pore-lling process, the Na is close to
the metallic state, referred to as “quasi-metallic”, which enables
large-capacity Na storage without the stage-mechanism limited
theoretical capacity as seen in Li–graphite system. Regulation of
the nanopore structure appears to be the key to achieving
higher energy densities and high performance for SIBs.
18274 | Chem. Sci., 2024, 15, 18272–18294
The most used method for evaluating the nanopore struc-
tures of HCs is small angle X-ray scattering (SAXS). Contrast
between the electron density of the carbon matrix and nano-
pores is observed as a shoulder peak in the Q = 10−2–1 Å−1

range, where Q is the X-ray scattering vector.41 Our group oen
applies this method, where the average pore size is calculated by
tting the observed shoulder peak under the assumption that
the carbon matrix can be regarded as low-density graphitic
carbon and the nanopores as spherical empty space.42 Fig. 2c
shows the SAXS patterns for sucrose-derived HCs treated at
various HTTs and Fig. 2d shows the relationship between HTT
and average pore-size calculated from the SAXS patterns. A clear
trend where the larger average pore size was obtained for HCs
treated at higher HTT. It should be noted that HCs with larger
average pore size do not necessarily have larger reversible
capacity, which appears to imply that there is an optimal pore
size for Na storage. Furthermore, the defect concentration and
porosity also impact the coulombic efficiency.43 It has been
shown that HCs prepared at high-temperatures (>2000 °C) have
a shortened interlayer distance for their pseudo graphitic
domains and this leads to increased resistance toward Na+

insertion and a low-potential plateau capacity.6,31,44 Moreover,
Stratford et al. have suggested that the pore-lling capacity is
determined by the pore size distribution rather than the average
pore size, based on their total X-ray scattering measurement
and corresponding pair-distribution function analysis.32

According to our experience, the observable plateau capacity of
HCs may be underestimated due to increased cell resistance
caused by various factors, such as cell conguration and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Template synthesis of HC incorporating Zn, Ca and Mg salts. (a) Schematic of template synthesis of porous HCs. and (b) SAXS patterns of
HCs synthesized from different metal gluconate salts. (c) Initial charge and discharge curves of template HCs. Reproduced with permission from
ref. 20. Copyright 2023 Wiley-VCH GmbH.

Fig. 4 Other templated HCs. (a) Schematic illustration of mixing
processes with Mg Glu and Glc for the synthesis of MgO-template
HCs. (b) The XRD patterns of powder-mixed or freeze-dried Mg Glu–
Glcmixtures. (c) Initial charge and discharge curves of HCs synthesized
from powder-mixed or freeze-dried methods. (d) Initial charge and
discharge curves of HCs which the authors' group have reported.
Reproduced with permission from ref. 19. Copyright 2021 Wiley-VCH
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electrode composition. It has been observed that a certain
amount of Na+ insertion proceeds even at potentials below 0 V
when HCs are overcharged in a two-electrode system.19,45

For the improvement of Na-storage capacity of HCs, we have
recently employed ‘template’ methods for synthesis of novel
HCs.19,20 Template synthesis is a well-known approach to
prepare porous carbon materials, in which a composite of
inorganic particles and carbon or carbon precursor is synthe-
sized followed by the removal of the inorganic materials to
produce a porous carbon.46–49 An illustration of our template
method is shown in Fig. 3a. We have developed some large
capacity HCs using MgO and ZnO nanoparticles as templates,
which were prepared from pyrolysis of the gluconate salts of Mg
and Zn (here referred to as HC-Mg and HC-Zn, respectively). In
our experiments, the nano-sized MgO and ZnO particles
composited with carbon is an appropriate template for forma-
tion of the nanopore structure. In contrast, we also synthesized
HCs using calcium gluconate as the starting material, but large
clumps of CaCO3 were observed which led to lower capacities.
The SAXS patterns of HCs synthesized via template method
from Mg, Zn or Ca gluconate are shown in Fig. 3b, where the
intensity of the shoulder peaks indicates well developed nano-
pores in HC-Mg and HC-Zn. Both HC-Mg and HC-Zn exhibited
large reversible capacities of around 400 mA h g−1 and a long
charge/discharge plateau at low redox potentials, as shown in
Fig. 3c. Furthermore, a higher capacity was observed for the
material containing larger pores (HC-Zn), though an ideal or
maximum size of the pores remains unknown. It is also note-
worthy that these HCs demonstrated excellent cycle perfor-
mance and coulombic efficiencies (CEs). Generally, plating/
stripping reactions of Na metal that occur on the surface of
the electrode tend to show very low CEs,50 so the pore structure
© 2024 The Author(s). Published by the Royal Society of Chemistry
appears to make such reactions more facile and block electro-
lyte decomposition within the pore. The relationship between
pore lling with underpotential electrodeposition of sodium
has recently been discussed.51

The distribution of inorganic templates and nanopore in the
carbon matrix of template HCs can be further optimized for Na
storage by adjusting the composition and processing method of
GmbH.

Chem. Sci., 2024, 15, 18272–18294 | 18275
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starting materials. As illustrated in Fig. 4a, we found that using
a freeze-dryingmethod combined with template synthesis using
MgO has produced the largest Na storage capacity among the
HCs our group have explored.19 The freeze-drying method is
advantageous for attaining homogeneous dispersions of MgO
nanoparticles within the carbonmatrix. As shown in Fig. 4b, the
freeze-dried mixture of glucose and Mg gluconate appears
somewhat amorphous and is different from simple powder
grinding. The optimized MgO template HC exhibited a large
capacity of 478 mA h g−1 as shown in Fig. 4c. This value is
signicantly larger than that of commercially available HCs for
Li-ion batteries and other previously reported HCs obtained by
heating of various organic compounds (Fig. 4d). While there are
still many debates on the Na insertion mechanisms of HCs,52

the pore structure and distribution appear to be key for high
capacities.

In recent years, several groups have reported large-capacity
HCs synthesized from activated carbon (AC) or other porous
carbon. Micropores on activated carbon surface are generally
‘open pores’ that are exposed to the surroundings, leading to
signicant electrolyte decomposition instead of reversible Na+

insertion. However, these open pores can be “closed” through
high-temperature treatment. Our group and others have re-
ported that heat treatment of AC at a high temperatures can
close the surface micropores and exhibit a large reversible
capacity over 400 mA h g−1.53,54 However, for these materials the
Na insertion and surface plating potentials can show signicant
overlap. We attribute this to increased Na+ diffusion resistance
caused by the progressive graphitization of the pseudo graphitic
domains.19 Aside, Zheng et al. reported a large-capacity HC
obtained by two-step heat-treatment of a starch-based raw
material.55 First the precursors were heated at 800 °C in a CO2

atmosphere to produce an AC. This was heated further at 1300 °
Fig. 5 Conversion of activated carbon to hard carbon. (a) Schematic illu
rich hard carbon through heat treatment. (b) Charge–discharge curves
permission from ref. 55. Copyright 2023 Wiley-VCH GmbH. (c) Illustration
curves of an activated carbon and ‘filling’ carbons. (c) and (d) were repro
Chemistry.

