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Abstract

Owing to the low cost, abundance and high working voltage, graphite cathodes have attracted
tremendous attention in rechargeable batteries, especially in aluminum ion batteries (AIBs) and
dual-ion batteries (DIBs). In this review, firstly, a general introduction is given to distinguish the
working mechanism of graphite from the conventional metal oxide used as cathode in batteries.
Secondly, the characterization methods of anion intercalated compounds, theoretical simulation of
anion intercalation behavior into the graphitic cathode and the kinetic study of anion diffusion in
graphite are discussed. Then, progresses and challenges of AIBs with different types of graphite
cathode materials are presented. Next, typical DIBs systems with graphite cathode, a variety of

anodes and electrolytes are introduced in detail. Finally, a conclusion for battery systems with anion
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intercalation graphite cathodes is draw, and a perspective is outlined to address the existing technical

barriers that need to be overcome in future research direction.
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1. Introduction

1.1 Background

A rechargeable battery is an electrochemical device that can store electrical energy as chemical
energy in its anode and cathode during the charging process, and releases the energy as electrical
output during the discharging process [1-3]. An ideal rechargeable battery is expected to have high
energy density, high power density, long cycle life, excellent environmental compatibility and low
cost [4-15]. Metal ion batteries (MIBs), including lithium ion batteries (LIBs), sodium ion batteries
(S1Bs) and potassium ion batteries (PIBs) et al. are typical rechargeable batteries, which rely on the
metal ions shuttling between the anode and cathode to realize charging and discharging. Among them,
LIBs, which possess the merits of long cycle life, high energy and power density and no memory
effect, have dominated the battery market of portable electronics and electric vehicles for around two
decades and are as well widely used in grid-scale energy storage [5, 16-20]. Despite currently
enormous successes in portable electronics and electric vehicles (EVs), LIBs are limited in meeting
the growing demand for higher energy and power densities [21-40]. In another aspect, LIBs are
plagued by the shortage and high cost of resource metals (Li, Co, Ni etc.) needed in the battery
manufacture, and the corresponding environmental pollution of abandoned batteries [17, 41, 42].
Therefore, searching for novel electrode materials, especially cathode materials that of
resource-abundant and easily recyclable properties, is in great demand [1].

Graphite is a unique layered structure composed of graphene layers stacked together by the van



der Waals force. Since its interlayer space are highly tunable, graphite can accommodate a variety of
ions and molecules to form graphite intercalation compounds (GICs), which display applications in
electrical, electrochemical and chemical industries because of their unique physicochemical
properties. For instance, the reversible intercalation/de-intercalation of metal ions (Li*, Na" and K" et
al.) into/from the graphite makes it widely used as anodes for MIBs. Although comparatively less
developed, graphite, which have also exhibited the reversible intercalation and de-intercalation of
anions such as hexafluorophosphate anion (PFg), bis(trifluoromethanesulfonyl)imide anion (TFSI)
[43-48], is becoming a promising cathode materials in dual-ion batteries (DIBs), hybrid
electrochemical capacitors (ECs) [49, 50] and aluminum ion batteries (AIBs). Among these, DIBs
and AIBs are gaining more attention since they have obvious advantages over conventional MIBs: 1)
lower cost and resource abundance compared to conventional metal oxide cathode in MIBs; 2)

higher voltage, which benefits for a higher energy density [51, 52].

1.2 Working mechanisms of different rechargeable batteries

As a typical example of MIBs, LIB usually consists of anode generally made of graphite
materials, Si-based materials [53, 54] and recently developed lithium metal anodes [55-66]), cathode
using lithium-containing transition metal oxide [19, 67-70], such as LiCoO,, LiMn,Qy, LiFePO, etc.,
and an electrolyte filled separator that allows Li ion transfer but prevents electrodes from direct
contact [71, 72]. The charge/discharge mechanism of LIBs is based on the rocking-chair concept,
which means repeatedly insertion/extraction of Li ions into/from the anode and the cathode during

the charge and discharge process (Figure 1a) [4, 16, 18, 19, 21, 42, 67-70, 73, 74].
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Figure 1. Summary of characteristic metrics and typical example systems of metal ion batteries (MIBs) (a), dual
ion batteries (DIBs) (b) and aluminum ion batteries (AIBs) (c), where M" and A” stand for cation and anion,
respectively. *AIB here refers in particular to aluminum ion batteries with graphitic cathode materials and follow
the battery working mechanism as shown in Figure 1c.

Different from MIB, in DIBs or AIBs, the cathode is replaced by anions intercalation materials.
In detail, for DIBs, unlike conventional MIBs, it relies on the intercalation/reaction of both cations
and anions into/with the anode and cathode when charged and the extraction/release of these ions
back into the electrolyte when discharged. Figure 1b clearly illustrates the working mechanism of
DIBs using graphite as cathode and Al foil as anode material. During the charging process, the Li*
cations alloyed with the Al anodes, and the PFg anions intercalated into the graphite cathodes,
simultaneously. While for the discharging process, the Li* and PFg ions diffuse back into the
electrolyte. This charging/discharging process involving both anions and cations is similar to hybrid

electrochemical capacitors (ECs) [75-78], but they are still different in working mechanisms
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especially at the cathode side [79, 80]. Particularly, the intercalation/de-intercalation of anions at the
graphite cathode enables a high cut-off potential up to around 5 V [81, 82], which is favorable for
high energy density. In addition, instead of high-cost lithium-containing transition metal oxide
cathode, utilizing graphite as cathode can effectively lower the overall cost, and reduce potential
environmental pollutions. Furthermore, the versatile replacing of lithium cations into more
abundance alkali metal cations is another appealing advantage of DIBs.

AlIBs [83-85], developed along with sodium [35, 36, 40, 86-89], potassium [37], calcium [90-93]
and magnesium [94-97] based batteries, are considered as candidates for rechargeable batteries
which are potentially more cost-effective than lithium. Generally, AIBs can operate in aqueous[98]
and non-aqueous (particularly in ionic liquid) electrolyte [99]. The output voltage of aluminum
batteries employing aqueous electrolyte is limited by the electrochemical window for water
decomposition (~1.23V) [52], while the non-aqueous one using chloroaluminate melts, denoted as
XCI-AICl;, where X" can be a monovalent cation or an organic cation, can operate at a higher
voltage. On the other hand, aluminum battery cathode materials such as transitional metal oxide
[100], sulfur [84, 101] and oxygen [102, 103], could reversibly react with AI** ions, but devices with
these cathode materials are suffering from low operation voltage and short cycle life [52]. As an
alternative, carbon-based materials which can accommodate the chloroaluminate anion rather than
Al ions represents a promising candidate as cathode materials for aluminum batteries. For example,
Dai’s group [104] recently reported a rechargeable aluminum battery with high operation voltage and
long cycle life with aluminum metal as anode and three-dimensional graphitic foam as cathode. In
their work, the battery operates by the electrochemical deposition and dissolution of aluminum at the

anode, and intercalation/de-intercalation of chloroaluminate anions (AICl,) in the graphite, using a



non-flammable ionic liquid electrolyte (Figure 1c). Carbon-based materials cathode hosting the
chloroaluminate anion has the same intercalation/de-intercalation reaction mechanism as the cathode
in DIBs [105]. In the following discussion of this review, only AIBs with graphite-based materials

hosting the AICI, are considered and the case of AI**

are beyond the scope.

As far as we know, Ji et al. summarized the challenges, the recent progress, and pointed out
future directions in the DIBs field [51], however, a comprehensive review about anion intercalation
graphite cathode materials, devices and mechanisms are rarely published. In this review, we will
present a broad overview of anion intercalation graphite cathode and distinguish the operation
difference between anion intercalation devices and conventional MIBs. We will specially outline
anion intercalation graphite cathode, including characterization of anion intercalation process,
theoretical investigation of anion intercalation behavior and kinetic study of anion diffusion in

graphite cathode. Then, a survey of recent work in the area of DIBs and AlIBs will follow. Lastly, a

conclusion and an overlook on future developments will be presented.

