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The ever-increasing energy demand motivates the pursuit of inexpensive, safe, scalable, and high-performance
rechargeable batteries. Carbon materials have been intensively investigated as electrode materials for
various batteries on account of their resource abundance, low cost, nontoxicity, and diverse
electrochemistry. Taking use of the reversible donor-type cation intercalation/de-intercalation (including
Li*, Na*, and K*) at low redox potentials, carbon materials can serve as ideal anodes for 'Rocking-Chair’
alkali metal-ion batteries. Meanwhile, acceptor-type intercalation of anions into graphitic carbon
materials has also been revealed to be a facile, reversible process at high redox potentials. Based on
anion-intercalation graphitic carbon materials, a number of dual-ion battery and Al-ion battery
technologies are experiencing booming development. In this review, we summarize the significant
advances of carbon materials in terms of the porous structure, chemical composition, and interlayer
spacing control. Fundamental mechanisms of carbon materials as the cation host and anion host are
further revisited by elaborating the electrochemistry, intercalant effect, and intercalation form.
Subsequently, the recent progress in the development of novel carbon nanostructures and carbon-
derived energy storage devices is presented with particular emphasis on correlating the structures with
Received 2nd March 2020 electrochemical properties as well as assessing the device configuration, electrochemical reaction, and
DOI: 10.1039/d0cs00187b performance metric. Finally, perspectives on the remaining challenges are provided, which will
accelerate the development of new carbon material concepts and carbon-derived battery technologies
rsc.li/chem-soc-rev towards commercial implementation.
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1. Introduction

Under the global scenario of depletion of non-renewable fossil
fuels and growing environmental concerns, the electricity mar-
ket is now undergoing a unique transformation by the rise of
power generation from variable renewable sources, such as
wind, solar, and tide."” This transformation puts electricity
at the forefront of the clean-energy exploitation, helping to cut
air pollution and CO, emission. It also imposes a strong
requirement of reliable energy storage technologies to smooth
out the intermittency of renewable energy production.*®
Among various energy storage technologies, rechargeable bat-
tery energy storage provides an intelligent way to manage power
supply by storing electricity in the form of chemical energy with
high efficiency.”® Li-ion batteries (LIBs), which represent the
fast-growing rechargeable battery technology, store charge by
employing Li* as the charge carrier.’® Li* moves from the anode
to the cathode through the electrolyte when LIBs are charged,
while Li" moves in the opposite direction when LIBs are
discharged. In the past few decades, LIBs have attained great
success in powering portable electronic devices, electric vehicles,
and smart grids."" Excitingly, the 2019 Nobel Prize in Chemistry
was awarded to John B Goodenough, M. Stanley Whittingham
and Akira Yoshino, who dramatically contributed to the devel-
opment of this revolutionary energy technology. Nevertheless,
the widespread implementation of LIBs is still of great concern,
which is severely hindered by their unsatisfactory durability (less
than 1000 cycles), high cost ($900-1300 per kW h), and insuffi-
cient safety.">"® With the hope of solving the intrinsic bottle-
necks of LIBs, extensive efforts have been devoted to developing
new battery chemistries relying on different charge carrier ions
(such as Na*, K", Mg**, Zn**, A** and anions), also known as
post-LIBs.”'* A significant portion of post-LIBs makes use of
inherently safe, low-cost, and naturally abundant raw materials.
For a broad market penetration, further improvement in electro-
chemical performance (including energy density, power density,
and cycling stability) and cost is essential for advanced battery
technologies.
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Carbon is one of the most abundant elements in nature,
which is the basis of the whole organic chemistry.">'® In this
regard, carbon materials can be easily and cheaply produced by
straightforward conversion reactions. Taking advantage of the
favorable features like superb chemical stability, good conduc-
tivity, large specific surface area, and unique porosity, carbon
materials have a long history of use as electrodes in a wide
spectrum of battery technologies.'” In 1991, Sony Corporation,
for the first time, technically realized the prototype LIBs, in
which graphite was used as the Li'-intercalation anode. Exten-
sive explorations have been conducted to provide a profound
understanding and optimization of graphite intercalation com-
pounds. To date, graphite is still in use as a commercial
anode for LIBs. Meanwhile, numerous carbon nanomaterials
were discovered in the past three decades, including one-
dimensional (1D) carbon nanotubes (CNTs) and two-dimensional
(2D) graphene.'” These new types of carbon allotropes possess
significant differences not only in morphology and dimensionality,
but also in local electronic structures. Thus, the Li'-storage ability
of these carbon nanomaterials has also attracted extensive research
interest. Recent studies have also uncovered a substantially
enhanced Li-storage capacity for disordered carbon materials with
partially graphitic domains. These partially graphitic carbon mate-
rials are featured by a large fraction of highly disordered graphene
domains, as well as a pronounced mixture of sp>-sp® carbon.
To boost the Li" storage kinetics, more and more efforts have been
devoted to constructing porous carbon materials with adjustable
pore size and large specific surface area, which enables a facile
electrolyte infiltration and a large electrode/electrolyte interface. On
the other hand, with the lessons learned from Li* intercalation of
carbon materials, the rapid emergence of post-LIBs has motivated
the exploration of carbon materials as host anodes for post-LIBs
under cation-intercalation chemistries (e.g. Na" and K'). However,
due to the distinct physical and chemical features of charge carriers
and the electrolyte, the Na" and K" intercalation behavior of carbon
materials has been demonstrated to be substantially different from
the Li" intercalation process. Compared to other high-capacity
anode materials working under alloy reaction (Si, P, and Al)'*?*
or conversion reaction (MeO,, MeS,, and MeSe,)**>>® mechanisms,
cation-intercalation carbon materials are inferior in specific
capacity. However, the low working potential and minimized
structural variation of carbon anodes during cation storage
endow batteries with high working voltage and long cycling life.

Apart from cation-intercalation chemistry, the anion-
intercalation chemistry of graphite in a concentrated acid
electrolyte was first reported by Riidorff and Hofmann in 1938.%”
Shortly after, systematic research has been carried out to explore
the various anion-intercalation chemistries (including BF, , PFs ",
ClO,, AsFs , SbFs, AlCl, ™, bis(trifluoromethanesulfonyl)imide
(TFSI™)) of carbon materials in nonaqueous electrolytes.>®* The
unique anion-intercalation chemistry of carbon materials with
high intercalation potential opens up new application opportu-
nities for carbon materials as favorable cathodes for dual-ion
batteries (DIBs) and aluminum-ion batteries (AIBs). As the name
implies, DIBs rely on both anions and cations in electrolytes to
store charge. Anions and cations are incorporated into anodes and
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cathodes respectively during charging, whereas anions and
cations are released from the electrodes into the electrolyte when
DIBs are discharged. In 1989, McCullough et al.*® patented the
first DIB device with a cation-intercalation carbon anode and an
anion-intercalation carbon cathode. To date, a number of DIB
systems have been developed, most of which comprise an anion-
intercalation carbon cathode together with varying -cation-
intercalation anodes and different charge-carrier ions. Although
different p-type organic molecules/polymers®'~* can also be used
to store anions by reversible redox reactions, the high cost and the
intrinsic insulating/semiconducting nature of organic materials
make it rather challenging for practical application. Moreover, the
dissolution of organic compounds in aprotic electrolytes is also a
long-standing concern.