18276 | Chem. Sci., 2024, 15, 18272–18294
C in an Ar atmosphere to attain the nal closed-pore HC
structure (Fig. 5a). In this example, a low potential plateau and
large capacity of 488 mA h g−1 were observed in the potential
range between 0 and 3.0 V (Fig. 5b) despite the moderate
synthesis temperatures.

Other novel large-capacity HCs have been prepared by
tightening or closing micropores of ACs using chemical vapor
deposition (CVD).56,57 These carbons have been referred to as
“sieving” or “lling” carbons. Fig. 5c shows the illustration of
synthesis procedure for altering the pore structure via CVD and
following post-heat treatment.56 Through controlled adsorption
and decomposition of common precursors, such as methane,
benzene, etc., the micropore structure/opening can bemodied.
Due to their highly porous nature, such HCs can exhibit large
capacities exceeding 400 mA h g−1 (Fig. 5d). Drawing from our
wide knowledge on electric double layer capacitors, among
other applications of porous carbons, further progress in these
materials is anticipated.

Another major point of interest in HCs is the availability of
a wide variety of raw materials for their syntheses.58,59 Signi-
cant diversity in both the micro-structure, such as crystallinity
and nanopore content, as well as the macroscopic structure (i.e.
the electrode geometry) can be achieved. This has led to some
demonstrations of free-standing HC electrodes prepared from
2D brous starting materials, including tissue papers and
electrospun resins.60,61 Likewise, other free-standing HC elec-
trodes with unique morphologies have been obtained through
sol–gel methods (Fig. 6a).62 As shown in Fig. 6b, these materials
exhibited sufficient capacities of over 300 mA h g−1 and excel-
lent CEs of over 90%. More recently, Katsuyama et al. developed
a method to synthesize a free-standing HC electrode from
a photocured resin lattice designed using a 3D printer.63 The
precursor morphology, including the size of the electrode grid,
stration of the process of converting activated carbon to closed-pore-
of the converted activated carbon. (a) and (b) were reproduced with
of converting AC using a CVDmethod. (d) Initial charge and discharge
duced with permission from ref. 56. Copyright 2023 Royal Society of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 HC precursors with controlled structure. (a) Optical photo
(inset) and SEM image of carbon monolith. (b) Charge and discharge
curves of carbon monolith electrodes treated at 1200–2500 °C. (a)
and (b) are reproduced with permission from ref. 62. Copyright 2015
Wiley-VCH GmbH. (c) Optical photo of 3D-printed photocured resin
and corresponding carbon micro-lattice. (d) Charge and discharge
curves of carbon micro-lattice electrodes (400–133) with different
mass loadings. (c) and (d) are reproduced with permission from ref. 63.
Copyright 2022 Wiley-VCH GmbH.

Fig. 7 (a) Comparison of discharge curves of full cells of Na and Li-ion
Wiley-VCH GmbH. (b) Initial charge–discharge curves of Na0.9Cu0.22F
electrodes. Reproduced with permission from ref. 64. Copyright 2019 W
cell in three-electrode system. (d) Cycle performance of the pouch-type
ref. 65. Copyright 2024 Springer Nature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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can be effectively prepared through this method (Fig. 6c). So far,
the charge and discharge proles for these materials were below
250 mA h g−1 (Fig. 6d). Although the gravimetric capacities were
mediocre, these materials demonstrated reversible operation
with an extraordinary loading of active material at 98 mg cm−2.
The idea of precisely controlling the electrode structure to
improve electrolyte inltration and transport is highly
appealing.

Since HC is a promising negative electrode material with the
various advantages and potential described above, it is utilized
as the negative electrode in many cases of the research of SIB
full cells. Our group recently reported a Na5/6Ni1/3Fe1/6Mn1/6Ti1/
3O2//ZnO-template HC full cell with a gravimetric energy density
comparable to that of LiFePO4//graphite-type LIBs (Fig. 7a).20

This result is achieved not only by the large reversible capacity,
but also the high initial coulombic efficiency of 91% of the ZnO-
template HC. However, the synthesis process of these novel
high-capacity materials has not been optimized for mass
production. Therefore, commercially available HC is oen used
to fabricate and evaluate large-scale prototype cells such as
cylindrical or pouch-type cells. In that case, there are several
challenges to be overcome including the lower capacity and
initial coulombic efficiency compared to the graphite electrode
of LIBs.
batteries. Reproduced with permission from ref. 20. Copyright 2023
e0.3Mn0.48O2//HC full cells with or without presodiation of the HC
iley-VCH GmbH. (c) Charge–discharge curves of a VC-NFMO//HC full
VC-NFMO//HC full cells. (c) and (d) reproduced with permission from
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Fig. 8 Comparison of undiluted and diluted hard carbon electrodes.
(a) Schematic of diluted electrodesmethod. (b) Cyclic voltammograms
of sodium insertion/extraction of hard carbon obtained by using
a three electrodes cell for diluted (10% AM) and conventional (95% AM)
electrodes.
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For compensating for the initial irreversible capacity of the
HC electrode in full cells, a few approaches have been proposed:
chemical presodiation of the HC negative electrode,64,66 and the
incorporation of a sacricial additive into the positive elec-
trode.67,68 Fig. 7b shows the initial charge–discharge curves of
SIB full cells with or without presodiation of the HC electrodes
using sodium naphthalenide reported by Liu et al.64 They
showed that the reversible capacity of the full cell was greatly
improved by chemical reduction before cell assembly. Some
important factors should be considered for practicality of the
presodiation process, including capacity balance with the
positive electrode and handling procedure of energetically
unstable presodiated electrodes. Overall, the concept of pre-
sodiation is an interesting approach that may be feasible for
improving the energy density of SIBs.

For the evaluation of a practical SIB full cell, various
parameters are required, such as the mass loading of the elec-
trode, N/P ratio, E/C ratio and the weight of entire cell. In
a recent paper, Tang et al. fabricated large pouch-type full cells
consisting of a Na0.7Fe0.1Mn0.75,0.15O2 (vacancy-containing
(VC)-NFMO) positive electrode and a HC negative electrode
(Fig. 7c) for long-term operation at 170 W h kg−1 and
120 W h kg−1 (Fig. 7d).65 Their data will be considered
a benchmark for the research of SIBs that aims for mass
production and practical applications in the future. Further-
more, we also expect to see interesting results applying
improved hard carbons to K ion batteries, as a higher rate
performance may be obtainable compared with Na.69 The
weaker interactions between the solvent and anions with larger
alkali ions could improve the rate of ion transport and inser-
tion. However, tuning the HC structure may be necessary for
optimal performance with other alkali ion batteries.