2. Structure of graphitic cathode and characterization of anion

intercalation compounds

2.1 Structure of graphitic cathode

Graphite materials generally contain polyaromatic rings with sp? carbon atoms, which are
stacked together by m-rt interaction of the electronic network [106]. The large n-electronic network in
graphite can either be easily oxidized or reduced. When an electronegative species accepts an
electron and forms an ionic bond with this m-electronic network, an acceptor-type graphite

intercalation compounds (GICs) is generated [43]. In contrast, a metal atom can donate an electron to
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the network and form a donor-type GIC. Graphite as a cathode material works as an acceptor-type
graphite intercalation compounds [47]. GIC is characterized by the stage effect, where the term
‘stages’ refers to the number of graphite layers (denoted as m) that lie between alternate intercalant
layers. For example, stage 3 means that adjacent intercalant layers are separated by 3 graphene layers.
In defining the stages in GIC systems, it is assumed that the graphite material is defect-free and the
guest species intercalate as a continuous phase in the graphite lattice. The calculation method of
“stage m” of a GIC will be presented in the following section. GICs could reversibly intercalate and
de-intercalate without any damage to the defect-free graphite lattice, thus it is desirable to adopt

GICs for electrochemical applications [43, 44, 107].

2.2 Characterization of anion intercalation graphitic compounds

A wide variety of techniques are currently available to study anion intercalated graphite
compounds (AIGC). The chemical properties and composition of AIGC are measured by X-ray
photoelectron spectra (XPS) and Auger electron spectroscopy (AES). To get the carbon hybrid
information of AIGC at different charge and discharge state, X-ray absorption spectroscopy (XAS) is
performed to investigate carbon’s bonding environment [44, 45, 108-110], scanning electron
microscopy (SEM) has been in use for check the morphology change, and transmission electron
microscopy (TEM) is conducted to identify intercalation domains and even line defects [43].
Moreover, electrochemical characterization, such as cyclic voltammetry and impedance spectroscopy,
can provide the interfacial kinetics and the impedance characteristics of the battery system [81, 82,
111-116]. Intercalation stages, surface exfoliation during charge/discharge can be evaluated via

ex-situ/in-situ and X-ray diffraction (XRD) and Raman, which will later be introduced in detail.



2.2.1 XRD

XRD, as one of the most widely used techniques for characterizing the lattice structure of the
host, is commonly employed to determine the relationship between the electrochemical behavior and
the structural evolution of intercalated graphitic compounds [108]. The pristine graphite electrode
exhibits the typical graphite XRD pattern. While upon the anion intercalation, the main XRD peak
assigned to pure graphite will be shifted to new positions, which are associated with the anion
intercalation caused periodic rearrange of the occupied and unoccupied interlayers between the
graphene planes, i.e. the stage effect, wherein the intercalated stage number can be calculated

through the most intense and the second most intense reflections.
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Figure 2. In situ XRD patterns of the KS-6 graphite positive electrode in the KS-6/TiO, rutile full cell during

charging to 3.5 V [109]. Copyright (2010) Elsevier Ltd. All rights reserved.

To better illustrate the stage effect, we exemplified a typical XRD pattern of a graphitic cathode

from KS-6 graphite/TiO, electrochemical cell, with carbonic acid ester solvent containing PFs as
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electrolyte [109]. In situ XRD experiments were conducted to investigate the reaction mechanisms
and structural changes of the KS-6 cathode in the KS-6/TiO, full cell with charging up to 3.5V
(cutoff voltage of the cell) (Figure 2). The (002) peak at 26.5" corresponding to a well-ordered
graphite structure with interlayer spacing of 3.35A. As shown from the in situ XRD pattern, the (002)
peak remains at its original position until voltage went up to 2.9V. As the voltage increases to above
3.1V, the (002) diffraction peak starts to shift to a lower angle. At 3.5V, the (002) diffraction peak at
26.5" was totally vanished, and a new peak at lower angle of 24.2" appeared. The stage number of m

of the PFg graphite intercalated is calculated by the equation.

-
m = oD (447 (1)
dpon ~dpp [A+1)

Where dgon and doo (n+1) denoted the interplanar spacing corresponding to peak (0 0 n) and (00 n
+ 1) is according to the Bragg’s law. Based on the above equation, calculated stage number of GIC in

this work is 3.

2.2.2 Raman spectroscopy

Raman scattering during charging/discharging experiments is also widely utilized to investigate
the changes of graphite structure during battery operation [117, 118]. Specifically, the G and 2D
Raman peaks change in shape, position and relative intensity reflects the evolution of the electronic
structure and electron—phonon interactions of anion intercalated graphite.

For example, Dai et al. [117] adopted Raman spectroscopy to investigate the changes of the
graphite structure during charge/discharge process. As shown in Figure 3, Figure 3(a-d) illustrate
the evolution of the graphite G bond during charge/discharge at a rate of 50 mA g *, suggesting high

graphite structural integrity during anion (AICl,) intercalation/de-intercalation cycles. At the
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beginning of lower plateau charging process, the G band of pristine graphite (1,584 cm %) shifted
by ~20 cm™, resulting from rearrangement of positive charges on the boundary layers of the
graphite that caused by AICI, intercalation. Boundary layers adjacent to intercalant layers, leading to
a large blue shift in the Eygband for these layers, and consequently giving rise to two different Eyq
peaks overall, (inner (i) and outer (b) (Figure 3a, Inset; spectra in red)). Based on the ratio of the
intensities of inner and outer peaks (l; and Ip), the intercalation stage (m > 2) can be calculated based
on equation (2):

L _

B Th 2

& (m—2)

(2)

cilop corresponds to the ratio of Raman scattering’s cross-sections, which is assumed to be unity.
(The Exgwy band then underwent a small splitting (~3 cm™) at 1.94-1.99 V (Figure 3a, Inset spectra
in green). At this point, the stage number (m) was calculated to be ~2.5. Shortly afterward (at 2.03
V), the Eyq) band disappeared completely. This was followed by the Eaqpy roughly doubling in
intensity before it underwent another large splitting (1,619-1,632 cm™) at the beginning of the upper
plateau (~2.097 V) (Figure 3a, spectra in blue). At the fully charged state, only one high-intensity
peak at 1,632 cm™ remained, suggesting the formation of a stage 1 or 2 GIC because neither E2q()
and Eqy) bands were present. A stage 2 GIC was assumed, based on the capacity of the Al battery.
The subsequent discharge process was consistent with the charge process, demonstrating reversibility.

(Figure 3c).
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Figure 3. In situ Raman spectra of the graphite electrode recorded during (a) charge and (c) discharge at 50 mA g ™.
(Insets) Zoom-ins on lower voltage spectra corresponding to graphite G band Exg— Eaqi) + Exgp) Splitting(spectra
in red, corresponding to red-haded section of charge/discharge curves; spectra in green, corresponding to
green-shaded section of charge/discharge curves). The black spectrum in each corresponds to open circuit voltage =
1V, G band = 1,584 cm™. Spectra in blue (corresponding to upper plateau, shaded in blue on charge/discharge
curves) represent stage 2GIC formation/deformation. (b) Galvanostatic charging curve (50 mA g™), color
coordinated with Raman spectra in (a). (d) Galvanostatic discharging curve (50 mA g %) color coordinated with

Raman spectra in (c) [117].