Thus, carbon materials have emerged as an important
category of material candidates for ion-intercalation energy
storage technologies. A blooming research activity has been
conducted in the last few years, aiming to rationally fabricate
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favorable carbon structures, fundamentally understand the
origin of their unique ion-intercalation chemistry, as well as
employ them to develop new battery technologies (Fig. 1). In
fact, many reviews have more or less discussed the important
role of carbon materials in different battery systems.>$>9:36743
However, a comprehensive review on the advanced ion-
intercalation chemistry of carbon materials and its application
in different energy storage technologies is still lacking. Herein, we
first revisit the structure and properties of ion-intercalative carbon
materials with an emphasis on chemical and structural principles
to design advanced ion-intercalative carbon materials. A pedago-
gical description of the underlying mechanism is then provided
systematically with respect to both cation-intercalation chemistry
and anion-intercalation chemistry of carbon electrodes. After-
wards, the recent progress in energy storage technologies based
on ion-intercalative carbon electrodes is summarized by categoriz-
ing them into cation-based ‘rocking chair’ batteries and emerging
anion-involved DIBs. Lastly, the remaining challenges and main
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Fig. 1 Schematic illustration of the review content including carbon-based materials, structures, ion-intercalation chemistry, and battery devices.
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development directions for ion-intercalation carbon structures and
energy storage devices based on them are addressed.

2. Structures and properties of ion-
intercalative carbon materials
2.1 Properties of ion-intercalative carbon materials

Ion-intercalative carbon materials generally come in two different
forms, namely ordered carbon and disordered carbon. Owing to
the different topological structures, different carbon materials
exhibit apparently distinct electrochemical behavior for ion inter-
calation. In this section, we evaluate the structural properties and
synthesis routes of different types of carbon materials.

2.1.1 Ordered carbon. Ordered carbon represents carbon
materials with long-range order and high crystallinity. According
to the different structures, ion-intercalative ordered carbon
materials include three-dimensional (3D) graphite, 2D graphene,
and 1D CNTs.

Graphite is the ‘oldest’, and still one of the most common
anode materials for LIBs, which delivers a high theoretical
capacity of 372 mA h g~*. Meanwhile, it has also been revealed
to be a favorable host material for K" and various anions.
Graphite has a perfect 3D crystalline and layered structure
constituted of sp*-hybridized carbon.** The sp*-hybridized
carbon layer stacks along the c-axis with stacking order of either
hexagonal AB stacking or rhombohedral ABC stacking (Fig. 2a).
The delocalized m-bonds enable high in-plane electronic con-
ductivity in graphite, which is favorable for rapidly bringing the
electronic carriers to contact the intercalated ions. Meanwhile,
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the strong orbital overlap in the first octet makes the sp* carbon
bonds robust in strength. Graphite is also featured by weak van
der Waals bonding in the vertical direction of planes, which
renders an interlayer spacing of 3.35 A. This spacing can
accommodate guest intercalated ions. Natural graphite is a
native element mineral, which can be exploited in metamorphic
and igneous rocks. In addition, artificial graphite can be synthe-
sized by graphitizing non-graphitic precursors (e.g. petroleum, coal)
in a non-oxygen environment at high temperature above 2000 °C.*>

Graphene and its related carbon materials refer to 2D
carbon materials with isolated single or few sp> carbon layer
stacks (Fig. 2b). Graphene can be considered as one- or few-atom
thick layer of graphite or an indefinitely extended aromatic
molecule. Since the first isolation of graphene from graphite in
2004 by Novoselov et al.,*® graphene has rapidly caught attention
from the view of both academic research and industrial applica-
tion due to its distinguished properties. Graphene displays ultra-
strong mechanical properties with a tensile strength of 125 GPa
and a Young’s modulus of up to 1100 GPa.*” The electrical
conductivity and charge mobility of graphene are measured to
be 1 x 105 Sm™" and 2 x 10° em® V™' s~ .*® Particularly, the
high specific surface area of graphene (up to 2630 m”> g ") is
favorable for energy storage applications.*’

The synthesis routes toward graphene can be categorized into
bottom-up synthesis and top-down exfoliation from graphite.
Generally, the bottom-up synthesis of graphene can be realized
by epitaxial growth with structure-defined precursors or chemical
vapor deposition (CVD), which allows obtaining graphene
with high purity and quality.”*>> However, these methods require
expensive precursors and complex processing, significantly
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Fig. 2 Typical structures of (a) graphite, (b) graphene, (c) carbon nanotubes, (d) hard carbon, and (e) soft carbon.
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hindering the low-cost and massive production of graphene. For
example, in CVD methods, catalytic metal substrates (e.g. Ni, Cu)
are exposed to hydrocarbon gases (e.g. CH,, C,H,, CO) at a high
temperature (>500 °C). Hydrocarbon gases are decomposed,
diffused and deposited on metal surfaces, followed by nucleation
and growth of graphene. By contrast, the top-down exfoliation
strategy can produce graphene in much larger amounts under
facile synthetic conditions. The most general top-down approach
is modified Hummers’ method, which was first proposed in
1958.> In such a method, graphite flakes are chemically oxidized
into graphite oxide (GO) in a strong oxidation environment. The
decorated oxygen-containing functional groups would expand the
layer distance of graphite and weaken the bonding strength
between layers. With the assistance of sonication, GO can be
easily delaminated. The graphene material (generally called
reduced graphene oxide (rGO)) is obtained by a further reduction
step, in either a thermal, chemical, or electrochemical way.>*
While this method provides great potential for large-scale produc-
tion, the produced graphene materials are generally rich in defects
and functional groups. Apart from modified Hummers’ method,
other liquid-phase exfoliation approaches have
also been developed, which rely on external driving forces
(e.g. ultrasonication,® shearing,>® and electric field®”). Of note
is that the ion-storage properties of graphene materials vary
largely along with lateral dimensions, layer number and
defects. These characteristics can be well controlled by adopting
different synthesis approaches.

CNTs are representative 1D carbon structures, which were
discovered in 1991.°® They can be viewed as carbon cylinders
with a diameter of 1-20 nm, obtained by scrolling single or
multilayered graphene.>® CNTs have typical tubular structures
with a large length-to-diameter ratio. For example, Zhang et al.®
reported a kind of ultralong CNT with length up to 55 cm by
employing a floating CVD method. According to the layer num-
ber of the wall (Fig. 2¢), CNTs are categorized into single-walled
CNTs (SWCNTs) and multi-walled CNTs (MWCNTs). Based on
the different wrapping angles, SWCNTs show either metallic or
semi-conducting features. Eqn (1) describes the vector (¢;) of
SWCNTs, where a; and a, are unit vectors of the graphene layer,
and n and m are integers. In general, SWCNTs show a metallic
feature when (n — m) is a multiple of 3; otherwise, SWCNTs are
semiconductive.®" Unlikely, MWCNTSs are composed of coaxial
tubules with a constant spacing of 0.34 nm between each two
walls, and they generally behave like non-gap metals. Both metal-
lic SWCNTs and MWCNTSs present a large specific surface area
(up to 1300 m* g ), ultrahigh conductivity (up to 5000 S cm ™)
and charge carrier mobility (more than 100000 cm?> vV~ * s~ 1),%>7%
which make them attractive candidates for battery applications.

several

Cp = ha, + ma, (1)

Iijima, for the first time, discovered MWCNTs during the
synthesis of fullerene by arc discharge deposition.® Later on,
Smalley et al.,*® in 1995, developed a new laser ablation method to
produce SWCNTs by treating the graphitic carbon with laser
ablation. Afterwards, the CVD method was employed to synthesize
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CNTs by using gaseous carbon sources with metal catalysts at high
temperatures of 500-1200 °C, which soon attracted intense attrac-
tion from the community.®®®® Systematic research has been
conducted to control the length, diameter, and wall number of
CNTs by adjusting the carbon precursors, catalysts, and other CVD
parameters. The synthetic details have been well documented in
previous review papers.">°>7°