Another key point for practical batteries, is attaining
improved charge/discharge rates. When evaluating the rate of
HC electrodes, the low redox potential of alkali ion insertion at
HC can be quite inhibitive due to its close proximity to Na
plating potentials.51,70 As the rate is increased, the plateau
potentials tend to shi to lower and higher potentials for
insertion and deinsertion, respectively. This can be observed in
both galvanostatic charge–discharge testing and cyclic voltam-
metry. Such shiing is caused by (1) polarization of the sodium
metal counter electrode71 as well as (2) ion depletion and
inhomogeneous state of charge (SOC) distribution across the
composite electrode.72–74 These effects limit our ability to
effectively evaluate the active material performance at high
rates, and thus, some reported rate measurements for HC are
mainly capturing limitations of the composite electrode or coin
cell. Polarization of sodium (or potassium) metal can easily be
overcome by using a three-electrode cell with a separate refer-
ence and counter electrode. However, limitations at the
composite electrode are oen overlooked, and thus alternative
electrochemical measurements can provide better insight.
Specically, the application of small electrodes (e.g. micro- or
nanoelectrodes) for single particle measurements75,76 or the use
of thin composite electrodes77 can overcome such issues. Major
analytical developments for single particle analysis have
occurred in recent years,78–80 and we encourage other
18278 | Chem. Sci., 2024, 15, 18272–18294
researchers to explore such advanced methodologies among
others.81 Aside, methods that are simple and amenable with
common battery analysis, e.g. coin cells and composite elec-
trodes, are also highly desirable.

Recently, our lab has been exploring the application of the
diluted electrode method, as rst proposed by Ariyoshi et al.82

This method can also eliminate polarization issues in
composite electrodes to provide “quasi-single particle”
measurements. As seen in Fig. 8a, diluted electrodes are
prepared by partially exchanging the active material, e.g. hard
carbon, with inactive particles, such as aluminum oxide or
nickel.72 These inert particles do not reversibly exchange host
alkali ions, so the active material loading can be varied without
changing the thickness or porosity of the composite electrode;
hence the terminology “diluted electrode.” Typical battery
electrodes (or undiluted electrodes) contain a high concentra-
tion of active material which leads to a depletion of ions and
a gradient across the bulk of the electrode during insertion
(Fig. 8a). This becomes especially pertinent for high capacity
materials and at high charge/discharge rates. With diluted
electrodes, the low active material concentration suppresses the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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concentration overvoltage caused by guest-ion shortage. In this
way, the composite electrode can be charged more uniformly
which provides improved insight when evaluating the rate
performance of different electrode materials.

The effects of diluted hard carbon electrode are shown in
Fig. 8b using cyclic voltammetry and commercial hard carbon
(Kureha Co., Ltd). As with our previous report,72 the diluted
electrode (hard carbon : nickel : binder = 10 : 85 : 5 vol/vol)
shows apparent “faster” kinetics, as indicated by the
improved peak splitting. These measurements are in good
agreement with differential capacity curves (dQ/dV) from slow
rate galvanostatic charge/discharge curves.32 This is a closer
reection of HC's true insertion rate and shows the limitations
of such analysis using typical composite electrodes. Overall, the
diluted electrode method has indicated an excellent rate
performance for HC in conventional battery electrolytes, e.g.
1 M NaPF6 EC : DEC (1 : 1 v/v), maintaining 80% of the full
capacity when charging (electrochemical reduction) at
1000 mA g−1 (or ∼4C).72 Such quick, low-cost methods provide
improved and valuable insight for evaluating the rate perfor-
mance of other battery materials.

2.2 So carbons

So carbon, also known as ‘graphitizable carbon’, is a carbon
material that is transformed into graphite by heat treatment at
high temperatures (generally around 3000 °C) and have also
Fig. 9 Soft carbons for alkali ion storage. (a) Structure models and (b) typ
are reproduced with permission from ref. 84. Copyright 2019 Wiley-VCH
HTTs. Reproduced with permission from ref. 85. Copyright 2017 Ame
electrodes in (d) Li, (e) Na, and (f) K, and (g) Rb cells. (d)–(g) are reprod
Chemistry.

© 2024 The Author(s). Published by the Royal Society of Chemistry
been studied as negative electrode materials for SIBs.17,83 To
date, most SC materials reported show modest performances
compared with HCs including even lower discharge capacities
and CEs. The lower CE is due to the higher defect content of SC
which can also include irreversible expansion of the carbon
structure.83 The starting materials of SC include some low
molecular weight organic compounds, such as 3,4,9,10-per-
ylenetetracarboxylic dianhydride (PTCDA) and dibenzanthrone,
polymer compounds, and fossil fuel-derived substances like
pitch and coke.17,18 As shown in Fig. 9a and b, SC is a low
crystalline carbon that shows broad diffraction peaks alike to
HC.84 However, SC tends to show a sharper, higher intensity 002
diffraction peak and a less intensity at small scattering angles
(below 2q = 15° (CuKa)). This suggests that SC does not have
well-developed nanopore structures as found in HCs.27 The
diffraction peaks of SC become sharper and approach to that of
graphite by further high-temperature heat treatment.

Fig. 9c shows charge and discharge curves of PTCDA-derived
SCs treated at 900 or 1600 °C (denoted SC900 and SC1600,
respectively) in Na cells.85 Both SCs exhibited sloping charge/
discharge proles, and SC1600 had less than half of the
capacity of SC900. In general, the Na storage capacity of SC
decreases with treatment at higher temperatures, suggesting
that Na insertion into SC takes place toward non-graphitic sites
such as turbostratic and expanded interlayer and defect sites.
Our group compared the various alkali-ion storage properties of
ical XRD patterns of hard carbon, soft carbon, and graphite. (a) and (b)
GmbH. (c) Charge and discharge curves of SC prepared by different

rican Chemical Society. Open circuit voltage curves of soft carbon
uced with permission from ref. 86. Copyright 2023 Royal Society of
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Fig. 10 Polymer-based synthesis of SC and performance of SC–HC composites. (a) Synthesis methods and (b) typical charge and discharge
curves of graphitizable or non-graphitizable carbons from polyethylene. (a) and (b) are reproduced with permission from ref. 87. Copyright 2023
the Authors. XRD patterns of (c) FP-derived HC and MP-derived SC and (d) SC–HC composite carbons derived from FP–MP mixtures with
different mixing ratio. (e) Initial charge and discharge curves of FP-derived HC, MP-derived SC, and SC–HC composite carbon. (c)–(e) are
reproduced with permission from ref. 88. Copyright 2019 Wiley-VCH GmbH.
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needle coke-derived SC.86 The charge storage properties are
shown in Fig. 9d–g with open circuit voltage curves during the
discharge/charge processes in non-aqueous Li, Na, K, and Rb
half-cells. Only a small capacity of around 100 mA h g−1 was
obtained for the Na cell, whereas moderate capacities over
200 mA h g−1 were obtained for the Li, K, and Rb cells. This
trend is potentially related to structural similarities between SC
and graphite, where poor performance with Na+ is observed
compared to the other alkali ions.