2.3 Theoretical investigation of anion intercalation behavior in the graphitic

cathode

Theoretical study, of which two commonly used methods are density functional theory (DFT)
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and classical molecular dynamics (MD) simulation, is highly beneficial to gain deeper insight on the
materials’ working mechanism at atomic level. Because of the unique stage effect, GICs are
commonly viewed as periodic structure and can usually be condensed to a unit cell with
atom-number less than two hundreds, to which DFT can perform rather effectively and accurately.
Therefore, DFT are mostly used to investigate the anion intercalation behavior into graphite,
including the thermal stability, electronic structure, Bader charge, voltage and diffusion barrier etc.
[85, 99, 119-121]. DFT-D2 [122] and DFT-D3 [123] approaches are commonly used for the
correction of van der Waals interaction. Ab initio Molecular Dynamic Simulation (AIMD) is to test
the thermal stability of the calculation-derived GICs structure. The climbing image-nudged elastic
band (CI-NEB) method [124] are used to calculate the diffusion barriers of anions in graphite
interlayer.

Tasaki studied graphite respectively intercalated with potassium, lithium, lithium solvated by
dimethyl sulfone, lithium solvated by dibuthoxy ethane, perchlorate (ClIO,), and
hexafluorophosphate (PFs) by adopting DFT study, and revealed a strong correlation between the
intercalation energy and the electron transfer between the intercalate and graphite[119]. The
correlation between the size of the intercalate and the interlayer distance was observed as well.
Tasaki concluded that the ionization potential or the electron affinity of the intercalate, along with the
size of the intercalate, can be a good measure for the stability of the resulting GIC in general. As
AlIBs getting more and more attention, DFT study mainly focuses on anion intercalation especially
AICl, intercalated graphite [85, 99, 120, 121]. Among these study, one of the most interesting issue
is the the structure of AICIl,. Debate arise as to whether the AICI, unit it is planar [120] or

tetrahedral [121]. The dispute originated from the experimentally observed interlayer space of around
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5.286 A [104], which is smaller than the size of a tetrahedral AICI, unite 5.7A. The above mentioned
DFT studies take the AICI, intercalated graphite as the only object; Agiorgousis et al.[99] later took
the electrolyte into consideration and was in good agreement with the experiment. According to the
theoretical calculated binding energy and calculated voltage, the tetrahedral AICI, is more likely to
be the real configuration. Notably, they as well proposed a novel tetrahedral AICI, configuration
between the graphene-layers. Based on the AICI, configuration as Jung et al. [121] and Bhauriyal et
al. [85] use DFT calculation to study the thermal stability, electronic structure, Bader charge, voltage,
diffusion barrier to explore staging mechanism.

In another aspect, MD system can effectively tackle system with large amount of atoms at
different temperature and electrode potential, and provide useful statistical data, thus it has been
widely used to study the electrochemical energy storage system. It’s interesting that Eduardo M.
Perassi et al. [125] employ a theoretical model to determine intercalation entropy and enthalpy of
Li—graphite intercalation compound by modeling it as a lattice-gas and performing grand canonical
Monte Carlo simulations. They correctly reproduced the main features of the experimental
intercalation entropy and enthalpy. As to the anion-related graphite system, the MD study focused on
supercapacitor for which electrolyte/graphite interface are of crucial importance. However, as far as

we know, there hasn’t been any MD study on anion intercalation graphite for battery cathode.

2.4 Kinetic study of anion intercalation in graphite cathode

The superior rate property of DIBs and AIBs could possibly be attributed to rapid
diffusion of anions in graphitic carbon. Electrochemical techniques, such as the galvanostatic

intermittent titration technique (GITT) and electrochemical impedance spectroscopy (EIS), to
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determine the chemical diffusion coefficient of anion in graphite. Using cells with 1 M, 3.1 M, and
3.7 M LiPFs/DMC, Ishihara et al. [126] estimated the chemical diffusion constant of PFs to be
around 10 cm? s by adopting the GITT and EIS. Notably, diffusion coefficients for PFs , despite
the larger molecule size, is higher than that of lithiated oxide in cathode materials such as LiFePO,.
To further confirm the rapid diffusion of PFg, a DFT calculation [126] was performed by assuming
the stage 1 tilted structure. Consistent with the experimental results, the DFT study suggested that
PFs preferentially migrates along the (100) direction with an estimated energy barrier of 0.23 eV.
Fast ion transport is conducive to high rate capability in rechargeable battery operation. Based
on first principle calculations, Han et al. [121] reported that graphitic foam, characterized by good
mechanical flexibility of few-layered graphene nanomaterials, played a key role for the ultrafast
AIB. They found that the nanoscale thickness is mainly responsible for the observed ultrafast rate
capability of graphitic foam. Specifically, the diffusivity of AICI, increased dramatically once
graphene film is less than five layers thick and found that the film thickness of four, three, and two
graphene layers enables 48, 153, and 225 times enhanced diffusivity than that of the bulk graphite,
respectively. The faster anion conductivity with the reduced film thickness is attributed to high
elasticity of few-layered graphene, which provides more space for facile AICIl, diffusion as well.
This study indicated that even bulky polyanions can be adopted as carrier ions for ultrahigh rate

operation if highly elastic few-layered graphene is used as the active material.
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2.5 Factors on the electrochemical performance of the batteries with anion

intercalation graphite cathode

2.5.1 Solvent and operation voltage window

In batteries with anion intercalation graphite cathode, the electrolyte should be liquid [44, 47,
107, 116] or semi-solid gel [127], which is similar to LIBs. The safe voltage window of the
electrolyte is determined by the lowest unoccupied molecular orbital (LUMO) and the highest
occupied molecular orbital (HOMO) [128]. The electrochemical potentials of the anode (u,) and the
cathode (uo) should match the LUMO and HOMO of the electrolyte to avoid electrolyte
decomposition. For the anion intercalation cathode, the anions intercalation occurs at quite high
potentials [110, 129-131]. Therefore, searching for suitable electrolytes which maintain stable

operation at high potential is of significant necessity.

Ji et al. [51] proposed that, without considering the entropy change during the charge process of
the cell, the free energy change AG of the cathode//Li half-cell, can be described by the Equation (3),
where E(C*A") is the energy of the charged cathode with an anion inserted, E(C) is the energy of the
cathode before intercalation, E(Li) is the cohesive energy of Li metal for the addition of one lithium
atom, AH (desolv. of Li") and AH (desolv. of A") are the desolvation energies of Li* cations and
anions from the electrolyte. This equation suggests that the operation potential of the cathode is
related to the identities of the cathode and the lattice energy of the C'A™ “salt”, as well as the
solvents used in the electrolyte.
AG=—eV ¥ AH =E(C*A7)—E (C) + E(Li) + AH (desolv.of Li*) + AH(desolv.0fA™) (3)

Placke et al. [114] studied the discharge capacity and the coulombic efficiency (CE) at varying
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upper charging end potentials ranging from 4.8 V to 5.2 V vs. Li/Li* and it is found that these
varying conditions leading to a discharge capacity increasement from 43 mAh g * to 99 mAh g .
However, the increase of the upper cut-off potential also leaded to a decrease of the CE. There are
mainly two reasons: firstly, the high oxidizing potential the anion needed to intercalate into the
graphitic cathode (usually above 4.5 V vs. Li/Li*), in combination with the instability of organic
solvents, which resulted in strong electrolyte degradation; secondly, the co-intercalation reactions of

organic solvent into graphite can cause graphite exfoliation.

2.5.2 Salt type or anion size

The feasible electrolytes for DIBs contain anions including perchlorate (ClOy),
tetrafluoroborate (BF; ), PFs, AICI,, TFSI, bis (fluorosulfonyl) amide (FSA') and cations including
Li*, Na', tetraethylammonium (Et4N"), 1-ethyl-3-methylimidazolium (EMIY), 1-butyl-1-
methylpiperidinium (PP1"), and 1,2-dimethyl-3-propylimidazolium (DMPI?)[51, 99, 132-140]. Salts,
which is solid in the room temperature, are dissolved in organic solvent to compose a electrolyte
(organic electrolyte) for DIBs; while salt which is liquid in the room temperature could be used
directly as electrolyte (ionic liquid electrolyte) [141, 142].

Since DIBs works by the intercalation of anions into the graphitic materials, the salt type and
anion size are of particular importance. While for AlIBs, only AICI,; anion is involved and thus the
size effect of the anion is not discussed here [44].