2.1.2 Disordered carbon. Different from ordered carbon,
disordered carbon materials do not have long-range periodic
structure in plane or along stacking direction. They are featured
by randomly aligned sp® graphitic microdomains partially
crosslinked by sp® hybridized carbon atoms in amorphous
carbon areas. According to the graphitization possibility, dis-
ordered carbon materials are typically classified into hard
carbon (Fig. 2d) and soft carbon (Fig. 2e). Hard carbon cannot
be graphitized, because the strong cross linking of pyrolytic
carbon would immobilize carbon layers even at a high tem-
perature up to 3000 °C. By contrast, the cross linking between
soft carbon layers is week, making the carbon layers mobile
upon thermal treatment. At a temperature of 1500-3000 °C, soft
carbon can be transformed into graphite. Disordered carbon
shows pseudo-graphitic features with a turbostratic structure,
which can be evidenced by the two broad X-ray diffraction
(XRD) peaks around 25° and 43°, corresponding to the (002)
and (101) planes of graphite.”! Typically, disordered carbon is
described by the degree of crystallinity, also named graphitiza-
tion. Raman spectroscopy is a clear indicator to show the
graphitic structure of carbon materials. Two characteristic
Raman peaks around 1350 cm ' (D band) and 1580 cm™*
(G band) are associated with defect-induced mode and in-plane
stretching vibration of sp>-hybridized carbon, respectively.”” The
intensity ratio of these two peaks (Ip/Ig) is generally used to
describe the disorder degree of carbon materials.

Disordered carbon materials are generally prepared by thermal
decomposition of different organic precursors in an inert atmo-
sphere (N,, Ar, and even vacuum) at a high temperature (less than
1500 °C). Depending on the nature of precursors and synthetic
conditions, the microstructure and properties of disordered
carbon materials have significant difference. Hard carbon materi-
als are generally the pyrolysis product of biomass with insufficient
aromatic structures (e.g. sugar, charcoal, cellulose, coconut shells,
phenol-formaldehyde resins, and polyvinylidene chloride), whilst
soft carbon materials are obtained from pyrolytic aromatic com-
pounds (e.g. pitch, benzene, petroleum coke, polyvinyl acetate,
and polyvinyl chloride). During the pyrolysis, the main mass loss
of the organic precursor is typically observed in the temperature
range of 250-500 °C, which is assigned to the successive release of
H and heteroatoms (like O, N, S, etc.) as volatile products (hydro-
carbons, H,0, NO,, CO, CO,, SO,, etc.). When the temperature
exceeds 700 °C, the precursor is generally considered as carbo-
nized; however, still a small amount of hydrogen and heteroatoms
remain, which would be completely removed when the tempera-
ture reaches more than 1000 °C. In addition, the synthetic
parameters, like heating rate, final temperature, pyrolysis time,
and protective gas,”>”° also play an important role in determining
the structure and properties of the derived carbon materials.

This journal is © The Royal Society of Chemistry 2021
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2.2 Nanoporous structure construction

Recently, nanoporous carbon materials have attracted signifi-
cant interest from the energy storage community, as they can
provide efficient channels for ion transport, considerable avail-
able ion-storage sites, as well as remarkable buffers for alleviating
the volume change during ion intercalation/deintercalation
(Fig. 3a).”””® According to the definition of International Union
of Pure and Applied Chemistry (IUPAC),”® pores are categorized
into micropores (<2 nm), mesopores (2-50 nm) and macropores
(>50 nm). It is well established that mesopores and macropores
can serve as the channels for mass transport; meanwhile micro-
pores play a key role in determining the specific surface area, as
well as in permitting a high access of charge-carrier ions to the
carbon surface. In the last few years, tremendous research has
been conducted on the methodology exploration to precisely
control the pore size, shape, and dispersibility in carbon materials.
Generally, nanopores can be introduced into carbon materials
through two approaches: template-assisted synthesis and post
activation. In the case of template-assisted synthesis, templates
are classified as hard templates and soft templates. The hard-
template method includes the steps of filling the interspace of the
hard template with carbon sources, carbonization, and template
removal.*>®" This method provides a ready way to tailor the
porosity of carbon materials, in which the pore size and pore
shape can roughly inherit the nanostructure of the utilized tem-
plates. A large number of hard templates have been investigated,
including silica, anodic aluminum oxide, other inorganic oxides,
soluble salts, polystyrene, molecular sieves, and bio-ceramics.
Based on the different properties of hard templates, they can be
removed by either physical processing (e.g. sublimation, dissolu-
tion) or chemical processing (e.g. corrosion). In contrast, soft
templates refer to templates like vesicles, micelles, gas bubbles,
and emulsion droplets, which originate from the additives like self-
assembled polymers and surfactants.®> Soft templates are easily
removed during the carbonization of carbon sources, which avoids
the additional template removal process. In comparison with the
hard-template method, the soft-template method offers a more
convenient and cost-effective way to produce porous carbon mate-
rials on a large scale. To construct hierarchical pores, researchers
also synthesized nanoporous carbon materials, by combining
multiple templates or both hard template and soft template.*

?

Porous structure

Graphene layer
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In addition, nanopores can be also introduced into carbon
materials by a chemical activation process. Activating agents
(such as NaOH, KOH, H;PO,) can penetrate into the inner
structure of carbon.®*® During the carbonization, activating
reagents would react with the surrounding carbon atoms,
forming continuous and uniform pores. These strong corrosive
agents allow a wide coverage of carbon precursors and a high
yield of pores, but also suffer from high cost, safety and
environmental issues. Apart from strong basic or acid activating
agents, some facile agents have also been employed such as
gaseous H,O and CO,.*® Partial carbon in the outer shell of
carbon materials would be gasified, forming pores. It should be
noted that although these activating agents allow large-scale and
eco-friendly activation of carbon materials, the efficiency to
produce pores is relatively low compared with the method using
strong acid/basic agents.

2.3 Interlayer spacing engineering

Interlayer spacing of carbon materials is an important parameter
that affects the ion-intercalation behavior and thus the electro-
chemical performance of carbon electrodes (Fig. 3b). To decrease
the interlayer spacing of carbon materials, high temperature
treatment is the most frequently adopted strategy. During the
graphitization heat treatment at 2000-3000 °C, carbon atoms
rearrange to relieve the internal stresses along with the formation
of a three-dimensional graphite structure or relatively ordered
microcrystallites.’”®® The interlayer spacing of carbon materials
gradually decreases together with the removal of defects/func-
tional groups. Normally, the graphitization process takes even
several days to obtain heteroatom-free carbon materials. In the
presence of catalysts (Fe, Cr, Co, Ni, etc.), the graphitization
temperature can be largely decreased (500-1800 °C) and the
treatment duration can also be shortened, although the metallic
catalysts are likely encapsulated by the graphitic carbon.**"*' The
interlayer spacing of carbon aerogel after catalytic graphitization
can reach 0.336 nm, very close to 0.335 nm of pure graphite.