Although the Na storage capacity in SCs has so far been
insufficient for practical energy storage, several interesting
studies have been made on SC–HC conversion and SC–HC
composite materials. Lee and Min et al. have reported that
polyethylene, a commonly used polymer material, is selectively
carbonized to SC by heat treatment aer thermal oxidation and
to HC with heat treatment aer acid treatment as illustrated in
Fig. 10a.87 The obtained nal products showed charge and
discharge proles typical for SC and HC, respectively (Fig. 10b).
Cheng et al. also reported that carbons derived from perylene
and terephthaloyl chloride can be selectively converted into SC
or HC depending on the ratio of the rawmaterials.89 In addition,
it has been reported that pitch, which is inherently carbonized
to SC, was successfully converted to HC with a high carbon-
ization yields by introducing defects to prevent graphitization.90

Xie et al. and others have reported the synthesis and battery
properties of SC–HC composite materials.88,91 Their group used
lter paper (FP) made of cellulose and mesophase pitch (MP) as
the carbon precursors. As shown in the XRD patterns in Fig. 10c
and d, FP and MP-derived carbons showed typical structural
18280 | Chem. Sci., 2024, 15, 18272–18294
characteristics of HC and SC, respectively. The FP–MP mixture-
derived carbons exhibited a continuously variable structure
from SC-like to HC-like depending on the mixing ratio. The SC–
HC composite showed a superior capacity compared to the FP-
derived HC and a MP-derived SC (Fig. 10e). The authors
conclude the addition of so carbon decreased the surface area
and number of open pores which improved the performance.
Adding SC to the HC active material seems like a reasonable
strategy, with some similarity to surface coatings which are
oen used for improving material performance in battery
research.
3 Stage compounds of graphite and
graphite-like materials
3.1 Stage compounds of graphite

In contrast to the high structural diversity and complex energy
storage modes among non-graphitizable carbons, graphite is
a highly crystalline, layered structure of sp2-hybridized carbons
with one predominant storage mechanism, intercalation. For
graphite, this insertion process involves alkali ions lling the
interlayer space between each graphene sheet and arranging in
a series of stages based on the SOC. Stage 1 refers to lled alkali
ion layers separated by a single graphene sheet. In stage 2 there
is an additional layer of graphene which leads to alternating
alkali ion-lled and unlled layers. With increasing stage
number, the structure includes an additional graphene sheet
and unlled layer. In the Li cell, graphite is well-known to
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc03203a


Fig. 11 Electrochemical intercalation of alkali ions at graphite. (a) Charge/discharge curves of graphite in LiPF6, NaPF6 and KFSA electrolytes. The
insets show the color change of graphite after intercalation. Reproduced with permission from ref. 10. Copyright 2015 Elsevier. (b) Charge/
discharge curves of graphite in 1 mol kg−1 RbTFSA (inset: charged graphite electrode). Reproduced with permission from ref. 86. Copyright 2023
Royal Society of Chemistry. (c) Illustration of ion arrangement for LiC6 and KC8/RbC8 structures.
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reduce to a stable, stage 1 structure of LiC6 with a reasonable
capacity of 372 mA h g−1 (Fig. 11a).10 Much of the success for
commercial LIBs has relied on this mechanism and its excellent
cyclability.14 Unfortunately, some of graphite's exceptional
qualities start to diminish when moving to other alkali ion
systems.

For Na+, the formed graphite intercalation compounds
(GICs) are thermodynamically unstable with positive formation
energies.92–95 Aside from using a modied form of graphite,96,97

only dilute stages with low capacities are observed,98 which
agrees with our experimental results (Fig. 11a). On the other
hand, GICs formed with heavier alkali metals K and Rb are
known to be stable and were even reported prior to Li-GICs.99

These alkali ions show anMC8 structure with a lower theoretical
capacity of 279 mA h g−1 for the stage 1 compounds (Fig. 11a
and b).10,86,100 In 2015, our group10 among others101,102 showed
reversible electrochemical intercalation of K+ into graphite. We
further conrmed reversible staging mechanism from graphite
to KC8 with operando XRD.100 In addition, our group recently
conrmed a reversible RbC8 structure for the stage 1
compounds of Rb with a reversible capacity close to the theo-
retical capacity (Fig. 11b).86 Using a rubidium bis(tri-
uoromethanesulfonyl) amide (RbTFSA) salt, we could observe
(de)intercalation within various battery electrolytes. RbC8,
RbC24, and RbC36 structures were conrmed at each stage of the
electrochemical reduction process via operando X-ray diffraction
and Raman spectroscopy. Few other studies have explored
electrochemical insertion of Rb+,103 but this helps build a better
fundamental understanding of the (de)intercalation process.

The similar behavior between Rb (ionic/atomic radius =

0.147/0.248 nm) and K (ionic/atomic radius = 0.133/0.235 nm)
compared with Li (ionic/atomic radius = 0.068/0.152 nm) is an
interesting point to consider, especially with the lack of stable
KC6 or other higher capacity structures (Fig. 11c).104 Only under
high pressures/temperatures, highly saturated structures (e.g.
LiC2) have been reported.105,106 The concept of a hard-sphere
model can be used to rationalize the capacity and structural
limitations for GICs.107 Still, the actual intercalate size and
© 2024 The Author(s). Published by the Royal Society of Chemistry
packing limitations, as well as their relationship to bonding in
the lattice are points to consider. Furthermore, DFT calcula-
tions have indicated the thermodynamic stability of K-GICs is
more dependent on deformation of graphite compared with Li-
GICs. According to some calculations, KC6 structures are ener-
getically stable.94 However, no observations of this structure
have been made.

From a practical perspective, it remains highly desirable to
improve the capacity of graphite for not only PIBs, but even for
modern LIBs.108 This has led to signicant interest in incorpo-
rating higher capacity materials directly with graphite and the
use graphite-like materials.109–111 Another approach is to
consider plating-type reactions which can take some inspiration
from HC and the major developments in harnessing the pore
lling mechanism. By understanding and controlling plating
reactions at graphite electrodes, signicantly higher capacities
can be attained.112 Lastly, graphite materials are relatively
homogeneous compared with HCs and SCs, but they are poly-
crystalline in nature and do contain grain boundaries, pore
structures, high-reactivity edge-sites and even impurities.113

These sites can be highly reactive toward ion insertion.114

Furthermore, the use of synthetic graphite opens many oppor-
tunities for tuning the structure to incorporate defects and
dopants. These are all interesting approaches that may be
useful for attaining higher performance with graphitic elec-
trodes in the future.