Most DIBs comprise a graphite cathode and a metal-ion insertion anode in a nonaqueous
electrolyte [51, 99]. Anions solvated in nonaqueous electrolyte are usually polyatomic, such as ClO,,

AsFg, PFg, and SbFg, which all are much bigger than the layer distance of graphite in size [43-48,
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107]. As the radiuses of most potential anions are larger than the layer distance of the intercalation
guests, some researchers proposed that anions with smaller radius are easier to reversibly intercalate
into graphite. However, in the recently reported work [132], it was indicated that the electrolyte
effects ion pair formation and self-aggregation but not anion size were the main reasons affecting the
onset potential for anion uptake. On the other hand, high salt concentration can reduce the potential

required for anion intercalation into the graphite cathode [44].

3. The application of anion intercalation cathode in aluminum ion

batteries

Rechargeable aluminum based battery is of particular attraction since it can offer considerable
advantages of high anode capacity, safety and cost-effectiveness, due to the ultrahigh theory capacity
of 2978 mAh g* and 8034 mAh L™, low-cost and incombustible nature of aluminum (Al) metal
anode [52, 98, 100, 103, 143-147]. Nevertheless, the major challenge for aluminum-ion battery (AlB)
resides in cathode material, which only exhibited low discharge potential (less than 1.2 V) without
discharge voltage plateaus, low current density (less than 1 A g) and short cycle life (<100 cycles,
capacity retention < 90%) with rapid capacity decay in previous reports [83, 84, 102, 103, 148]. As a

result, despite the research over 30 years, AIBs is still not competitive with other battery system.

3.1 The rise of AIBs with anion intercalation cathode

Recently, Lin et al. [104] opened a new way for AIBs with excellent electrochemical
performance. This new type of AIBs employ aluminum metal as the anode, AICI; : [EMIM]CI (1.3:1

mole ratio) as the electrolyte and a three-dimensional flexible and conductive interconnected
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graphene networks as cathode (Figure 4b) [149]. The cell configuration and working mechanism are
elaborated in Figure 4a.

During the charge of the battery, Al is deposited companying with the release of AICI, species
on the metal anode and the intercalation of AICIl, species on the graphite cathode; during the
discharge of the battery, Al is dissolved with the formation of Al,Cl; species in the anode and the
AICl, is released at the cathode. The overall electrochemical process involves the reversible
deposition/dissolution of Al from the metal anode, and the intercalation/ de-intercalation of AICl, in
the graphite cathode (Figure 4a). The cell prototype delivers a reversible capacity of approximately
65 mAh g * based on the cathode mass. Then, they testify that the intercalation species in graphite
consists of both Al and CI by means of X-ray photoelectron spectroscopy (XPS) and Auger electron
spectroscopy (AES). In addition, the analysis of the peak separation by ex situ XRD patterns
suggests a stage 4 graphite intercalation compound with an intercalant gallery height were
intercalated between graphene layers in a distorted state. The prototype reveals a rather stable cycle
life (200 cycles) at a current density of 66 mA g™ without capacity fading and with an average cell
voltage of about 2 V (Figure 4c). Furthermore, the electrolyte offers the key to the success of long
cycling AlBs. The electrochemical intercalation of AICI, within graphite was initially demonstrated
using molten salt (MCI-AICI3) at 175 °C as the electrolyte, then reported operating at room
temperature, using AlCls:1,2-dimethyl-3-propylimidazolium chloride (1.5:1 mole ratio) as
electrolyte[52]. Later, AICl3 : [EMIM]CI (1.3:1 mole ratio) was utilized as suitable electrolyte. And it
has been evidenced that the use of electrolyte with reduced water content improves the round trip CE.
Finally, performance comparable with supercapacitors has been obtained (40 Wh Kg™) using a

three-dimensional (3D) graphitic foam as cathode, along with no obvious capacity fading after 7500
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cycles at the current density of 4000 mA g™
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Figure 4. a) Schematic drawing of the Al/graphite cell during discharge, using the optimal composition of the
AICI3/[EMIm]CI ionic liquid electrolyte. On the anode side, metallic Al and AICI, were transformed into Al,Cl;
during discharging, and the reverse reaction took place during charging. On the cathode side, predominantly AICI,
was intercalated and de-intercalated between graphite layers during charge and discharge reactions, respectively; b)
A scanning electron microscopy image showing a graphitic foam with an open frame structure; scale bar, 300 mm.
Inset, photograph of graphitic foam; scale bar, 1 cm; c) Long-term stability test of an Al/PG cell at 66mA g™ [104].
Copyright (2015) Springer Nature.

Graphite or, more in general, carbon-based materials represent suitable candidates as cathode
materials for aluminum cells [150]. And the development of novel graphite electrode is an important
direction for high performance AIBs. Dai group [151] synthesized porous graphitic materials with
vertically aligned graphene sheets with low density of defects or oxygen groups oriented
perpendicular to a current collector substrate (Figure 5a), which was used as the cathode for AlBs.

This AIB shows a discharge capacity of ~60 mAh g at a high current charge/discharge density up to
20



12 000 mA g™ stably cycled over 4000 cycles (Figure 5b). The high rate capability of this battery is
partially originated from the enlarged interlayer spacing distance between graphene layers of cathode,

within which the AICI, diffusion becomes more favorable ascribed to lower migration energy

barriers.
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Figure 5. a) Schematic for the preparation of the 3D Graphitic Foam (3DGF) and the battery assembly. The inset
shows the photograph of the pristine PG, first expansion PG and the 3DGF after second expansion; b) Galvanostatic

charge and discharge curves of Al/3DGF cells charging at 12 000 mA g™ and discharging at various current

densities ranging from 2000 to 12 000 mA g™* [151]. Copyright (2016) John Wiley and Sons.
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3.2 The booming of AIBs with anion intercalation cathode

Apart from the low capacity that limits the cell energy density, there remain two key challenges
for AIB cathode: insufficient high-rate performance which causes cell power density inferior to
supercapacitors and relatively low Columbic efficiency (CE).

To further increase the specific capacity of AIBs, Dai group [118] proposed an AIB cell using
pristine natural graphite (NG) flakes, which achieves a much higher specific capacity of 110 mAh g™
with CE of 98%, at a current density of 99 mAh g* (0.9 C) , and clear discharge voltage plateaus
(2.25-2.0V and 1.9-1.5 V). They investigated various graphite materials for AIB cathodes and found
that NG was superior to synthetic graphite (KS-6 and MCMB) in contributing to higher capacities
and well-defined voltage plateaus. They studied Raman and X-ray diffraction data and attributed the
lower capacity and less distinguished discharge voltage plateaus of KS-6 and MCMB materials to
their higher surface areas, lower crystallinities and higher defect densities than NG. These results
indicated that suitability of high crystallinity, low defect density graphite materials is necessary for

use in high-performance AIB.
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Figure 6. Design and production of GA cathode. a—¢) Schematic of the defect-free design. Defects (sp* carbons and
oxygen-containing groups) in a) rGA and b) GA-2000 reduce the electrical conductivity, impede the transportation
of AICI, and cannot act as active sites; ¢) the defect-free sp2 carbon networks in GA-3000 act as active sites and
facilitate the transportation of AICIl,. d) Digital camera image of GA-3000. e) A compressed GA-3000 strip is
coiled around a glass rod to illustrate the good flexibility and twisted by two tweezers to show the twistability. f,g)
SEM images of f) GA-3000 and g) compressed GA-3000 paper; h) Galvanostatic cycling of GA-3000 (5 A g %)
over 25 000 cycles. i) Detailed charge and discharge curves of GA-3000 cathode at different cycles (50 C). j) The
specific capacity and CE of GA-3000 cathode at different cutoff voltage [152]. Copyright (2017) John Wiley and

Sons.
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The above AIB with NG flakes as cathode show a higher specific capacity, but the rate
capability is poor. To improve the rate property of AIBs, Gao’s group [152] proposed a defect-free
principle to design graphene based cathode. This cathode was made from with highly crystallized
defect-free few-layer graphene aerogel (GA) (Figure 6a-g), and as a result, this defect-free cathode
with completely crystallized sp® carbons in GA’s atomic structure, leads to improved rate
performances of AIB (e.g., 100 mAh g™ at 5 Ag™, 97 mAh g™ at 50 A g*) (Figure 6h-j). Excellent
electrochemical performance with defect-free cathode should be mainly due to three advantages: (1)
elimination of inactive defects facilitating the fast intercalation of large-sized anions and
simultaneously providing more active sites for energy storage; (2) greatly enhanced electrical
conductivity recovering defective graphene into electrical highway; and (3) high reproducibility of
material quality and cell performance favoring large scale manufacture.

