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SUMMARY

As promising alternatives to lithium-ion batteries, rechargeable
anion-shuttle batteries (ASBs) with anions as charge carriers stand
out because of their low cost, long cyclic lifetime, and/or high en-
ergy density. In this review, we provide for the first time, compre-
hensive insights into the anion shuttling mechanisms of ASBs,
including anion-based rocking-chair batteries (ARBs), dual-ion
batteries (DIBs), including insertion-type, conversion-type, and con-
version-insertion-type, and reverse dual-ion batteries (RDIBs).
Thereafter, we review the latest progresses and challenges
regarding electrode materials and electrolytes for ASBs. In addition,
we summarize the existing dilemmas of ASBs and outline the
perspective of ASB technology for future grid storage.

INTRODUCTION

Stationary energy storage technology is considered as a key technology for future
society, especially to support the ecological transition toward renewable energies.’
Among the available technologies (e.g., rechargeable batteries, fly wheels, and
compressed air energy storage), rechargeable batteries are the most promising
candidates for stationary energy storage because of their fast response, flexible
configuration, and relatively easier construction.? Lithium (Li)-ion batteries have
revolutionized energy storage technology since their introduction in portable elec-
tronic devices in 1991.” In the past few decades, they have quickly dominated the
markets of portable electronic and electric vehicle because of their high gravimetric
and volumetric energy density.* However, they are economically uncompetitive for
stationary energy storage because of the limited resources of Li and transition metals
in the earth’s crust. Thus, there is an urgent need to develop suitable battery systems
for stationary energy storage. In recent years, metal-ion batteries with low-cost
metal ions as charge carriers, including alkali metal-ion batteries (e.g., sodium
(Na)-ion and potassium (K)-ion batteries) and multivalent metal-ion-batteries (e.g.,
calcium (Ca)-ion, magnesium (Mg)-ion, aluminum (Al)-ion, and zinc (Zn)-ion batte-
ries), have demonstrated their capability to be viable alternatives to Li-ion batteries
for large-scale applications.” However, great efforts are still needed to tackle their
limited energy density and lifetime cost.

More recently, rechargeable anion-shuttle batteries (ASBs) have emerged as a novel
battery concept and attracted significant interest from the research community. As
their name implies, the mechanism of ASBs is based on anions (e.g., HSO,~,°
ClOs~,” PFs~ 2 F7, and CI7'9) as charge carriers, shuttling between electrodes
through the electrolyte. Unlike metal ions, which form ionic bonds with host mate-
rials, anions generally form hybrid covalent-ionic bonds within the host materials.

The bigger picture
Lithium-ion batteries have so far
remained the prevailing energy
storage devices in mobile devices
and electric vehicle markets.
However, the relatively high cost
of lithium and transition metal
compounds in electrodes hinders
their potential applications in grid
energy storage. As an alternative
energy storage strategy,
rechargeable anion-shuttle
batteries (ASBs) with anions, as
charge carriers compensating
charge neutrality of electrodes,
have attracted great attention
because of the prospect of low
costs, long cycle life, and/or high
energy density. Unraveling the
anion-shuttle chemistries will
benefit immensely the future
development of high-
performance batteries. This
review presents a purview of
emerging ASBs, including anion-
based rocking-chair batteries
(ARBs), dual-ion batteries (DIBs,
including insertion-type,
conversion-type, and conversion-
insertion-type), and reverse dual-
ion batteries (RDIBs). Their
corresponding charge storage
mechanisms, battery
configurations, recent advances in
electrode and electrolyte
materials, challenges, and
prospects are discussed in detail.
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This unique characteristic of anions enables them not only to insert into host mate-
rials but also to perform conversion or conversion-insertion reactions within the host
materials."’ ASBs exhibit obvious merits over traditional alkali-metal-ion batteries,
including: (1) long cycling lifetime and/or high energy/power density; (2) low
manufacturing costs due to the resource abundance of non-metallic charge carriers
and the wide application of inexpensive electrode materials (e.g., graphite); and (3)
environmental friendliness and improved safety due to the wide use of aqueous or
solid-state electrolytes. All these facilitate their applications for grid-scale energy
s‘corage.H