While graphite continues to be a major material in LIBs,
interest is growing for its use in PIBs where several benets
could be directly inherited from the LIBmarket.6,7 In addition to
showing faster diffusion rates within the electrolyte compared
to Li+, K+ also shows faster transport inside the graphite lattice
(up to 5 orders faster), which could enable faster (de)intercala-
tion rates.10,16 However, several early reports indicated fast
capacity fading and poor rst cycle CEs, especially in carbonate-
based electrolytes.11,101,115 The binder was shown to strongly
impact graphite's performance,10,100 linking some of the limi-
tations to insertion of the larger K ions. During alkali ion
insertion, the interlayer spacing within the graphite structure
Chem. Sci., 2024, 15, 18272–18294 | 18281
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Fig. 12 Operando XRD of alkali intercalation at graphite in (a) Li+, (b) K+

and (c) Rb+-based ionic liquids. Below (a) is an illustration of the lattice
space increase with ion insertion. All XRD data are modified with
permission from ref. 86. Copyright 2023 Royal Society of Chemistry.
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(typically 0.336 nm) expands to accommodate the ion size. This
can be observed with XRD methods which show changes in the
diffraction peaks during staging (Fig. 12).86 During operando
XRDmeasurements of Li+ intercalation, we observe an apparent
shi in the 002 peak to smaller angles with a nal structure
showing the d001 at ∼24°(2q) for the stage 1 structure (Fig. 12a).
This is indicative of a slight expansion of the graphite lattice by
∼10% (or 35 pm). In contrast, intercalation of the larger K+

tends to cause more expansion of the graphite lattice attaining
a nal stage 1 structure increased by ∼50% (or 0.2 nm). Like-
wise, a large expansion of the graphite lattice was observed with
Rb as indexed with the d002 reection in Fig. 12c. The graphite
particles explored for LIBs and PIBs are oen micron-sized and
can handle even larger reversible expansions without compro-
mising their crystal structure, as seen with solvent cointercala-
tion.23,116 However, the precise structure of graphite can have
some effects on performance, especially during extended
cycling.

Previous works in LIBs indicated high degrees of graphiti-
zation leads to a narrower interlayer space and higher reversible
capacities,117,118 as observed with highly crystalline natural
graphite compared to synthetic graphite.14,119 Recently, we
evaluated the K ion intercalation process at two types of
synthetic graphite with low or high crystallinity.120 In this case,
we did not see any difference in performance for Li intercalation
with both graphite samples showing similar voltage proles,
18282 | Chem. Sci., 2024, 15, 18272–18294
discharge capacities, and capacity retention. For K intercala-
tion, we observed similar discharge capacities, but only the
highly crystalline graphite was stable for long term cycling. We
also evaluated the impact of graphite particle size on K-ion
insertion.100 In this case, the discharge capacities were not
strongly impacted by particle size, but smaller particles tended
to show lower initial CEs and improved capacity retention
during cycling. The graphite structure can handle large distor-
tion, but at the same time, expansion of the lattice may lead to
disruptions in the SEI which would require additional inter-
phase formation and consumption of the positive electrode
capacity within full cells.

To realize improved stability and cycle life for PIBs utilizing
graphite, there have been several efforts to improve the elec-
trolyte and SEI chemistry. Our group has shown signicant
improvements in half and full-cells through electrolyte opti-
mization strategies and the discovery of appropriate electrolyte
additives. For example, we recently developed binary-salt elec-
trolytes based on KPF6/KFSA in EC/DEC and EC/PC.21 By mixing
of the counter anion in an optimized ratio, these electrolytes
could improve the rst cycle CE (Fig. 13a) and achieve a 3.6 V
full cell with graphite as the negative electrode. The capacity
retention remained high at 75% and 85% aer 500 cycles for 1
and 5C rates, respectively.21 Much of the improvements in
performance were considered to be linked to decomposition
products from the N(SO2F)2

− anion incorporated into the SEI
structure. Indeed, we found that even an electrolyte based on
0.8 M KPF6 in EC/DEC could be improved through the addition
of a sulfamoyl uoride-type additive.22 By adding 10 wt% of
dimethylsulfamoyl uoride (DMSF) to the electrolyte, interfacial
charge transfer properties were improved (Fig. 13b). When
mixing DMSF with an optimized electrolyte containing KFSA,
we observed further improved capacity retention of 82.4% aer
500 cycles (Fig. 13c). It was assumed that the improvements are
based on a thinner SEI with an altered structure that incorpo-
rates decomposition products derived from the DMSF additive.

While exploring diverse additives to improve the graphite
performance, we make note that not all additives show signi-
cant inuence on the behavior of graphite and can even result
in negative effects.115,123 For example, the well-known additive
uoroethylene carbonate for LIBs shows a negative effect
incorporated into graphite/K half-cell. Key differences in the SEI
structures and their properties among the alkali ions have been
noted in previous works.124–126 This would suggest that the SEI,
as with other aspects of batteries, requires specic tuning/
optimization when exchanging the alkali ion. We also note
that reactive K metal can inuence the decomposition of the
electrolyte by producing soluble species aer reaction.123 This
may extend to other reactive alkali metals which could inuence
the developing SEI in half cell measurements. The SEI is
composed of diverse electrolyte derived components.127,128

These SEI components (e.g. uorides, oxides, etc.) are frequently
identied with various spectroscopic techniques.81 On the other
hand, characterization of SEI properties (passivation, ion
transfer) is rarely conducted. Recent analytical developments81

are making this process more simplied, and we expect future
studies will provide valuable insight to improve the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Impact of electrolyte on graphite cycling in half and full cells. (a) First cycle charge/discharge of graphite/K half-cells in KPF6 and binary
0.9 KPF6–0.1 KFSA electrolyte. Reproduced with permission from ref. 21. Copyright 2020 American Chemical Society. (b) Electrochemical
impedance spectroscopy (after reducing to 0 V) in KPF6-ester carbonate-based electrolytes containing a DMSF additive. (c) Charge/discharge
curves for graphite//PB full cells. (b) and (c) are reproduced with permission from ref. 22. Copyright 2023 Royal Society of Chemistry. (d)
Graphite//PB full cell cycling using high and low concentrations of KFSI. Reproduced with permission from ref. 121. Copyright 2024 Wiley-VCH
GmbH. (e) Long-term graphite//PB full cell cycling in a chloro-modified electrolyte. Reproduced with permission from ref. 122. Copyright 2024
Wiley-VCH GmbH.
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performance.114,129While our knowledge on how to build the SEI
and direct its properties remains limited, it is apparent that the
SEI is a key component for attaining long cycle life, high-voltage
batteries beyond the LIB.

Aside from looking for electrolyte additives to improve the
performance, concentrated electrolytes and other alterations to
the electrolyte seem to be other promising approaches. At high
rates, the anion choice and the concentration can both impact
the cycling performance. Other groups have shown the
exchange of KPF6 for KFSI was quite effective for improving the
cyclability at fast rates (Fig. 13d).121 They further observed that
using a highly concentrated electrolyte led to a similar output
but improved capacity retention. Others have observed this as
well with concentrated electrolytes including ionic liquids.130

Our group recently attained excellent performance of
a graphite//PB full cell using an ionic liquid. We observed a very
high capacity retention of 94.7% aer ∼1000 cycles at 2C.12 As
with the other reports, this was strongly linked to a highly stable
SEI that could protect the graphite electrode aer charging the
battery; i.e. in the reduced state. Aside, the recent use of func-
tionalized solvents could also impact the SEI structure and
performance. As shown in Fig. 13e, electrolytes using chloro-
modied ethers could signicantly improve the performance
of PB//graphite full cells (Fig. 13e).122 High coulombic efficiency
and over 6000 cycles was demonstrated which could be attrib-
uted to high stability at the graphite electrode and improved
oxidation stability of the modied electrolyte.
3.2 Staging in B/C/N and B/C materials