To further promote the cycle life and rate capability of the AIBs, the same group [153] propose
a “trihigh tricontinuous (3H3C) design” to achieve the ideal graphene film (GF-HC) cathode with
excellent electrochemical performances. Ordered assembly of graphene liquid crystal with a highly
oriented structure can satisfy the requirement of high mechanical strength and Young’s modulus for
preventing material collapsing or disintegrating during repeated anion intercalation and
de-intercalation. High temperature annealing and concomitant “gas pressure” contributed to
high-quality yet high channeling graphene structure that met requirements: (1) highly crystallized
defect-free graphene lattice as active anion intercalation site affording available energy storage
capacities; (2) continuous electron-conducting matrix for large current transportation and internal
polarization mitigation; and (3) interconnected channels facilitating high electrolyte permeability, ion
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diffusion, and further fast redox reaction between electrolyte and active material. Owing to the
targeted “3H3C design”, the resulting aluminum-graphene battery (Al-GB) achieved ultra-long cycle
life (91.7% retention after 250,000 cycles), unprecedented high-rate capability (111 mAh g™ at 400 A
g* based on the cathode), wide operation temperature range (—40 °C to 120 °C), unique flexibility,
and non-flammability.

Graphene is an important basic unit in the bottom-up preparation of graphite cathode. To clarify
the influence factor of plane size and stacking layer number of graphene, Liu et al.[154]
demonstrated that the size of graphitic material in ab plane and c¢ direction in anion intercalation
chemistry. Sharply decreasing the size of vertical dimension (c direction) strongly facilitates the
kinetics and charge transfer of anions intercalation and de-intercalation. On the other hand,
increasing the size of horizontal dimension (ab plane) contributes to improving the flexibility of
graphitic materials, which results in raising the cycling stability. Meanwhile, AICIl, are reversibly
intercalated into the interlayer of graphite materials, leading to the staging behaviors (Figure 7).
Large horizontal dimension-small vertical dimension graphite can undergo massive cycles of anions
(de)intercalation at both low and high current densities without any structural damages. On the
contrary, small horizontal dimension-small vertical dimension graphite can be easily stripped off by

anions intercalation after a long-time cycling.
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electrode (right): the size of steel mesh is 13 mm. b) Schematics of aluminum-ion intercalation chemistry in

graphene and graphite electrodes [154]. Copyright (2017) John Wiley and Sons.

Table 1. AIB systems and electrical performance of reported results.

Ref Cathode Anode Electrolyte \oltage Specific capacity Cycling capability
region
[151]  Exfoliated nickel foils AICl; to [EMIm]CI 18V ~60 mAh g™ 60 mAh g™ at 12 000 mA
graphite =13. g
4000 cycles
[104] 3D Graphitic Al foil AIClI; to [EMIm]CI ~20V 65mAh g ~100% after 7500 cycles
Foams =13. 5000 mA g* (75C) ~60
mAh g
[152]  Graphene Al foil AIClI; to [EMIm]CI 50C 95 mAh g at 5 C, 10 C, 97% after 25 000 cycles
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=13 1.95V and 20 C
05-251V 100 mAhgtat30C
100 mAh gt at50 C
100 mAh g™ at 100C
97 mAh g tat200 C
97 mAh gt at 500 C

[118]  natural graphite Al foil AlCl;to [EMIM]CI  05-245V 110 mAh g* at 99 mA g* 60 mAh g* at 6C, over
=13. (0.9C) 6,000 cycles

[153] GF-HC Al foil AICI; to [EMIm]CI 05-250V  120mAhgtat6Ag* 91.7% after 25 000 cycles
=13. 111 mAh g at 400 Ag™

3.3 The challenges of AlIBs with anion intercalation cathode

Above mentioned work (Table 1) have developed powerful cathode to improve the performance
of AIBs. However, there is still a lot of space for further improvement of the AlBs. Firstly, the CE
about 97-98% obtained for this battery is lower than those of state-of-the-art LIBs, the CE of which
can reach up to 99.98%, a benchmark that should be also achieved by alternative battery systems.
Hahn et al. [146] studied the overall cycling behavior upon different rate, revealing a satisfactory CE
at higher rate. And they conferred the higher CE upon increasing currents were ascribed to the
kinetic limitation of the side reactions. Later, Dai group improved the CE to ~99.7% with urea added
into the electrolyte [117].

Another consideration is that current existed AIB uses 1-ethyl-3-methylimidazolium chloride
(EMIC) as electrolyte, which is relatively expensive. New electrolytes for this system could include
any which are capable of reversible aluminum deposition/dissolution. Thus, Angell et al. [117]
investigate the performance of a rechargeable Al battery using a modified electrolyte with urea as
electrolyte additive, which shows a high CE (~99.7%), a lower cost (~50 times cheaper than EMIC)
and a higher eco-friendliness.

Furthermore, the energy density of the AIB (40 Wh kg™) makes it not suitable for high energy
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applications, such as electric vehicles. DIBs, operating at higher voltage than AIBs, are coming into

sight.

4. The application of anion intercalation cathode in dual-ion batteries

In DIBs, the ions are supplied by the electrolyte rather than anode or cathode. Thus, the solvent,
salt type and salt concentration of the electrolyte are critical factors for the DIBs’ performance. In

addition, the electrolyte must be considered as a part of the active mass.
4.1 DIBs based on lithium ion electrolyte
4.1.1 Graphite cathode-metal oxide anode DIBs

By using graphite as the cathode and MoOj3 as the anode, a novel DIB was initially reported by
Yoshio et al. [155]. The cell worked by the intercalation and de-intercalation of PFg in the cathode
(graphite) and conversion process of Li* in the anode (MoQO3). This cell (the weight ratio of cathode
to anode material is 1:1 and the electrolyte concentration) configuration demonstrated an initial
discharge capacity of 81 mAh g™, which remains 90% capacity retention from 3rd to 200th cycles
and the overall voltage region of graphite/MoOj3 located in the range of 1.5-3.5 V (using a 1.0 M
LiPFg solution as the electrolyte). They suggest that performance of this energy storage system could
be improved by changing the weight ratios of the cathode to anode and the concentration of the
electrolyte. Similarly, Yoshio et al. [111] also developed a DIB system employing KS-6 graphite
cathode and niobium oxide (Nb,Os) anode with a 1:1 weight ratio of cathode to anode. The cell, with
a voltage range of 1.5-3.5 V, delivered 57 and 26 mAh g™ at 1C and 35C rates, respectively. The DIB

systems above were inherently safe resulted from: 1) no oxygen is released from cathode materials, 2)
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no lithium dendrite is formed at the anode (high lithium reaction potential), and 3) no possibility of

overcharge from the electrode/electrolyte reaction.