Atimeline of the development of ASBs is shown in Figure 1. The concept of ASBs was
developed from fundamental research on flakes of crystalline graphite in a solution
of sulfuric acid, where an interesting phenomenon of anion intercalation into
graphite was reported.’? However, at that time, this anion intercalation phenome-
non had not been deeply studied. In 1938, Ridorff et al. reported a reversible
anion-shuttle cell with graphite as both cathode and anode, along with the concen-
trated sulfuric acid as the electrolyte.® The reversible intercalation process of HSO,~
into graphite is seen as the earliest ancestor of ASBs. Anion-based rocking-chair bat-
teries (ARBs) were further developed on the basis of halogen-ion shuttling. In 2011,
Reddy et al. reported a new type of ASBs, in which fluoride ions acted as the charge
transfer carrier between a metal anode and a metal fluoride cathode.’ Subsequently,
in 2013, Zhao et al. reported another type of ARB based on chloride ion shuttling."®
The cell was composed of a metal anode and a metal chloride cathode, where a bi-
nary ionic liquid was employed as the electrolyte. Contemporaneously, aqueous

ARBs have also been developed.'*'*

In parallel with the development of halogen ion-shuttle batteries, dual-ion batteries
(DIBs) emerged in 1989. McCullough et al. proposed a pioneer non-aqueous
rechargeable DIB based on anion-intercalation in cathode.'® Soon after, Panero
et al. designed a new type of DIB by employing graphite as anode and polypyrrole
(PPy) as cathode in a carbonate-based electrolyte. ’ They claimed that the “rocking-
chair” terminology did not accurately describe this type of battery chemistry; thus,
the terms “dual-ion cell” or “di-on cell” were adopted. In the meantime, Carlin
et al. reported the electrochemical characteristics of the intercalation of various an-
ions (e.g., the aluminum-based superhalogen ion AICl,”; tetrafluoride borate ion
BF,~; and hexafluorophosphate ion PFs™) into graphite cathodes in an ionic
liquid-based electrolyte."® Furthermore, in 2000, Dahn et al. conducted an in-depth
investigation by in situ X-ray diffraction (XRD) into intercalation of PF,~ anions into
graphite in Li metal||graphite cells. They proposed the possible practical application
of DIBs in energy storage.® Then, in 2012, Placke et al. developed a graphite]|
graphite DIB, where both cations and anions participated in electrochemical reac-
tions during the charge-discharge processes. Other anode materials (e.g., LisTisO1>)
were also applied in DIBs."” In 2018, Jiang et al. demonstrated DIB chemistry in an
aqueous electrolyte with reversible electrochemical insertion of NO3 ™ into manga-
nese (Il, Il) oxide (Mn3O,) as cathode material.’® In 2019, Yang et al. proposed a
high-energy aqueous DIB based on a reversible halogen conversion-intercalation
into graphite cathodes, where anions acted as reversible redox centers for charge
transfer.’” Such conversion-insertion-type DIB delivered a high energy density
with good cycling stability. Based on the research into DIBs, in 2019, a new concept
of “reverse dual-ion batteries (RDIBs)” was proposed, using a highly concentrated
aqueous electrolyte in which anions intercalated into the anode while the cation-
deficient cathode hosted cations during discharge.””
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Figure 1. Timeline of the development of anion-shuttle-based batteries
PC, EC, and DEC represent propylene carbonate, ethylene carbonate, and diethyl carbonate, respectively

In recent years, ASBs have inspired research enthusiasm in both electrochemistry
and material science communities. Extensive efforts have been made, focusing on
in-depth understanding of the anion-shuttle mechanisms, and screening suitable
electrode and electrolyte materials for ASBs. Herein, for the first time, we compre-
hensively outline the working mechanisms and chemical characteristics of different
types of ASBs. In addition, we review the recent advances in the developments of
electrode and electrolyte materials for different types of ASBs, i.e., ARBs, DIBs
(including insertion-type, conversion-type, and conversion-insertion-type DIBs),
and RDIBs. We also highlight the challenges and prospects of the ASB technology
toward future grid energy storage.