In addition, increasing the interlayer spacing of layered
materials is attractive to facilitate ion diffusion and intercala-
tion under electrochemical conditions. Due to the inert feature of
graphite, a two-step oxidation-reduction process was applied,’***
where graphite was first oxidized to graphite oxide and further
reduced at 150-600 °C. Owing to the strong covalent bond

Chemical modification

Fig. 3 Common strategies to modify carbon materials, including (a) pore construction, (b) interlayer spacing engineering, and (c) chemical modification.
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between oxygen and graphite, there are oxygen functional group
residuals on graphite even after reduction, leading to the large
interlayer spacing of graphite (0.34 nm or 0.37-0.43 nm) while
maintaining the long-range-ordered layered structure. Another way
to enhance the layer distance of graphite is pre-intercalation.” ¢
Atomic or molecular layers of chemical species can intercalate into
graphite sheets. A stage-I FeCl;-graphite intercalation compound
(GIC) has been synthesized by reacting FeCl; with graphite. The
interlayer spacing of graphite was increased to 0.938-0.960 nm.
Further, the combination of chloroaluminate anion intercalation,
thermal expansion and electrochemical hydrogen evolution on
graphite foil led to the formation of three-dimensional graphene
foam consisting of thin-layer graphene sheets and well-defined
vertical channels.”” Such approaches avoid the introduction of
large amounts of functional groups or oxidation-induced defects
into graphene sheets.

2.4 Chemical modification of carbon materials

The chemical composition and surface properties of carbon
materials have a significant impact on their electrochemical
behavior including solid electrolyte interphase (SEI) formation,
electrochemical stability and ion intercalation process. There
are several ways to modify the composition of carbon materials
such as heteroatom doping (Fig. 3c), surface functionalization
and heterogeneous species intercalation.

Introducing F into graphite leads to fluorinated graphite,
which has been commercialized in primary LIBs. Deeply oxidiz-
ing graphite produces GO,>* the main source of rGO. Unlike
C-F and C-O(=O0) dangling bonds®® in fluorinated graphite
and GO, boron (B) can be incorporated into the graphite lattice,
which brings about enhanced graphitization and modified
electronic properties.”® B-Doped graphite can be prepared via
mixing a pitch coke and boron oxide powders followed by
baking at 1000 °C and graphitization at 2800 °C. The fabricated
product with 3.8 wt% B doping exhibited an interlayer spacing
of 0.335 nm and a large crystallite size over 100 nm.'°® The high
graphitization of B-doped graphite was attributed to the catalytic
effect of B substitution.

Fluorination and oxidation can also be controlled just on the
outer surface of graphite under mild reaction conditions.'® To
passivate the reactive surface of graphite, particularly the edge
planes, mild oxidation of graphite by air generates carbonyl,
carboxyl and hydroxyl groups. After lithiation, this dense layer
of oxides becomes part of the SEI and inhibits electrolyte
decomposition.’®'* In addition, hydrogenation of partially
oxidized graphite can be used to fabricate hydrogenated
graphite.'® To enhance the electrochemical stability of graphite,
surface coating is effective to suppress the potential exfoliation
of graphite. Polydimethylsiloxane,'® nitrophenyl layer,"*
AlF;,"”” and oxide®*'% coatings have been investigated for raw
graphite, which endow graphite electrodes with high electroche-
mical stability and low irreversible capacity. Benefiting from high
conductivity, stable intercalation-deposition or intercalation-alloying
reactions and high compatibility with nowadays LIB infrastructure,
these graphite-based hybrids offer a practical insight into developing
high-energy electrodes.
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In contrast to chemically inert graphite, graphene with
atomic-level thickness can be well modulated with respect to
chemical composition. Graphene can reversibly react with
atomic hydrogen, which transforms the highly conductive zero-
overlap semimetal into an insulator.''® The formed graphane
shows crystallinity and retains the hexagonal lattice. In-plane B
substitutional doping into graphene was accomplished via
chemical vapor deposition.* Other heteroatom-doped (N, P,
O, S, F, Cl, Br, and I) graphene can be fabricated by both in situ
synthesis methods and post treatment (chemical vapor deposi-
tion, ball milling, bottom-up synthesis, thermal annealing, wet
chemical method, plasma, photochemical method, and arc
discharge).’™* Similarly, heteroatoms can be doped in soft-carbon
and hard carbon during the thermal synthesis.""***® The hetero-
atoms in the graphitic planes can act as reactive adsorption sites
for alkaline cations and expand the interlayer spacing, thus
enhancing the capacity.

Moreover, the electrode design also influences the ion
transport across the electrode and the ion intercalation
kinetics, especially for practical thick electrodes with high mass
loadings."'”""*® Claire Villevieille et al.''® demonstrated thick
graphite electrodes with a vertically aligned architecture, which
was enabled by superparamagnetic Fe;O, nanoparticles
adsorbed on graphite flakes. The platelet orientation can be
magnetically controlled in a simple, inexpensive, and effective
way. The vertically aligned graphite flakes decrease the tortuosity
of the ion path throughout the electrode by a factor of four. Thus,
the capacity of graphite at high rates was largely enhanced by
providing a shorter pathway for Li" diffusion. Such a strategy can
be potentially extended to other electrode materials for high-rate
devices.

3. Electrochemistry and fundamentals

Ion intercalation/deintercalation is the most classic charge
storage mechanism in rechargeable battery technologies. The
process involves a simple and reversible solid-state redox reac-
tion of the host materials. In the charge storage/release process,
mobile guest ions in the electrolyte are reversibly inserted/
extracted into/from the interlayer space or large channels of
the host materials. The ions keep their ionic properties during
intercalation, so that their diffusion within host materials is
forced by the electrostatic interaction between ions and host
materials. Meanwhile, the intercalation process would lead the
host materials to undergo certain volume expansion. As an
ideal model, graphite intercalation compounds (GICs) provide
the basic understanding of the charge-storage mechanism of
carbon for battery technologies. The studies on ionic GICs can
be traced back to as early as 1841."%° Graphite with a large
n-electronic network can delocalize and stabilize with either an
excess of electrons in the antibonding n*-band or electron holes
in its bonding n-band, enabling graphite with redox ampho-
tericity and leading to donor-type or acceptor-type GICs.
The great success of GICs in batteries further spurred research
to understand the battery electrochemistry of other carbon

This journal is © The Royal Society of Chemistry 2021
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nanostructures (graphene, CNTs, disordered carbon). There-
fore, this part mainly concentrates on the fundamental electro-
chemistry associated with the ion-intercalation behavior of
carbon materials.

3.1 Cation intercalation

Group IA alkali elements (Li, Na, K) are attractive as interca-
lants into graphite, because they can easily lose the outermost
electrons and form ionic bonds with non-metallic carbon. The
formation of donor-type GICs can be expressed as reaction (2),
where alkali elements donate an electron to the delocalized
n-electron carbon networks. However, the intercalation beha-
vior of Li", Na', and K" into the carbon interlayer shows quite a
different electrochemical behavior, which relies on the differ-
ent chemical and physical properties of Li, Na, K and their
cations (Table 1). Along with the increase of the atomic number
(from Li to K), alkali elements show increasing relative atomic
mass and Shannon’s ionic radii, as well as decreasing Pauling
electronegativity. In early studies, potassium ion batteries
(KIBs) did not attract much attention, because K possesses
larger relative atomic mass and ionic radii than Li' and Na'.
Nevertheless, it was gradually revealed that the smaller ionic
radii of alkali elements resulted in stronger coulombic inter-
action with the solid host, which causes a larger energy barrier
for the mobility of ions within host materials. Moreover, Stokes’
radii and the desolvation energy in propylene carbonate (PC)
follow the order Li* > Na* > K*,"*" implying the possibility of
Na'and K" as suitable charge carriers for batteries. In addition,
since the natural abundance of Na and K greatly exceeds that of
Li (2.3 mass% for Na in the earth’s crust vs. 1.5 mass% for K
and 0.0017 mass% for Li), much lower material cost is expected
for the future sodium-ion battery (NIB) and KIB technologies
than LIB technology. All these factors together stimulate the
intense efforts simultaneously devoted to the research on LIBs,
NIBs and KIBs.