4.1.2 Graphite cathode-graphite/reduced graphene-based anode DIBs

DIBs with metal oxide anode have a relatively high operation voltage with lithium ions, the
lower reaction voltage of graphite and reduced graphene oxide would induce a higher operation
voltage and thus beneficial to energy density [156]. A DIB system reported by Zheng et al. [130]
used 1-Ethyl-3-methylimidazolium hexafluorophosphate ((EMIm)" (PFg) ) ionic liquid as the
electrolyte, graphite as cathode, reduced graphene oxide (RGO) as anode. The cell chemistry was
based on the intercalation of PFg anions into graphite as cathode reaction and the EMIm" adsorption
onto the surface of RGO as negative electrode reaction. As this cell is a kind of hybrid capacitor and
the specific capacitance is only ~30 F g™, the energy density is relative low (70 Wh kg™). Pure
1-butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide (Pyri4TFSI), which has a high
electrolyte window, exhibited a high discharge plateau initiated at 4.4 V, a well-defined capacity of
82 mA h g, an ultrawide charge/discharge potential range of 1.0-5.0 V and a superior stability of

100% capacity retention for 600 cycles [131].
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Figure 8. (a) Schematic illustration of a dual-graphite intercalation cell wherein Li* and PFg simultaneously
accommodate in graphitic structures at the anode and cathode upon charge; (b) full cell cycling of dual-graphite cell
(inset a) specific capacity (mAh g™)and (inset b) efficiency; (c) cyclic voltammograms of a lithium/platinum sense
cell embedded in a lithium/graphite cell (inset a) before cycling, (inset b) during cycling and (inset c) at OCV after
cycling shifted up progressively by 100 pA for clarity [81]. Copyright (2013) Royal Society of Chemistry.

Read et al. [81] enabled a reversible dual-graphite intercalation chemistry with simultaneous
accommodation of Li* and PFg in graphitic structures (the cathode was MCMB graphite and the
anode graphite was “CPreme” from Conoco Phillips) by a high voltage electrolyte based on a
fluorinated solvent and additive, which is capable of supporting at the electrochemical window up to
5.2 V with high efficiency (Figure 8). However, the understanding as to structure of the anion
intercalate formed in these electrolyte systems and the effect of solvent co-intercalation on cathode

performance are still limited. This effort was undertaken by Read using a number of in situ
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techniques to better characterize the fully intercalated composition as well as to investigate the
process of solvent co-intercalation. Read [157] has shown that solvent molecules move with anion
during the intercalation/de-intercalation process while analysis of fully intercalated crystals
demonstrated that there is an unusually strong preference for ethyl-methyl carbonate (EMC) over
fluoroethylene carbonate (FEC) to co-intercalate in this anion intercalation compound. Almost at the
same time, Winter and Placke et al. [82] reported dual-graphite cells (CG graphite as anode and
KS6L graphite as cathode) (Figure 9) based on the reversible intercalation of TFSI from an ionic

liquid electrolyte and also showed high specific capacity of 97 mAh g™.
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Figure 9. (a) Schematic illustration of a dual-graphite cell with an effective SEI layer at the graphite anode during
the charge process. The negative graphite electrode is protected from co-intercalation reactions of pyrrolidinium
cations by the SEI layer; the SEI still allows the transport and intercalation of lithium ions; (b) cell voltage vs. time
profile (black, dotted curve) and anode and cathode potential vs. time profiles (red curves) of the CG/KS6L
dual-graphite cell during representative cycles of the constant current charge/discharge cycling process. The
specific current for cycles 1-3 is 10 mA g™ and 50 mA g for the following cycles. Cell voltage range: 3.0 V and

5.1V [82].
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4.1.3 Graphite cathode- metal anode DIBs
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Figure 10. (a) Schematic illustration of the working mechanism of AGDIB. (b) Galvanostatic charge/discharge
performance of the AGDIB at 0.5 C in 4M LiPF¢/(EMC + 2% VC). Insets are the dQ/dV curves of this battery and
a digital photograph showing that a single AGDIB lighted up two yellow LEDs in series. (c) Rate capacities and

corresponding CE of obtained AGDIB. (d) Cell performance of AGDIB in comparison to conventional energy

Specific energy (Wh kg")

storage devices with state of the art properties [158]. Copyright (2016) John Wiley and Sons.

For the first time, Tang group reported a novel concept of aluminum-graphite DIB (AGDIB)
[158] by using Al foil as both anode and current collector, graphite as cathode and 4 M LiPFg in
EMC as electrolyte. The working mechanism of the AGDIB is schematically illustrated in Figure 10.
Upon the charge process, the Li* cations were extracted from the electrolyte and deposited on the Al

anode to form an Al-Li alloy, while the PFg" anions were intercalated into the graphite cathode
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simultaneously. The discharge process reversed, where both Li* and PFg diffused back into the
electrolyte. As shown in Figure 10D, three distinctive regions of 4.08-4.59 V (stage 1), 4.59-4.63 V
(stage I1) and 4.63-5.0 V (stage 1) were found, corresponding to the anions intercalation stage of
graphite. As shown in Figure 10c, the AGDIB displayed discharge capacities of 105, 104, 100, 93,
and 79 mAh gt at 0.5, 1, 2, 3, and 5 C, respectively, and kept high reversibility with invariable
capacities when the current rate was set back to lower values. At a high current density of 2 C, a
capacity retention of 88% was achieved after 200 charge/discharge cycles, revealing good cycling
stability. As shown in Figure 10d, the AGDIB was capable to deliver specific energy densities of ~
222 and 150 Wh kg™ at power densities of 132 and 1200 W kg™, respectively, which were higher
than commercial LIBs (~ 200 Wh kg™ at 50 W kg™, and ~ 100 Wh kg™ at 100 W kg™). The dramatic
electrochemical performance was mainly resulted from the following reasons: (1) high concentration
of lithium salt in the electrolyte; (2) effective electrolyte additive (2 wt% vinylene carbonate, VC) in
the carbonate electrolyte as an SEI film formation agent to protect the anode to achieve good rate
capability and stable cycling performance; (3) Al foil acted as both anode and current collector,
which significantly reduce the dead weight and dead volume of the AGDIB, thus contributing to

increased specific energy density and volume energy density.
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Figure 11. a) Schematic illustration of charge/discharge processes of the dual-ion battery using Al foil as anode and

MCMB as cathode based on an ionic liquid electrolyte. b) Long-term cycling performance of the battery at 0.5 C

for 300 cycles. ¢) Ragone plot of the AI-MCMB DIB compared with conventional energy storage devices [159].

Copyright (2016) John Wiley and Sons.

Subsequently, the same group utilized a lithium-salt containing ionic liquid (1 M LiTFSI in

Pyri4,TFSI and 10% FEC) [159] as the electrolyte to further increase the cycling stability, since the

ionic liquid is more stable than organic electrolyte under high operating voltage. DIB using

MesoCarbon MicroBeads (MCMB) as cathode and Al foil as anode with an ionic liquid electrolyte

has demonstrated superior cycling stability with a reversible capacity of 98 mAh g™ after 300 cycles

at 0.5 C (Figure 11).

34



Molecular

Etching coupling

——up> [l
Polymer
molecule

carbon
layer

(b) 300 100
o~ —_—
5 250 ! ) L 8o &
= ¢ untreated Al discharge capacity =
T 200 A pAl discharge capacity 2
~ e pAl/C-2 discharge capacity L 60 .g
%’ . 2C v PpAI/C-2 charge capacity &
s ® pAl/C-2 coulombic efficiency - o
3 B
© 100
g H
5 5
§ 50 e 3
7] 4

04 a —— = . = 0

0 200 400 600 800 1000

Cycle number

Figure 12. (a) Schematic illustration of the fabrication process to make the pAl/C anode material; (b) long-term
cycling performance of the pAl/C-G DIB at 2 C for 1000 cycles with pAl and untreated Al foil as controls [160].
Copyright (2016) John Wiley and Sons.