SHUTTLE MECHANISMS

The different working principles of ASBs are illustrated in Figure 2. On the basis of
the anion-shuttling mechanism, ASBs can be further divided into 3 types: ARBs,
DIBs, and RDIBs. As shown in Figure 2A, ARBs, e.g., fluoride-ion batteries and chlo-
ride-ion batteries, depend on the electrochemically stable anions as charge car-
riers.”'? During the discharging process, anions are released from the cathode,
shuttle through the electrolyte, and react with the anode material. During charging,
the process occurs in reverse. The above electrochemical processes enable high
theoretical energy densities, especially considering volumetric energy density,
with output voltages of 2-4 V.?'

In contrast to ARBs, DIBs hinge on both anions and cations being charge carriers.
More specifically, DIBs include three types: insertion-type, conversion-type, and
conversion-insertion-type. Insertion-type DIBs have been the most common ones
so far. In the insertion-type DIBs, anions and cations are simultaneously inserted
into or decoupled from electrodes (Figure 2B).? In DIBs, during the charge process,
anions and cations in the electrolyte migrate toward the cathode and anode.
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Figure 2. The operational working mechanisms of different ASBs
(A) ARBs.

(B) Insertion-type DIBs.

(C) Conversion-insertion-type DIBs.

(D) RDIBs.

Conversely, the intercalated anions and cations in electrodes are released into elec-
trolytes during the discharge process. The storage and release of ions are associated
with faradic charge storage processes, such as intercalation or de-intercalation reac-
tions in the host materials or anode alloying reactions. In comparison with traditional
alkali metal-based batteries, the intercalations of anions into cathode host materials
contribute to a higher operating voltage (up to =5.0 V in the case of graphite cath-
ode), which facilitates to enhanced energy densities.?® Furthermore, low-cost carbo-
naceous materials are widely employed as cathode host materials for DIBs. Such
transition-metal-free configurations endow DIBs with cost-efficiency and environ-
mental friendliness. Conversion-type DIBs employ conversion reactions of anions
at cathode. For instance, zinc-iodine DIBs function via the Zn/Zn®* redox couple
on the anode and I37/I~ redox couple on the cathode.?® The Zn?* and I~ ions
move from electrolyte to electrodes during the charge process, and they are then
released from electrodes into the electrolyte in the subsequent discharge process.
Conversion-insertion-type DIBs are a further type of DIBs. Figure 2C displays a sche-
matic diagram of conversion-insertion-type DIBs based on anion shuttling with con-
version-intercalation reactions. Such DIBs use a two-step reversible reaction during
the charge process: a conversion process of anions occurs first at the cathode, fol-
lowed by an intercalation of the oxidation products into the electrode. In detail,
on the cathode side during the charge process, the conversion process is a single-
electron transfer oxidation of halide (X7) to elemental halogen X% atalow potential.
Subsequently, X intercalates into the layered host cathode with the formation of
intercalation compounds. Along with this process, cations are inserted into the
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anode host materials.” The discharge reverses the above conversion-intercalation
processes (i.e., the intercalated halogen atoms transform back to halides that are
released into the electrolytes). This mechanism possesses both the merits of conver-
sion reactions (i.e., high energy densities) and intercalation reactions (i.e., good
reversibility), which is promising for the future design of energy-dense batteries.

Similar to DIBs, RDIBs also employ both anions and cations as charge carriers (Fig-
ure 2D). However, here the cations are inserted into the anode and anions are inserted
into the cathode during the discharging process, while they are simultaneously
released into the electrolyte during the charge process. This operation configuration
is opposite to that of the DIBs. Unlike the conventional cation-based “rocking-chair”
batteries (e.g., Li-ion batteries) where the preferred cation transference number is 1,
the ideal cation transference number for DIBs and RDIBs is 0.5, i.e., both anions and
cations carry the same electrical conductance.?? As a result, inorganic solid-state elec-
trolytes with higher transference number (close to =1) are not suitable for DIBs and
RDIBs. Furthermore, the salt concentration in the electrolyte plays a key role in the elec-
trochemical processes of DIBs and RDIBs.?® On one hand, during the charge process of
DIBs or the discharging process of RDIBs, the salt concentration in the electrolytes re-
duces during the ion intercalation into the electrodes. Therefore, the salt concentration
should be sufficiently high to allow the ion storage in the electrodes.”” On the other
hand, high salt concentrations can reduce the amounts of solvents in the electrolyte,
which, hence, enables an enhanced energy density.”” However, beyond these positive
effects, high salt concentration also leads to high viscosity of the electrolyte, thereby
reducing the electrolyte ionic conductivity and increasing the polarization. Therefore,
the salt concentration in electrolytes needs to be carefully optimized to balance the en-
ergy density, kinetics, and cost.