C,+M'+e =C, M" (2)

3.1.1 Li'-Intercalation chemistry. Except H', Li" is the
smallest cation with high energy density and fast kinetics. This
fact induces the primary interest to develop rechargeable

Tablel Chemical and physical properties of Li, Na, K and their cations for
rechargeable batteries. SHE refers to standard hydrogen electrode

Element Li Na K
Atomic number 3 11 19
Electronic configuration [He]2s"  [Ne]3s’  [Ar]as’
Relative atomic mass 6.94 23.00 39.10
Pauling electronegativity 0.98 0.93 0.82
Shannon’s ionic radii/A 0.76 1.02 1.38

Stokes’ ionic radii in PC/A 4.8 4.6 3.6

Desolvation energy in PC/k] mol " 215.8 158.2 119.2
E° (V) vs. SHE —3.04 —2.71 —2.93
E° (V) vs. Li'/Li 0 0.33 0.11
Crust abundance/mass % 0.0017 2.3 1.5
Crust abundance/molar % 0.005 2.1 0.78
Cost of industrial grade metal/$ ton™* 100k 3k 13k

This journal is © The Royal Society of Chemistry 2021
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batteries by using Li'-intercalation chemistry. Graphite is one
of the earliest studied anode materials and still in use as a
commercial anode for LIBs. By far, the Li*-intercalation mecha-
nism of graphite has been well elucidated as illustrated in
Fig. 4. In the full intercalation situation, the intercalated Li" is
immobilized by two neighbored graphene planes, and each Li*
takes the lowest-energy place above the center of an individual
hexagonal carbon ring (Fig. 4a and b), forming the LiCs
compounds with a theoretical capacity of 372 mA h g *.'*?
Along the c-direction of graphite, Li" takes the direct adjacent
place between the graphene layers in a Li-C¢-Li-Cg sequence.
The Li'-intercalation potential for graphite is generally below
0.5 V vs. Li'/Li.

The phase transformation of graphite during Li'-intercalation
proceeds via a known ‘staging’ mechanism for GICs,"*® as shown
in Fig. 4c. Li" tends to fully intercalate into distant graphene
layers before occupying the near/neighboring graphene layer,
expressing a signature stage structure. The order of the stage is
defined by the number of graphene layers between two adjacent
Li layers. Different potential steps in the discharge/charge profile
and sharp redox peaks disclose the sequential formation of
stage-III, stage-Il, and stage-l during Li intercalation. Previous
studies established two models to simulate the graphite strain,
namely Riidorff model and Daumas-Hérold model (Fig. 4d)."*"**3
Compared with the sequential filling of ions in alternating
graphene interlayer spaces (Riudorff model, Fig. 4c), the Daumas-
Hérold model provides a more reasonable interpretation of strain
formation, as graphene layers deform around the intercalated ions.
To index the stage number (1) of GICs, two characteristic (007 + 1)
and (00n + 2) plane peaks appearing in the XRD patterns of GICs
will be analyzed (Fig. 4b and c). Based on eqn (3) and (4), n can be
calculated from eqn (5)."**"*° The n + 1 and dyons; represent the
index of (007 + 1) planes oriented in the stacking direction and the
observed value of the spacing between adjacent planes, respec-
tively. The key structural parameters of GICs like the periodically
repeating distance (I.), the intercalant gallery height (d;), the gallery
expansion (Ad) and the percent expansion (Ac) can be achieved by
eqn (6) and (7). With the assistance of XRD and Raman spectro-
scopy, four stages were observed for the Li" intercalation process
into graphite. Both XRD'?* and high-resolution transmission elec-
tron microscopy (TEM) image'®" revealed the interplanar distance
to change from 3.35 A for pristine graphite to 3.70 A for stage-I
(LiCe), implying a Ac of 110% (Table 2).

doon+1 = I/(n + 1) = 2/(2 sin Ogops1) (3)

doontz = Le/(n + 2) = /(2 5in Ooon-2) (4)

n = [1/(sin Ogop+2/Sin Ogopes — 1)] — 1 (5)
I.=di+(n—1) x335=Ad+n x 3.35=(n+1) X doon+1
(6)

Ac = [I/(n x 3.35) — 1] x 100% (7)

The limited capacity, poor Li* diffusion kinetics as well as low
rate capability have restricted the application of graphite
anodes for Li-ion batteries, which stimulates a strong motivation
to develop nanostructured carbon materials for hosting Li".
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Fig. 4 Schematic illustration of (a) Li-intercalated graphite and (b) the formed LiCg structure. Two models of the stage formation process during Li*
intercalation into graphite: (c) Rudorff model and (d) Daumas—Hérold model.

Among various carbon-based LIB anodes, graphene is highly
promising and has been extensively investigated, which can
provide a large gravimetric capacity (>1000 mA h g~ ). However,
the Li-storage mechanism is still under drastic debate with
respect to both experimental and theoretical understanding."*?
One view is that single-layer graphene stores Li* by an adsorption
approach, which is completely distinct from the staging inter-
calation mechanism of graphite. Dahn et al'** assumed that
both sides of single-layer graphene can store one lithium ion,
forming Li,Cs stoichiometry with a theoretical specific capacity
of 744 mA h g~'. Sato et al.'® suggested that Li ions can be
trapped within the benzene ring with a covalent bond between
neighboring Li atoms, yielding LiC, stoichiometry with a theoretical
specific capacity of 1116 mA h g '. On the other hand, some
research studies claimed that since Li atoms only intercalate into
the graphene interlayer or the space between graphene and sub-
strate, adsorption of Li on the pristine single graphene layer is not
possible. Recently, Ji et al.>® synthesized a high-quality free-standing
bilayer graphene foam by a high-temperature-switched CVD route
(Fig. 5a). Evidenced by the cyclic voltammetry (CV) curve (Fig. 5b)
and the simulation results, they concluded that the Li-storage
behavior in bilayer graphene is similar to that in graphite, experi-
encing different intercalation stages. They also established a planar
Li-storage model, as shown in Fig. 5c. Controversially, Kiihne
et al."* took use of in situ low-voltage TEM to study the intercalation
of lithium into bilayer graphene (Fig. 5d). They found the super-
dense accommodation of Li" within bilayer spaces, implying that
the Li-storage capacity in bilayer graphene is far beyond that of LiCe

2396 | Chem. Soc. Rev, 2021, 50, 2388—-2443

Table 2 Summary of donor-type GICs reported for rechargeable

Cations N di(A) Ac(%) Electrolyte Ref.
Li" 1 3.7 10 1 M LiClO, in EC/DME 123
Na-DEGDME 1 11.62 247 1 M NaPF¢ in DEGDME 124
K" 1 5.35 60 0.8 M KPF; in EC/DEC 125
(Fig. 5€). Further in-depth investigation of the Li‘-storage mecha-

nism of bilayer graphene is still needed. To provide an under-
standing of the Li-ion diffusion pathway, Lee’s group®' used a
CVD method to grow single-layer graphene with a perfect basal
plane and few-layer graphene with a rich edge plane. By compar-
ing the capacity of these two kinds of graphene, they concluded
that defects accelerated the Li-ion diffusion perpendicular to the
basal plane, while the diffusion parallel to the plane was
hindered by Li-ion aggregation on the defect sites (Fig. 5f). Density
functional theory (DFT) demonstrated the possible Li ion diffu-
sion through the basal plane by using carbon divacancies or
higher order defects as transport channels.