The stability of Al anode in AGDIB is of high importance for long cycling life, as Al anode will
suffer from huge volume variation during lithium alloying and de-alloying. Accordingly, Tang group
developed a carbon-coated 3D porous aluminum (pAl/C) anode [160], which can efficiently alleviate
the mechanical stress caused by alloying process between Al and Li, and also promote the ion
diffusion efficiency for enhanced rate performance. Furthermore, the carbon out-layer can also help
buffer the anode volume change, and passivate undesirable reactions on Al surfaces. Due to the
synergistic effects, the DIB made from pAIl/C showed superior electrochemical performances

including high stability with 89.4% capacity retention after 1000 cycles at 2 C and ideal rate
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performance with 81.7% capacity retention at 20 C compared to that at 2 C (Figure 12). As for the
interfacial modification, Tang group synthesized a carbon coated hollow aluminum nanospheres on
Al foil as high-efficient anode material [161]. The hollow interface design can define the
alloying/de-alloying position inside the hollow nanostructures, and thus effectively alleviate the
surface pulverization and crack. The DIB based on carbon coated hollow nanospheres modified Al
anode showed excellent cycling stability with 99% capacity retention after1500 cycles (Figure 13).
All of these demonstrations provide a new potential avenue for the potential industrialization of

DIBs.
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Figure 13. (a) Schematic illustration of the CHAA fabrication process for the DIB; (b) long-term cycling
performance of the CHAA-DIB in comparison to the pristine Al foil-based DIB [161]. Copyright (2017) John

Wiley and Sons.

More recently, Tang group [162] reported an integrated dual-ion battery design with active

36



materials, current collectors, and separator, assembled into one flexible component. An aluminum
film was deposited directly onto one side of the 3D porous glass fiber separator to form a porous
anode, and graphite cathode were loaded on the other side of the separator, along with aluminum
film deposited on the top as current collector. This design demonstrates ultrafast charge/discharge
rate up to 120 C while maintaining high capacity of 116.1 mA h g™*. Moreover, long-term stability of
over 1500 cycles at a high rate of 60 C is achieved. The estimated energy density remains as high as

232.6 Wh kg™ at an ultrahigh power density of 22634.5 W kg™ (Figure 14).
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Figure 14. a) Schematic illustration of the preparation process of the integrated dual-ion battery (DIB). b)
Charge—discharge curves and c) the middle discharge voltages of the integrated dual-ion battery (DIB) at different
current rates ranging from 1 to 120 C. d) Rate capacities and corresponding CE of the integrated DIB at current
rates ranging from 1 to 120 C [162]. Copyright (2017) John Wiley and Sons.

In addition, lithium metal is another kind of metal anode for DIBs. For example, Dai and Jin et
al. [163] report a simple electrochemical route for the graphitization of amorphous carbons through

cathodic polarization in molten CaCl, at temperatures of about 1100 K, which generates porous

37



graphite comprising flower-like nanoflakes. This nanostructured graphite allows fast and reversible
intercalation/de-intercalation of anions, promising a superior cathode material for batteries. In a
Pyr14,TFSI ionic liquid and paired with a lithium metal anode, it exhibits a specific discharge capacity
of 65 and 116 mAh g* at a rate of 1800 mA g when charged to 5.0 and 5.25 V vs. Li/Li",
respectively. The capacity remains fairly stable during cycling and decreases by only about 8% when

the charge/discharge rate is increased to 10000 mA g™ during cycling between 2.25 and 5.0 V.

4.2 Other metal ion based DIBs

Other metal, such as sodium [164], potassium [165, 166], aluminum [167], rather than lithium,
based rechargeable ion batteries offer the possibilities for safety, high energy density and low cost
(Table 2). For example, Lu et al. [167] developed an aluminum based high-rate capability dual-ion
battery with an aluminum anode and a 3D graphene cathode. The battery operated by the
electrochemical  deposition and  dissolution ~ of aluminum at the anode, and
intercalation/de-intercalation of CIlO4 anions in the graphene based cathode with a
AIl(CIQO4)s/Propylene carbonate - fluoroethylene carbonate electrolyte. The battery exhibited plateaus
(about 1 V), high-rate capacity (101 mA h g™ at 2000 mA g™) and long cycle life (more than 400
cycles). More importantly, the battery also showed superior electrochemical properties with fast
charge and slow discharge (the battery could be fully charged in 13 min and discharged for more than

73 min).

4.3 Hybrid anion DIBs

A hybrid battery, consisted of a dual-salt electrolyte with two types of anion or/and cation, can
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exhibit excellent battery performances including long cycle life, fast charge/discharge rate, and high
CE [44, 113, 168-177]. Jiao et al. presented a “multi-ions battery”, using graphite as the cathode and
Al foil as the anode in a LiPFg+AlF; EMC-DMC electrolyte, in combination with vinylene carbonate
(VC) as a SEIl-forming additive. The energy storage in this multi-ions battery is based on the
intercalation of complex anions (PFs and AlF, ) into the graphite electrode, and the deposition of Li
on the surface of the Al electrode to form an AlLix alloy during the charge process. During the
discharge process, all ions are released into the electrolyte again. This process is illustrated

schematically in Figure 15.

Figure 15. Schematic illustration of the multi-ions battery during the charging and discharging process. (+)
Graphite/liquid electrolyte (LiPFs+AlF; EMC-DMC, VC)/Celgard separator/Al foil (-) from left to right. On the
cathode side, the complex anions (PFs and AlF,) were intercalated/deintercalated into/from the graphite electrode
during the charge/discharge process. On the anode side, Li* was deposited on the surface of the Al foil and formed
an AlLiy alloy during the charge process, and then dissolved into the electrolyte again during discharge process. In
the whole process, AlF; first strengthened energy storage as well as protected the Al foil anode from dissolving

[178]. Copyright (2017) John Wiley and Sons.
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Figure 16b,c illustrates the graphite cathode and an assembled pouch cell; the voltage of the
fully charged battery can reach to ~4.5 V vs. Li*/AlLiy. The battery can light up a green light emitting
diode (LED) lamp (Figure 16d,e), and the duration for lighting up of a LED lamp is over 96 hours.
Figure 16f shows the charge/discharge curves of the battery at a charge current density of 200 mA
g* and a discharge current density of 100 mA g * within the voltage range of 3.0-5.0 V vs. Li*/AlLiy.
The charge curves displayed two voltage plateaus (stage 1: 4.2-4.4 V and stage 2: 4.5-4.7 V), and the
charge capacity continuously dropped in the first three cycles due to the formation of SEI [32].
During the discharge process, two voltage plateaus at 4.2-4.4 V (stage 3) and 3.8-4.0 V (stage 4)
were also observed, corresponding to the de-intercalation process. A capacity of ~120 mA h g, and
no discharge capacity decay were observed in the subsequent cycles. Additionally, the battery can be
also charged/discharged over 300 cycles, and the corresponding results are shown in Figure 16g.
After 300 cycles, the battery delivered a reversible discharge capacity of ~113 mAh g™, which was
equivalent to 94.2% of the initial capacity, while the CE increased from 75% at the 10th cycle to

nearly 95% in the subsequent cycles.
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Figure 16. a) Schematic representation of the graphite crystal structure; the layer spacing is = 0.34nm b,c) The
prepared graphite cathode and the assembled pouch cell. d,e) The voltage measurement of the fully charged battery
and the battery lighting up a green LED lamp. f) The initial three charge—discharge curves of the battery in the
potential range of 3.0-5.0 V versus Li*/AlLi,. g) The cycling performance and CE of over 300 cycles at a charge
and discharge current density of 200 and 100 mA g%, respectively [178]. Copyright (2017) John Wiley and Sons.

Table 2. DIB systems and electrical performance of reported results.