ARBs

Compared with traditional rechargeable metal-ion batteries (e.g., Li-ion batteries),
ARBs present numerous advantages, such as high theoretical volumetric energy
density and low cost.”® Nevertheless, their practical applications are severely limited
by the restricted availability of suitable electrode materials and electrolyte. Thus,
further optimization of electrode structures and electrolyte compositions is
required. In this section, we discuss the anion storage mechanisms of ARBs (e.g.,
fluoride-ion battery and chloride-ion battery) with different electrolyte systems,
i.e., aqueous electrolytes and non-aqueous electrolytes, and comprehensively
discuss the recent progress of these ARBs.

Non-aqueous fluoride-ion batteries

Fluoride-ion batteries are attracting great attention because of their high theoretical
volumetric energy densities (up to 5,000 Wh L™, based on the total volume of cath-
ode and anode) when employing metallic anodes (e.g., cerium (Ce), lead (Pb), tin
(Sn), Zn, and Li) and metal fluorides (e.g., CuF, and BiF3) or fluoride-forming metal
oxides (e.g., LaCoQO4 and LaSrMnQy,) as cathode.?® In the early research stages, inor-
ganic solid-state electrolytes based on fluoride-ion conducting compounds (e.g.,
Lag oBag 1F29”) were widely applied in fluoride-ion batteries. Given that the ionic
conductivities of such solid-state electrolytes are not high enough at room temper-
ature, the resulting solid-state fluoride-ion batteries are generally operated at a rela-
tively high temperature (>150°C).

A proof-of-principle of rechargeable fluoride-ion batteries is demonstrated in
Figure 3A.” A full cell was constructed with a conversion-type BiFs cathode, a
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Figure 3. Fluoride-ion batteries

(A and B) Shown are the (A) schematic diagram and (B) corresponding discharging profiles of a
rechargeable Ce metal|Lag 9Bag 1F2.9|M'F, cell at 150°C with a current density of 10 pA cm?,
Reprinted with permission from Reddy et al.” Copyright 2011 Royal Society of Chemistry.

(C and D) Shown is the (C) operating mechanism of intercalation-type La,CoO, cathode in fluoride-
ion batteries and the (D) discharge profile of a Pb-PbF;|Lag 9Bag 1F2.9|LazCoOy cell at 170°C with a
current density of 10 pA cm 2. Reprinted with permission from Nowroozi et al.*® Copyright 2018
Royal Society of Chemistry.

(Eand F) Shown are the (E) TEM image of core-shell Cu@LaF; and the (F) charge-discharge profile of
a three-electrode cell with Cu@LaF; as the cathode with 1 M Np1F in BTFE liquid electrolyte.
Reprinted with permission from Victoria et al.”® Copyright 2018 Science Publish Group.

tysonite-type Lag9Bag.1F2.¢ solid-state electrolyte, and a Ce metal anode. Its working
mechanism is analogous to the “rocking chair” mechanism in Li-ion batteries except
that the charge carriers are fluoride ions (F7). Upon charging, the F~ ions travel through
the electrolyte to the cathode side and are subsequently incorporated by the cathode in
a conversion reaction. During the discharge process, a reverse reaction occurs at the
cathode, and then the F~ ions travel back to the anode. The typical discharge curves
of various metal fluorides versus Ce metal are shown in Figure 3B. The redox cathode
and anode reactions during cycling are indicated in Equations 1 and 2:

Cathode: xe™ + MF, & M+ xF~ (Equation 1)

Anode: xF~ + M & M'F, + xe~ (Equation 2)