Li-ion storage in CNTs has also been explored in the past few
years. It is believed that Li-ion intercalation can occur on the
outside of the walls, in the inner core, as well as in the space
between multilayers through the topological defects on the side
walls or the open ends."***° Generally, the gravimetric capacity
of CNTs heavily relies on their structures and morphology
ranging from 300 to 1500 mA h g~ '). The capacity difference
among different CNTs can be assigned to many structural

—
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(a) Transmission electron microscopy (TEM) image of the free-standing bi-layer graphene film (scale bar, 1 um). (b) CV curve of the bi-layer-

graphene film and the corresponding LiC, phase. (c) The proposed in-plane distribution of Li in the lithiated bi-layer graphene. Reproduced from ref. 50
with permission from Springer Nature. (d) Schematic of the device for in situ TEM measurements. (e) Fully optimized tri-layer Li between AB-stacked

graphene sheets obtained from DFT calculations. Reproduced from ref. 132

with permission from Springer Nature. (f) Schematics of the proposed Li

diffusion mechanism through defects on the basal plane with different defect population. Reproduced from ref. 51 with permission from American

Chemical Society.

factors, such as chirality, diameter, length, defects, and func-
tional heteroatoms/groups.

Another important category of carbon materials for Li-ion
storage is disordered carbon with a large proportion of sp”
carbon. The Li-ion storage behavior of disordered carbon is
featured by multiple mechanisms, including intercalation,
adsorption, cavity/pore filling, surface/interface storage, and
heteroatom/functional group contribution.'?*'3>'4171%3 with
contributions from different mechanisms, the gravimetric
capacity of disordered carbon substantially exceeds that of
graphite (LiCe). Although disordered carbon materials show
advantageous capacity, their application is severely restricted
by two issues, massive irreversibility of the first lithiation
process (or low first-cycle coulombic efficiency (CE)) and appar-
ent hysteresis between charge and discharge curves. The irre-
versible capacity is mainly assigned to the formation of a
surface passivation layer on carbon materials due to electrolyte
reduction, which is also named SEL.'** In fact, the SEI serves as
a prerequisite of cell stability for electrolyte/electrode contact
with unstable thermodynamics. Such a passivation layer was
found in most of the LIB anodes. For graphite, the irreversible
capacity only accounts for 10-20% of the first lithiation
capacity.'** It was revealed that SEI formation is heavily depen-
dent on the specific surface area.'*® Thus, disordered carbon
shows much higher irreversible initial capacity, as it generally
possesses larger specific surface area than the highly compacted
graphite.

This journal is © The Royal Society of Chemistry 2021

3.1.2 Na'-Intercalation chemistry. Replacing resource-
limited Li* with earth-abundant Na" is a sensible idea to design
new types of batteries, since the physicochemical properties
between Li" and Na' are similar. However, the development of
NIBs is not a simple element substitution. The slightly bigger
size of Na" compared to that of Li* causes a largely distinct
guest-host interaction for Na' intercalation, which further
results in pronouncedly different ion diffusion behavior, redox
properties and interfacial compatibility. One of the classic
cases is that graphite, the ‘star material’ for hosting Li", has a
very limited capability to accommodate Na* (corresponding to
NaCyge at room temperature)."*” The mismatch between the
graphite interlayer distance and large Na' size is generally
considered as the reason for the limited intercalation of Na*
into graphite. However, this fact cannot fully explain the
difficulty of intercalating Na* into graphite, as the even larger
K" can easily intercalate into graphite. DFT calculations found
that Na* intercalated graphite compounds (NaCy and NaCg) are
thermodynamically unstable, as the C-C bonds are apparently
stretched (Fig. 6a).'*> On the other hand, the high Na‘/Na
potential (340 mV higher than Li'/Li) is believed to be another
significant reason for the limited Na* intercalation into graphite.
It means that the ion-intercalation reaction of graphite would not
happen below 340 mV vs. Li'/Li in a Na'-containing electrolyte, as
Na plating prefers to occur (Fig. 6b)."*” In addition, Liu et al.**®
performed theoretical studies on the formation energy of different
cation-intercalated graphite compounds (Fig. 6¢). Their investigations

Chem. Soc. Rev,, 2021, 50, 2388—2443 | 2397
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reveal that the formation energy of Na-intercalated graphite (NaCg
and NaGy) is above zero, explaining the difficult intercalation of Na*
into graphite.

There are two strategies to promote the intercalation of Na*
into graphite. The first one is to increase the graphite layer
distance.’®"'*® It was simulated in theory, when the graphite
layer distance increases from the initial 0.335 to 0.37 nm, the
Na' intercalation into graphite occurs with a low energy
barrier."”®® Chou and co-authors™' found that rGO with an
interlayer distance of 0.37 nm could deliver a high capacity of
174.3 mA h g~ " as the anode of NIBs. Wen et al.”® reported
that the partially reduced GO with an interlayer distance of
0.43 nm exhibited a high Na'-storage capacity of 284 mAh g~*
at 20 mA g ', This remarkable capacity was assigned to the
increased intercalation space for accommodating Na'. The
other strategy is to enable the co-intercalation of Na® and
solvent in diglyme or ether-based electrolytes.'>*'>>™'>* Recently,
Kang et al.">® revealed that the co-intercalation of Na* and solvent
could avoid the direct interaction between Na* and graphite layer,
greatly reducing the corresponding repulsive interaction. To
enable such co-intercalation, a high solvation energy of Na' is
required for solvents, which is capable of forming stable
Na-solvent complexes. However, the Na'-storage performance
of graphite enabled by the co-intercalation strategy suffers from
some critical issues, such as low specific capacity (100 mAh g™"

2398 | Chem. Soc. Rev, 2021, 50, 2388—-2443

in a diglyme-based electrolyte, 150 mA h ¢~ ' in an ether-based
electrolyte), large volume expansion (350%, as shown in
Table 2), and high consumption of solvent.

Different from pristine graphite, disordered carbon materi-
als, especially hard carbon, have been recognized as favorable
SIB anode materials. The charge-discharge curve of disordered
carbon during Na' intercalation/de-intercalation behaves like
Fig. 7, showing a sloping region with potential above 0.1 V and
a low potential plateau.”’ In brief, four kinds of Na*-storage
forms were proposed in the previous literature,* including (1)
capacitive Na-ion adsorption on the accessible surface, (2)
pseudocapacitive Na-ion storage associated with the carbon
defects, heteroatoms, and functional groups, (3) Na'-intercalation
into the graphitic layers and (4) Na clustering within the micro-
pores. However, it remains challenging to establish a clear relation-
ship between the voltage curve of hard carbon and specific
Na'-storage mechanisms. For example, Stevens and Dahn'’
proposed the ‘house-of-cards’ model, which assigned the high
voltage sloping region to Na' insertion into the turbostratic
graphite microdomains and the low voltage plateau region to
Na' adsorption within the microporosity (Fig. 7a). However, other
recent studies'*® demonstrated that the Na*-storage mechanism in
the high voltage sloping region is associated with Na" adsorption
on the defective sites of carbon and filling of micro-/nano-pores,
while the mechanism in the plateau region is the insertion of Na*

This journal is © The Royal Society of Chemistry 2021
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into the carbon lattice and adsorption of Na* at the pore surface
(Fig. 7b). The ongoing debate on the Na-ion storage mechanism of
hard carbon calls for further in situ electrochemical studies on hard
carbon materials for Na' storage with the assistance of multiple
characterization techniques. In addition, heteroatom doping can
also promote the Na'-storage capability of disordered carbon, as it
can provide additional Na'-adsorption sites, and improve the
surface wettability and electronic conductivity."**** Of note is that
the issues for Li'-storage in disordered carbon also exist in the case
of Na" storage, which is the low CE during the first cycle associated
with the formation of SEI film.