As discussed in the previous section, Li+, K+, and Rb+ can easily
intercalate into the graphite host, while Na+ intercalation is
© 2024 The Author(s). Published by the Royal Society of Chemistry
thermodynamically unstable at potentials above plating. Inter-
estingly, increasing the lattice spacing by using an “expanded
graphite,” as well as surface modications have been shown to
encourage Na+ insertion.96,131 By adjustment of the structure
and the associated energetics, the Na+–graphite intercalate
structure can be stabilized. To that end, graphite-like materials
have also been explored for their intercalation of Na+. In
particular, Na+ can reversibly intercalate into B/C/N and B/C
materials to form stage 1 structures.97,132 Like graphite, B/C/N
and B/C materials also have a layered structure with some of
their carbon atoms replaced by boron and nitrogen (Fig. 14a).133

These heteroatom-substituted carbons have been prepared by
the chemical vapor deposition (CVD) method and pyrolysis.
Much like other carbons, they can exhibit conductive or semi-
conducting properties depending on their compositions and
atomic arrangements within the layer structures.97,132,134

As shown in Fig. 14b, B/C and B/C/N materials show a sharp
diffraction peak at a similar position (2q = ca. 26°; interlayer
spacing of∼0.34 nm) to that of graphite 002 diffraction peak (2q
= 26.5°; interlayer spacing of 0.335 nm).97 Some small, addi-
tional peaks were observed including peaks at a similar position
(2q= ca. 54°) to that of graphite 004 diffraction peak. While this
suggests improved ordering of the layer stacking, a broad 10
diffraction peak was also observed suggesting a random, tur-
bostratic structure. For B/C prepared at higher temperatures,
more regular ordering of the crystal structure was observed
though the product contained a B4C impurity. The C/Nmaterial,
in which some of the carbon atoms are replaced with nitrogen,
showed a broader 002 diffraction peak indicative of poorer
crystallinity and higher disorder. The peak was also broader
than carbon powders from pyrolysis of ethylene. Together, these
Chem. Sci., 2024, 15, 18272–18294 | 18283
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Fig. 14 Structure of B/C/Nmaterials. (a) Graphite-like network of B/C/
N (example: BC2N). (b) XRD patterns of B/C/N, B/C, C/N and C
powders prepared using chemical vapor deposition. (b) is reproduced
with permission from ref. 97. Copyright 2015 Electrochemical Society
of Japan.

Fig. 15 Electrochemical insertion of Na+ into B/C/N (Na-B/C/N). (a)
Galvanostatic charge–discharge curves of B/C/N materials in 1 M
NaPF6 EC : DEC (1 : 1 v/v). (b) Ex situ XRD patterns of Na-B/C/N at
0.003 V and 0.70 V vs. Na+/Na, respectively. Modified with permission
from ref. 97. Copyright 2015 Electrochemical Society of Japan.
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results suggest that B addition to the graphene structure aids in
the crystallization, while N increases disorder.97

For the charge/discharge curves of B/C/N electrodes in Na
half-cells (Fig. 15a), a sloping plateau is observed during reduc-
tion of the electrode (discharge) with two inection points
around 0.7 V and 0.03 V vs. Na/Na+.97 The oxidation (charge)
response is also sloped achieving a reversible capacity of
190 mA h g−1, equivalent to a composition of NaC12. Similarly,
reversible charge/discharge was observed for B/C materials with
18284 | Chem. Sci., 2024, 15, 18272–18294
higher capacities (200–240 mA h g−1) and at slightly different
redox potentials.135 The structure of the intercalates were further
evaluated with XRD, which shows a change in the 002 diffraction
peak during (de)intercalation. Aer intercalation of Na+ into the
B/C/N material, the 002 peak shied to lower angles (Fig. 15b)
indicating an increase in the interlayer distance (d-spacing). The
stage number could be estimated based on the original d-spacing
of B/C/N (dhost = 0.343 nm) and the layer spacing of Na-
intercalated B/C/N (di = 0.463 nm). Assuming a stage 1 struc-
ture, the interlayer spacing increased by 35%. This seems
reasonable considering graphite shows an increase in the inter-
layer space by approximately 10% and 50% for Li+ and K+

insertion, respectively.86,100,136 Stage 2 intercalation compounds
(sample held at 0.7 V vs. Na/Na+) further conrmed these results
indicating an increase in the interlayer distance dependent on
the amount of intercalated Na.135 Similar XRD results and stage 1
structures were observed for the intercalated B/C materials.

When a heteroatom such as boron is substituted in a gra-
phene layer, the orbitals of carbon and the heteroatom (boron)
become hybridized. This leads to a lowering of the LUMO and
conduction band, consistent with the differences for the XANES
spectra of B/C/N and HOPG (highly oriented pyrolytic
graphite).132 In other words, boron doping improves electron
© 2024 The Author(s). Published by the Royal Society of Chemistry
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donation from Na to the host B/C/N material compared with
Na+ inserted into graphite. Interestingly, when B/Cmaterials are
applied in Li+ cells, capacities of 580 mA h g−1 can be
attained.134 This is signicantly larger than Li+ insertion into
graphite (LiC6) and corresponds to an equivalent composition
of LiC4. The interlayer expansion of the B/C layers was a bit
higher than Li+ intercalation into graphite, but overall, boron-
doped carbons seem to improve packing of the intercalation
compounds inside the layered host. The upper limit of such
packing is still questionable, but a highly relevant topic for
future research to explore. Despite the good performances
observed when using B/C/N and B/C as anode materials for Li-
ion and Na-ion secondary batteries, there are some current
drawbacks. For instance, the current preparation method using
CVD requires expensive and highly reactive BCl3 gas as the
starting material. The discovery of low-cost precursors or
alternative synthetic methods may provide a more cost-effective
route for growing B/C and B/C/N materials for battery
applications.
Fig. 16 Electrochemical cointercalation of Na+ in graphite. Charge/
discharge curves of graphite in half-cells containing (a) NaOTf in
diglyme and (b) NaPF6 in 1,3-diaminopentane. (a) was reproduced with
permission from ref. 138. Copyright 2018 Wiley-VCH GmbH. (b) was
reproduced with permission from ref. 141. Copyright 2024 The
Authors.
3.3 Solvent cointercalation

Aside from using modied graphite or graphite-like materials
for SIBs, a reversible ion-solvent cointercalation mechanism
was identied by Adelhelm's and Kang's groups.23,137 In this
case, solvent molecules continue to solvate the alkali ions
during the (de)intercalation process, forming ternary graphite
intercalation compounds (T-GICs). Most works have focused on
diethylene glycol dimethyl ether (a.k.a. diglyme or G2) as the
cointercalating solvent, but a variety of other glymes are also
being explored including dimethyl ether (monoglyme), tetra-
ethylene glycol dimethyl ether (tetraglyme) and others. This has
opened up opportunities for using the graphite negative elec-
trode even within SIBs. In contrast to the poor Na+ storage
capacity of graphite in carbonate electrolytes,10,124 Na+ dissolved
in glyme solvents can attain reversible capacities up to
∼120 mA h g−1 with excellent cyclability (>1000 cycles), good
CEs and full cells already demonstrated. Furthermore, using
cointercalation at graphite can enable rapid kinetics for high
power applications.138 Previous reports have indicated higher
rate capabilities for cointercalation compared to ion intercala-
tion at graphite as well as when using such solvents during
insertion at HC.116,139,140 The high rate capabilities are thought to
originate from a lack of an SEI and faster desolvation kinetics
with fewer desolvating solvent molecules.