Ref Cathode Anode Electrolyte  Voltage  Specific capacity Cycling capability
region
[179] KS-6 Graphite MnO, LiPFg 1.5-35 81 mAhg* 200 (90% from 3 rd to 2
[130] Graphite RGO EMIm PFg 0-4 30.3Fg* 74% after
50 cycles at 1.33 Ag*

[158] Graphite Al foil 4 M 3-4.95 105 mAh g'at 50 mA 88% after 200 cycles

LiPF¢/EMC gt at 200 mA/g

with 2 wt% 100 mAh g* at 200 mA

vC gt

41



[159] MCMB Al 1 M LiTFSI 3-48 100, 97, 94, 92, and 85 ~98 mAh g ‘after 300
in mAh gt at05,1,2 3 cyclesat05C
Pyr,TFSI and5C
and 10%
FEC
[160] Graphite Porous Al/C 4 M 3.0-4.95 104, 103, 102, 95, and 89.4% after 1000
LiPF¢/EMC 85 mAh gt at cycles
with 5 wt% 2,5,10,15,and 20 C
VC
[161] Graphite Bubble-She 4 M 3.0-4.95 106, 104, 103, 100, 98, 99 % after 1500
et-Like LiPF{/EMC and 85 mAh gtatl, 2 cycles
Interface Al 3,4,5,and 10 C
anode
[131] Graphite Graphite Pyri,TFSI 1-5 82.0, 73.0, 47.7, and 100% after 600 cycles
V(disch  24.0 mAh g* at a rate
arge 0f 0.3,0.8, 2, and 4C
plateau
4.4V)
[129] Graphite Soft Carbon 1 M NaPFg discharg 100, 73, 56, 47, and 40 81.8%  after 800
in e mAh gl at 200, 500, cycles
EC/DMC, plateau 1000, 1500, and 2000
6:4, viv 358V, mAg*
2 - 45
\Y/
[180] PTPAN Graphite 0.8 M KPFs 3.23 44, 39, 35, 31, and 28 755% after 500
in EC:DEC mAh g at 100, 150, cycles
(1:1, viv) 200, 250, and 300 mA
gfl
[111] Graphite Nb,Os 1 M 15-35 57 and 26 mAh g! at Not reported
LiPFEC/D 1C and 35C
MC (1:2)
[81] MCMB CGP 1.7M LiPFs 15-5V  Not reported Not reported
FEC-EMC
(4 : 6 wiw)
+
5mMHFIP,
[181] polycyclic Li LiPFs (1.0 25-4.2 39.9mAhg* after 960 cycles, 92%
aromatic M) in (EC)/ ~21 mAh g! at 500
hydrocarbon (DEC) (viv mAg*
1:1)
[82] KS6L graphite CG graphite  Pyry,TFSI-1  3-5.1V 88 mAhg* ~100% after 500
M LIiTFSI + cycles
2% ES 50 mAh g *at 5C
[164] graphite Sn 1 M NaPFgs 2.0-4.8 78, 74, 67, 65, and 61 94% after 400 cycles.
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in \Y; mAh gt at 1, 2, 3, 4,

EC+DMC+ and 5 C,
EMC (1:1:1
VIviv)

[109] graphite TiO, 1M 3.7-15  Not reported 88.6% after 50 cycles
LiPFe-EC:D  V
MC
2:2 viv)

[178] graphite Al LiPF+AIF3  3.0-50 =120 mAh g at 100 ~98%  after 600
EMC-DMC V mAg? cycles,

[165] expanded graphite MCMB 1MKPFgin 3.0-52 61,59, and 52 mAh g’ 82 mAh g* at Ist
EC-DMC-E V atl,2,and3C cycle, and 61 mAh g’l
MC (4:3:2 at 100th cycles
VIVIV)

[162] graphite Deposited 4 M 2.00-49 1173, 116.8, and 116.1 =~61% at 60 C after

Al LiPF{/EMC 5V mAh gt at 60, 90, and 1500 cycles

with 4 wt% 120 C,
VvC

[166] expanded graphite  Sn 1MKPFgin 3.0-5.0 50, 100, 200, and 300 93% for 300 cycles.
EC:DMC:E V, mA g * at 67, 63,57,
MC(4:3:2 and 52 mAh g
VIVIV)

[163] Graphite active Pyri,TFSI 2.25-5.2 70,and 61 mA g™ at ~100 % after 200

Nanoflakes carbon 5V 500, and 10000 mAh cycles
gfl

[167] 3D graphene foam Al Al(CIO /P 05-2 V 101 mAh g™ at 2000 ~100 % after 150

C-FEC av) mA g™ cycles

EMC: ethyl-methyl cabonate; FEC: fluoroethylene carbonate; VVC: vinylene carbonate; EC: ethylene carbonate ; DMC:
dimethyl carbonate; DEC: diethyl carbonate; PC: propylene carbonate.

5. Conclusion and perspective

The application of graphite as cathode in rechargeable batteries, particularly in DIBs and AlIBs,
gained significant attention during the last few years. This perspective outlined the study of structure,
mechanism of anion intercalated compound. Then, recent advance in various graphite cathode for the
application in AIBs and DIBs are discussed. The discussion in this review has illustrated that

significant amount of researches are devoted into enriching the anion intercalation devices. DIBs and
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AlIBs using graphitic materials as cathodes are promising energy storage devices ascribed to their
relatively high energy density and low cost. Although considerable progress have been achieved,
future research is still necessary to deal with the following challenges:

(1) Relatively lower CE. DIBs and AIBs deliver a low CE especially under lower rate and at the
beginning several cycles. This is partly because the intercalation voltage is out of the stable voltage
window of electrolyte from cathode, and partially resulted from the unstable SEI formed at the anode
when using high specific capacity and low reaction potential alloying type anode, i.e. Al, Sn etc. The
low CE from the anode should be solved flowing LIB solutions through electrode modification (nano
sizing or nano composition) and electrolyte additive (get stable SEI). However, the modification of
the graphitic cathode and the exploration of suitable electrolyte is a tremendous task, which requires
deep thought and painstaking exploration.

(2) The specific capacity of the cathode materials are relatively low, less than 124 mAh g*,
which is hard to satisfy the energy density required. Further increase of the cathode specific capacity
is an oncoming task.

(3) Other aspects: The electrolyte dependence nature of DIBs indicates electrolyte with higher
salt concentration is more appealing. In addition, the ratio of anode and cathode materials, as an
important parameter, should be given more attention in future research and practical manufacture.
Furthermore, current theoretical studies of anion intercalation behavior of graphite are mostly based
on DFT, but the employment of MD, which should give powerful support of interfacial effect
between the electrolyte and graphite, into anion intercalation system is highly demanded.

The probably strategies are:

(1) Possible strategies for higher CE: Read and Xu et al. [81] had developed high voltage
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electrolyte based on a fluorinated solvent and additive, and proved the relatively better efficiency of
the battery. The possible reasons should be: firstly, electrolyte solvents with the high working voltage
would decrease side reactions of solvents at high voltage and thus increase CE at high voltage;
secondly, electrolyte with high concentration can lower the intercalation potential and thus resulting
in an acceptable electrochemical performance. In another aspect, Dai group had promoted the CE
through adding an effective electrolyte additive [117]. Thus, researches on electrolyte additive should
be also an important direction.

(2) Possible approaches for higher specific capacity are listed as follows:

(a)Firstly, anion intercalation graphite cathode is limited in space to store anion during charging
process, thus searching for suitable multi-valent anion should be one of the possible solution to
promote specific capacity.

(b) Secondly, two-dimensional molybdenum carbide (the chemical formula of molybdenum
carbide is Mo 33C) had shown the ability of anion intercalation [182], thus the development of other
layered materials other than graphite would be a solution.

(c) Anion reaction mechanism rather than anion intercalation mechanism is reported with stable
cycling performance [180]. And some positive charge-accepting cathode could give a higher specific
capacity, such as tetrathiafulvalene derivative (196 mAh g*), antiaromatic porphyrinoid (200 mAh
g™!) and main-chain benzidine polymer (165 mAh g*) [183]. Thus, the development of novel anion
reaction cathode materials with higher specific capacity and lower reaction voltage should be a
viable solution. The use of positively charge-accepting cathode does have advantages: firstly, these
cathode operate at moderate voltage in the stable operation window of solvents; secondly, the

replacement of anion reaction mechanism from anion intercalation mechanism is potentially
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exhibiting high specific capacity and thus high energy density.
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