3.1.3 K'-Intercalation chemistry. The K'-storage behavior
of graphite is similar to its Li'-storage behavior, showing the
apparent staging mechanism. In the final K'-intercalated gra-
phite, K" occupies the space between each neighboring graphite
layer. In 2015, Ji’s group'?” reported the possibility of graphite as
the anode for KIBs in an electrolyte of 0.8 M KPF, in EC/diethyl
carbonate (DEC) mixed solvent. The synthetic graphite showed
high initial discharge and charge capacities of 475 mA h ¢ and
274 mAh g " at 7 mA g~ ', respectively, indicating the formation
of KCg (Fig. 8a and b). The voltage profile (Fig. 8a) and in situ XRD
(Fig. 8b) measurements disclosed the three-stage K'-intercalation
into graphite, namely KCsq (stage-IlI) at 0.3-0.2 V vs. K'/K, KCy,
(stage-IT) at 0.2-0.1 V vs. K'/K, and KCg (stage-T) at 0.01 V vs. K'/K.
According to the eqn (6) and (7), I. and Ac of KCg are 5.35 A and
161%, respectively (Table 2). During the de-intercalation of K,
stage-I was observed to disappear until 0.3 V vs. K'/K. Afterwards,
stage-III (KCs6) was identified between 0.3 and 0.5 V vs. K'/K. This
work provided pragmatic opportunities for developing K based
energy storage technologies. Soon after, Hu’s group*®° also reported
the K' intercalation/de-intercalation behavior of graphite in an
electrolyte of 0.5 M KPF, in EC/DEC. By simulating the potential
K-intercalated graphite compounds via DFT calculations (Fig. 8c
and d), they demonstrated a more stable staging mechanism from
KC,, (stage-IIT) to KC;, (stage-II) and finally to KCgq (stage-I). KCs,
rather than KCg, was confirmed as the most stable potassiation
product for graphite, as K stripping/plating would occur along with
the decrease of potential. Also, they found that the staging sequence
from KC,, (stage-ll) to KCg (stage-) is impossible, because the

This journal is © The Royal Society of Chemistry 2021

potential should be increased when KC,, (stage-II) transforms to
KCg (stage-I). Moreover, KC,, (stage-III) is more stable than KC,,
(stage-II). Due to the controversial conclusion from these two
studies, more in-depth analysis about the staging process of K"
intercalation into graphite is still needed.

Besides the graphite material, graphene and disordered carbon
also show pronounced K'-storage capability. Compared with the
voltage profile of graphite with an obvious voltage platform,
graphene and disordered carbon generally exhibit more sloping
voltage curves, which is particularly obvious in the high voltage
region. The corresponding K'-storage mechanisms are close to the
mechanisms of similar materials for Li" and Na" storage, includ-
ing insertion into graphitized (micro)domains, adsorption on
functional groups/heteroatoms, capacitive contribution from sur-
face/nanovoids (all voltage ranges), etc.**> Insertion into graphi-
tized (micro)Jdomains occurs at potentials below 0.5 V vs. K'/K,
which is similar to K staging intercalation into graphite. In
general, the interlayer spacing of graphene materials with
defects/functional groups and the graphitized microdomains of
disordered carbon are much larger than that of graphite. This fact
leads to a high kinetics of K" diffusion within graphene and
disordered carbon. In addition, it was demonstrated that
K'-adsorption onto heteroatoms (e.g. N, B, S) and functional
groups also contributed to a huge capacity of carbon anodes.
With the assistance of ex situ Raman measurements, Share
et al.*®" found that these adsorption processes mainly took place
in the potential window of 0.4-0.8 V vs. K'/K, and did not affect the
staging insertion of K' into graphitized domains. Moreover, in
most carbon materials with high specific surface areas, capacitive
contribution to K'-storage capacity is also considerable. Capacitive
contribution to the whole capacity can be qualitatively analyzed by
power-law eqn (8) and quantitatively distinguished by eqn (9)
based on CV data at various scan rates."® In eqn (8), a and b are
adjustable values, and the current (i) dependence on the scan rate
(v) can be revealed. If b approaches 1, then the main capacity
contribution comes from capacitive contribution. Meanwhile, if b
approaches 0.5, the diffusion-controlled capacity contribution is
dominant. In eqn (9), the response current (i) is divided into the
sum of capacitive contribution (kv) and diffusion-controlled

Chem. Soc. Rev,, 2021, 50, 2388—-2443 | 2399
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(a) dQ/dV profiles of K*-intercalated graphite. (b) Structure diagrams of K*-intercalated graphite at different stages, side view (top row) and top

view (bottom row). Reproduced from ref. 125 with permission from American Chemical Society. (c) Calculated potential profile for K ion intercalation into
graphite for different staging scenarios. The blue line (Theory (a)) corresponds to an intercalation staging: KCy4 (stage-Ill) - KCyg (stage-Il) — KCgq (stage-I).
The green dotted line (Theory (b)) corresponds to calculated values for the previously reported staging: KC,4 (stage-1l) — KCg (stage-I). The red dotted line
corresponds to the averaged experimental data shifted by 26 mA h g~ to correct the capacity contribution from SEI formation. (d) Scheme of the different
stages of K-intercalated graphite; K shown in blue and C in yellow. Reproduced from ref. 160 with permission from American Chemical Society.

contribution (k,w*?). The fundamental understanding of K'-
storage in carbon materials is still at the preliminary stage, and
more in-depth investigation of storage sites, diffusion pathway,
and kinetics associated with K storage is critically needed.

i=a’ (8)

i=k+ kv (9)

3.2 Anion intercalation

Beside cations, negatively charged ions can also intercalate into
graphite to form acceptor-type GICs, as illustrated by reaction
(10).

ChtA” =C,A +e (10)

Anions like HSO, ™, PFs~, ClO,~, AICl,~, TFSI ", FSI", BF, ", etc.
have been explored for acceptor-type GICs."”® Fundamentally,
anion intercalation into graphitic carbon is the basis of recently
reported dual-ion batteries (DIBs) and Al-ion batteries (AIBS).
Compared to conventional alkaline metal-rich transition-metal
oxide cathodes (LiCoO,, LiMnCoNiO,, etc.), the main advantages
of graphitic carbon cathodes lie in the high working potential
(up to 5.3 V vs. Li'/Li), low cost, low CO, emission during the

2400 | Chem. Soc. Rev, 2021, 50, 2388—2443

production process, high sustainability, and zero-oxygen release
in overcharge, making them promising for sustainable grid
storage.