As seen in Fig. 16a, the (dis)charge prole shows some
similarity to that observed during Li+ insertion at graphite,
though the reactions occur at more positive potentials (0.5–
0.8 V vs. Na/Na+).138 As with alkali ion intercalation, the solvated
Na+ ions ll the various layers of graphite via a staging mech-
anism, and a stage 1 structure of the approximate formula,
Na(glyme)xC20, has been be conrmed.23,142 The difference in
potential compared with alkali ion insertion suggests improved
stability for the formation of T-GICs. This has been attributed to
shielding of the ion by the solvent as it may impact interlayer
repulsion and interactions of Na+ with the graphite host.
Interestingly, other interactions have also been noted to impact
© 2024 The Author(s). Published by the Royal Society of Chemistry
the redox potential of cointercalation such as: length of the
glyme and activity of free glyme in the solvent structure.143

Despite gradual progress and interesting chemistry involved,
there are notable issues for using cointercalation for battery
applications. At the forefront, the cointercalation mechanism
leads to large changes in the graphite interplanar distance (a
200% increase) during insertion and deinsertion.138 This is
quite signicant compared with bare ion insertion (e.g. ∼10%
for Li+ and ∼50% for K+).100,136 Expansion of the actual
composite electrode tends to be a bit smaller,144 but this factor
is expected to become problematic at the battery level.145

Furthermore, such expansion leads to a decrease in the volu-
metric capacity/energy density of the system. A few recent works
by Lerner and Adelhelm's groups explored diamines for allevi-
ating the graphite expansion.144,146 Using in situ electrochemical
dilatometry, Escher et al. showed that the addition of 10 vol%
ethylenediamine (EN) to the diglyme electrolyte reduced the
initial electrode expansion from 275% to 200% and further
reduced expansion/contraction during charge/discharge.144 The
Chem. Sci., 2024, 15, 18272–18294 | 18285
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Fig. 17 Solvent dynamics during solvent cointercalation. (a) Illustration
of Na+ and diglyme interactions with graphite during cointercalation.
(b) NMR response indicating the ratio of each solvent species.
Reproduced with permission from ref. 154. Copyright 2022Wiley-VCH
GmbH.
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EN also clearly impacted the charge/discharge prole with
additional plateaus compared with diglyme suggesting its
involvement during the de/intercalation process. Unfortunately,
EN tended to decrease the reversible capacity and showed poor
ICEs of 38%, which may be due in part to the usage of half-cell
measurements (containing Na metal). The authors noted poor
stability for EN and Na metal, and as such, they only explored
EN as a co-solvent but not as an individual solvent to prepare
the electrolyte. Despite the promise of using solvent mixtures
and additives as commonly applied in LIBs,128 few other works
have explored means for improving the reversible capacities
while minimizing electrode expansion.

Building on the interesting results with EN, our group star-
ted exploring other stable cointercalates based on diamines.
Several chemically prepared T-GICs using diamines were re-
ported by Gotoh et al., but not explored for electrochemical
applications.147,148 We found the use of branched diamines,
such as 1,3-diaminopentane (13DAP), showed improved
stability compared to EN when in contact with Na metal and
slightly higher reversible capacities up to 130 mA h g−1.141 As
seen in the charge/discharge curve (Fig. 16b), the prole is
different from diglyme and shows redox reactions occurring at
lower redox potentials (<0.5 V vs.Na/Na+). Though the capacities
were limited in this region, these potentials are quite similar to
insertion/intercalation reactions of bare alkali ions. For another
branched diamine, 2-methyl-1,5-diaminopentane (2M15DAP),
we observed a lower reversible capacity and a completely
different charge/discharge prole. This was more in agreement
with the charge/discharge prole observed for the EN mixture
with diglyme, but again showed a redox plateau at low poten-
tials during oxidation.144 From these initial results, we see that
changing the amine structure can strongly impact the coin-
tercalation electrochemistry.

Much like EN, we found that expansion of the graphite
lattice was drastically reduced during intercalation to only
∼135% for both 13DAP and 2M15DAP based on XRD analysis.141

Comparing with the reported expansion of the graphite lattice
in diglyme, we can estimate almost double the volumetric
capacity when using 13DAP. Likewise, 2M15DAP showed an
improved volumetric capacity over DG based on this metric.
Though these diamine-based electrolytes demonstrated notable
opportunities, we found their cycling performance and oxida-
tion stability still needs to be improved for practical use as
a battery solvent. Only by incorporating 5 vol% DG cosolvent
into the diamine electrolyte enabled 82% capacity retention
aer 200 cycles. Considering the vast variety of amines, as well
as mixed structures, there remains a vast landscape of unex-
plored cointercalation systems that may help improve the
performance for SIBs.

Overall, the coordination structure appears to be key for
improving the packing density for higher capacities while at the
same time minimizing electrode expansion. There has been
some debate on the number of solvent molecules that remain
coordinated to Na+ during intercalation. For 2G, measurements
of the electrode mass as well as theoretical investigations sug-
gested only one diglyme molecule per Na+.142,149 Other larger
glymes, 3G, 4G, etc., are also expected to only require
18286 | Chem. Sci., 2024, 15, 18272–18294
coordination of a single glyme per Na+.150 On the other hand,
Na+ prefers a coordination number of 4–7 which would suggest
two 2Gmolecules per Na+.150,151More recently, the use of various
in situ NMR methods has proven more complex dynamics
involved during cointercalation.152–154 The results suggest coin-
tercalated Na+ can be coordinated with either one or two 2G
molecules at room temperature depending on the SOC.154 As
seen in Fig. 17, the NMR data also indicate uncoordinated 2G
molecules within the graphite host. While Na+ does not appear
to hop in between these 2G molecules, it does provide some
sense that a pillaring-type effect could occur and prevent
continuous expansion/contraction of the electrode.146 Indeed,
2G can also induce cointercalation of other solvent structures,
such as cyclic ethers, which do not typically cointercalate on
their own at room temperature.153 Exciting new directions in
plausible additives or co-solvents are starting to emerge.