3.2.1 Anion intercalation mechanism. Anion intercalation
into graphitic carbon is also featured with the “staging” intercala-
tion mechanism.”*® The “stage” was defined by the sorting
sequence of the occupied galleries and neighboring graphene
sheets along the c-axis (Fig. 4c and d). Not every gallery has to
be uniformly occupied during the intercalation process, which can
be ascribed to the conductive and flexible graphene sheets with
minimized electronic and mechanical strain energies.'’*'”>
According to eqn (6) and (7), d; and Ac correlate strongly with
the anion type in GICs (Table 3). It was reported that stage-I
Br %%°Cl~%**-intercalated graphite displayed a Ac of 104% on
account of a d; of 6.85 A.*”*® For PFs~, TFSI, fluorosulfonyl-
(trifluoromethanesulfonyl)imide (FTFSI ), FSI” and BF, anions,
in situ XRD measurements reveal that a stage-I GIC delivers an
expansion of 130-140% with d; in the range of 7.83-8.05 A,'266:167
In contrast, an AICl,~ based GIC shows a high d; of 9.54 A due to
the large size of AlCl, . Apparently, d; and Ac of acceptor-type GICs
are much higher than those of donor-type GICs (3.70 A and 10%
for Li*-GICs and 5.35 A and 60% for K'-GICs).

It is worth noting that during anion intercalation, both clear
two-phase transitions and solid solution transitions exist.'*’

This journal is © The Royal Society of Chemistry 2021
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Table 3 Summary of acceptor-type GICs reported for rechargeable batteries

Anions n d; (A) Ac (%) Electrolyte Ref.
PFs~ 1 7.77-7.83 133 2 M LiPF¢/EMC 163 and 164
TFSI™ 1 7.95 137 1 M LiTFSI/Pyr,;,TFSI + 2 wt% ES 165
FTFSI™ 1 7.97 137 1 M LiFTFSI/Pyr,,FTFSI 166
FSI™ 1 7.83 134 5 M KFSI/EC/EMC 167
BF,” 1 7.96-8.06 140 1 M LiBF,/EMS 166
AlCl,~ 3 9.54 — EMImCI + AlCI, 168-171
Br %%l %% 1 6.85 104 21 mol kg~ LiTFSI + 7 mol kg™ " LiTfO/water 172
a Scan number b
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Fig. 9
ref. 129 with permission from American Chemical Society.

In the former, one stage GIC is transformed to another lower-
stage GIC, while in the latter (D-D’ and E-E’ in Fig. 9a and b),
no lower stage GIC is formed and anion storage is accompanied
by dense anion packing in the existing stage.

3.2.2 Potential origin of anion intercalation. The high work-
ing potential of anion intercalation is a key advantage of graphitic
carbon cathodes for high-voltage energy storage applications. To
reveal the origin of potential for anion intercalation into graphitic
carbon, a simplified Li//C half cell is adopted (eqn (11)-(13)). The
anion intercalation potential (vs. Li'/Li) equals the cell voltage of
the Li//C cell. During the operation of the cell, the following one-
electron reactions occur on the anode and cathode:

Anode: Li" + e~ = Li (11)
Cathode: C,, + A~ = C,'A” +e~ (12)
Overall reaction: Li* + A~ + C,, = Li+ C,’A~ (13)

The cell voltage is given by eqn (14),130 where 15, pis, Mo, a-
and p,- are chemical potentials of Li deposition onto Li foil, Li*
in the electrolyte, A~ intercalation into carbon, and A~ in the
electrolyte. In the dilute electrolyte limit, yup;+ and u,- are given
by the Nernst equation (eqn (15)), where u°, [Li*], [A"], kand T
represent the chemical potential of the ions in a 1 M solution,
Li" concentration, A~ concentration, a constant and tempera-
ture. Assuming a neutral electrolyte, the cell voltage is as given
by eqn (16). Judging from the above equation, the anion
intercalation potential is determined by anion type (Fig. 10),
solvent system and electrolyte concentration. These factors are

This journal is © The Royal Society of Chemistry 2021

(a) First charge curve and (b) corresponding in situ XRD spectra (5—

90° 20) of the graphite cathode during PFg~ intercalation. Reproduced from

not presented in alkali metal cation (Li', Na', and K')-based
batteries.

—eV = (ug; — pui) + (He - — Ha) (14)
e = 10y + kT In[Li*) and py- = 4% +ATIn[A"]  (15)
—eV = + fc,oa- — My — - — 2kTIn[Li"] (16)

(1) Anion type effect on anion intercalation. HSO,  is the first
anion that was intercalated into graphite. As early as 1840, a
H,SO4based GIC was prepared.””® In 1938, Riidorff and
Hofmann®” discovered HSO, intercalation into graphite from
a concentrated acid electrolyte and proposed the first “rocking-
chair” battery with graphite functioning as both anode and cathode.
However, the use of a concentrated acid raises safety concerns for
practical applications. And the proposed dual-graphite batteries
showed limited working voltage (<0.8 V).

PFs~ has been the most frequently explored anion for graphitic
carbon cathodes since 1989, when McCullough et al.*® patented
the first energy storage device based on a non-aqueous electrolyte
and two carbonaceous electrodes. Owing to the high ionic con-
ductivity and excellent electrochemical stability, LiPFs has been
adopted as the state-of-the-art electrolyte for commercial LIBs.
At high potentials, PF;~ forms F-containing passivation films on
the Al or stainless steel current collector,'”” suppressing unex-
pected side reactions. Dahn et al. "*° first conducted in situ XRD to
study the PFs  intercalation process into the graphite lattice and
proved that a variety of staged phases existed; they measured the
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average layer spacing and PF¢ -containing gallery height.
A maximum stage-II' phase with a stoichiometry of Cg(PFs)o.5
was speculated, leading to a specific capacity of 140 mAh g~ " in
the potential range of 3.5-5.45 V (vs. Li'/Li). With the assistance
of various in situ characterization techniques, Read et al'*’
investigated highly oriented pyrolytic graphite (HOPG) lattice
expansion and revealed the solvent co-intercalation phenomenon
during PF, intercalation. Stage and composition progression of
PF¢ -GICs was proposed as follows: C,,PFs (stage-IV) — C,,PFs
(stage-Il) — C,4PFy (stage-II) — C,oPF, (stage-II) — C,4PFs
(stage-I) — C,¢PF; (stage-I). The final C,(PFs (stage-I) GIC at
5.20 V (vs. Li*/Li) corresponded to a specific capacity of 112mAh g™ *
and led to an expansion of 130%, as confirmed by in situ
dilatometry measurements. Further, gravimetric measurements
indicated that anion intercalation was accompanied by solvent
co-intercalation at a ratio of ~0.7 + 0.2 solvent molecules per
PF¢ . Recently, it was evidenced with electrochemical quartz
crystal microbalance (EQCM) that ethyl methyl carbonate (EMC)
participated in the PFs intercalation/deintercalation process by
repeated release/feedback from/to the graphite cathode.'®*
To explore the molecular structure of PFs in graphite, the
DFT calculation was applied to simulate PFs  orientation
between graphene sheets."”® A periodic unit cell constructed
by two layers of 24 graphitic carbons and one PF,~ showed that
PFs had a tilted octahedral shape.

Besides, imide anions (bis(trifluoromethanesulfonyl)imide
(TFSI™), fluorosulfonyl-(trifluoromethanesulfonyl)imide (FTFSI ")
and bis(fluorosulfonyl)imide (FSI™)) with better thermal/chemical
stability and lower sensitivity towards hydrolysis than PFs~ have
been surveyed for graphitic carbon cathodes. Winter et al.'”®
pioneered TFSI ™ intercalation research in ionic liquid (IL) elec-
trolytes. The upper cut-off potential for TFSI" intercalation into
graphite was optimized (4.8-5.1 V vs. Li'/Li) to balance capacity
and CE. The onset potential of TFSI™ intercalation, especially in
the first cycle, was dependent on temperature. Increasing the
temperature (20 — 60 °C) resulted in an increased TFSI™ uptake
(30 — 100 mA h g~"). However, the self-discharge rate of the
TFSI -intercalated graphite cathode was also acc