To date, there have been several reports incorporating
cointercalation at graphite for Na full cells.143,155 Output voltages
$3 V and good capacity retentions over 1000 cycles have already
been demonstrated. As seen in the past work by Kang's group,
excellent cyclability was obtained for a cell constructed from
Na1.5VPO4.8F0.7 and graphite in an NaPF6 electrolyte.143 Like-
wise, other works have shown promise for assembling full cells
with other positive electrodes.155,156 Cointercalation can provide
very long cycle lifetimes and at very fast charge/discharge rates,
but there are some notable drawbacks. Aside from the relatively
high redox potential, low capacities and electrode expansion,
there is another issue with solvent uptake. Due to this process, it
is necessary to incorporate additional electrolyte into the cell,
which impacts energy density as well as battery weight.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Observed capacities and associated GIC structures (or equivalent for B/C/N and B/C)

Li Na K Rb

Graphite LiC6 >350 mA h g−1 Dilute stage only 10–
30 mA h g−1

KC8 ∼240 mA h g−1 RbC8 276 mA h g−1

B/C/N and B/C LiC4 580 mA h g−1 NaC12 190 mA h g−1 — —
Co-intercalation (graphite) Li(glyme)xC20 110 mA h g−1 Na(13DAP)xC17 130 mA h g−1 K(glyme)xC20 105 mA h g−1 Rb(glyme)xC20 100 mA h g−1

Na(glyme)xC20 110 mA h g−1
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Aside from its use for Na+ cointercalation, other alkali ions
can likewise cointercalate with strongly bound solvent species.
The case of dimethyl sulfoxide (DMSO) and Li+ is well-
known,157,158 while propylene carbonate–Li+ cointercalation is
not reversible due to cracking of graphite.159 For glyme based
electrolytes, similar charge/discharge proles and capacities
near 100–110 mA h g−1 are observed regardless of using Li+, K+,
or Rb+.86,150,160 However, the cyclability and rate performance are
strongly impacted by the alkali ion with Li+ showing poor
performance compared with Na+ and K+.160 Previous reports
have indicated higher rate capabilities for larger ions, when
considering Li, Na and K. Larger K ions can move faster during
cointercalation, because the graphite interlayer space is more
expanded.160 This has also been attributed to the favorable
interactions of Li+ with the graphite host, as well as differences
in the solvation structures which impacts diffusion.161 Inter-
estingly, at high electrolyte concentrations, the insertion
mechanism can be changed from favoring cointercalation
toward ion intercalation for both Li+ and K+ electrolytes.11,162

This may be related to formation of SEI structures which block
the solvent from insertion, as well as the decrease in available
solvent molecules which may impact desolvation processes at
the interface. Still, cells containing NaPF6 electrolytes in
Table 2 Comparison of promising cycling results for carbon materials i

Electrode

Capacity (mA h g−1

Na

Hard carbon
295, 6000, 83, 2000
283, 3000, 72, 1000

Template method 464; 200; 93; 25, ha

Mod. activated carbon 350; 1000; 80, 500,

Graphitic carbons

Intercalation —

Cointercalation 119, 10 000, 87, 100
∼100, 8000, 94, 10

With co-solvent 134, 1800, 94, 500,

B/C/N and B/C carbons ∼200, 100, –––, hal

© 2024 The Author(s). Published by the Royal Society of Chemistry
diglyme up to 3 M show a stable and reversible cointercalation
mechanism.143 The ICE of these electrolytes decreased with
increased salt concentration for numerous electrolytes, but it is
peculiar that the solvated ions seem to traverse the SEI while
solvated Li+ and K+ seem to be blocked. This is in good align-
ment with other mysterious aspects of potential SEI structures
in cointercalating solvents.138,163

So far, there has been much speculation on the nature of SEI
structures when cointercalating solvents are applied. Consid-
ering the high CEs observed, the concepts of very thin SEI143 or
even SEI-free systems seem plausible.138,163 A lack of SEI seems
more convincing when considering the large changes in volume
for cointercalation and the difficulty of solvated ions trans-
porting across an SEI. At the same time, the electrolyte anion
has been shown to strongly impact the CEs and cyclability,163

and in all cases there are still rst cycle losses observed. Glymes
may show higher cathodic stability than carbonate esters
(which reduce near 1.0 V vs. Li/Li+),164,165 but this would also
mean no decomposition of the anion species. This becomes
especially questionable for highly concentrated electrolytes
where reduction of the anion tends to become more facile.
Reactions at highly reactive edge sites or impurities may also be
involved, but the point at which this is recognized as SEI
n Na and K-ion batteries

); # of cycles; retention (%); rate (mA g−1); half or full cell

K

, half140 ∼160, 1000, 73, 4900, half167

, half166

lf20 381; 50; 25; half20

half56 —

230, 1000, 95, 558, half12

180, 500, 85, 279, full22

––, 6000, 66, 800, full122

0, half168 90, 100, 89, 2000, half116

000, half168 ∼100, 60, 91, –––, half160

half155 —

f135 —

Chem. Sci., 2024, 15, 18272–18294 | 18287
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chemistry remains ambiguous. Nevertheless, the prospects of
an SEI-free electrode while maintaining prevention of self-
discharge with the electrolyte is highly appealing for long-life
batteries.

Clearly layered graphite and graphite-like materials are quite
versatile negative electrodes for batteries. When looking at the
various chemistries of graphite, as summarized in Table 1, we
see distinct differences based on the electrolyte system. The
highest capacities are currently observed for modied graphite
(B/C/N) for both Li+ and Na+ insertion. However, Na+ insertion
in B/C/N is not so far advanced beyond the solvent cointerca-
lation mechanism, especially considering cyclability. As new
cointercalating electrolytes are discovered, it may become
possible to further improve the capacities and energy densities
for more practical usage. We hope to see further advancements
in modied graphite materials and the solvent cointercalation
mechanism as future research progresses.
4 Concluding remarks

Overall, the opportunity for applying and improving carbon
electrodes for alkali energy storage remains rich. In Table 2, we
have compiled some of the most promising results for the
various carbons beings explored for energy storage. While the
highest capacities are mainly being observed for HC electrodes,
the cyclability and capacity retention of intercalation and
cointercalation mechanisms at graphitic carbons should not be
dismissed. The usage of carbon electrodes within Li-ion
batteries remains at the top of energy storage technologies,
but many of these emerging chemistries may take hold of the
market due to their lower price and greener components.

In this review, we have made an effort to provide the reader
with sufficient fundamental information as well as practical
insight on the various carbon-based energy storage technolo-
gies under development. Starting with hard carbon, we dove
into the main points of interest: the pore structure. This topic
will remain a valuable point of interest for years ahead as we
approach high cyclability for long life batteries. Maximizing the
pore system is a major goal that could further improve the
capacities to as high as 500–600 mA h g−1.169 At the same time,
reversible and facile transport to these pores is very important
for battery development. From there, we discussed the relatively
limited progress on so carbons. Currently, these materials
need to see some further improvements for practical usage in
batteries, and their prospects are somewhat unknown. Finally,
we discussed the place that graphite holds in next generation
batteries. While its promising characteristics shine brightest
when used in LIBs, it is also a notable electrode for PIBs. Many
interesting concepts still remain relatively unexplored
including further modied graphite materials and cointercala-
tion chemistry, as well as controlling plating reactions which
could also boost the performance of graphite. Some mysteries
of graphite may still remain hidden and only future research
will show if this is the case. In all, with the vast structures and
properties of carbon electrodes, the opportunities for energy
storage continue to grow.
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