6 Chem 7, 1-29, August 12, 2021

Chem



Please cite this article in press as: Liu et al., Rechargeable anion-shuttle batteries for low-cost energy storage, Chem (2021), https://doi.org/
10.1016/j.chempr.2021.02.004

Chem ¢ CellPress

where "MF,” and "M/" represent the metal fluoride or metal oxide fluoride cathode
and metallic anode, respectively. Although fluoride-ion batteries have achieved
high discharge capacity with evident plateaus, they still suffer from poor cycling per-
formance. Nowroozi et al. reported a reversible conversion mechanism of CuF; in
the Lag 9Bag.1F2.9 solid-state electrolyte system.29 They proposed that Cu diffusion
into the electrolyte and side reactions at the anode|electrolyte interfaces were
responsible for the capacity-fading behaviors. Besides these effects, the conver-
sion-type electrodes exhibit the poor transport kinetics and reversibility because
of repeated chemical bond formation or breaking during the conversion process,
accompanied by strong structural reorganization of the atoms. Therefore, opti-
mizing the structure and the compositions of electrodes and electrolytes and deep-
ening the understanding the electrode|electrolyte interfacial behaviors are critical
for the further development. Besides, intercalation electrodes, such as La,CoOy4
and LaSrMnQy, were developed as cathode materials for fluoride-ion batteries.*’
As shown in Figure 3C, LapCoO, can host approximately 1.2 fluoride ions per for-
mula mass.>® When applied in a Pb-PbFy|Lag 9Bag 1F2.9|La,CoO, full cell, the
discharge profiles exhibited distinct plateau characteristics at various potentials
around 0.25, 0.8, 1.3,and 2.8V at 170°C (Figure 3D). They also found that regulating
the cutoff capacity (65 mA h g~") efficiently avoided irreversible side reactions be-
tween carbon conductive additive and cathode active material, thus improving the
reversibility of fluoride-ion batteries. The full cell delivered an initially charge capac-
ity of 65mAh g~ based on the cathode material with =50 % capacity retention after
20 cycles.

Beyond LagoBag.1F29, other solid-state electrolytes, such as single crystal
tysonite (LaF3) and fluorite (CaF,), were developed for fluoride-ion batteries.?®
Although these crystalline materials exhibit relatively high ionic conductivities
(=107* S cm™") at room temperature, the complicated and high-cost synthesis
methods hinder their practical utilization in fluoride-ion batteries. In addition, the
structural transformation to polycrystalline-type materials resulted in decrease of
conductivity of the single crystal electrolytes. Several methods, e.g., doping hetero-
atoms,*” introducing nano-structuring,®® constructing thin-film electrolytes,** and
exploiting ternary fluoride electrolyte systems,®® were developed to enhance the
ionic conductivity and, therefore, lower the working temperature of such solid-state
electrolytes. In 2018, a room-temperature rechargeable fluoride-ion battery was
developed based on a tetragonal BaSnF, solid-state electrolyte.®® This solid-state
electrolyte possesses a high ionic conductivity of 3.5 x 107*S cm™" at room tem-
perature, with fluoride ions as the charge carriers. Two electrochemical cells, Sn|
BaSnF4|BiF; and Zn|BiSnF,4|BiF;, were assembled and tested at various tempera-
tures. The Sn|BaSnF4|BiF3 and Zn|BiSnF4|BiF; cells delivered the first discharge
capacity of 120 and 56 mA h g~ at room temperature, respectively, based on the
mass of BiF3, which was, however, followed by fast and irreversible capacity degra-
dation. Nevertheless, at an elevated temperature of 150°C, the Sn|BaSnF,|BiF; cell
could maintain high reversible capacity of 138 mA h g™ after ten cycles. To date, it
still remains a challenging task for solid-state fluoride-ion batteries to simultaneously
exhibit room-temperature operation and cycling durability.

Replacing solid-state electrolytes with liquid electrolytes is another way to enhance
the ionic conductivity of the electrolyte, which also reduces the working temperature
of the fluoride-ion batteries. An ionic liquid electrolyte was designed by dissolving
an organic fluoride (1-methyl-1-propylpiperidinium fluoride, MPPF) in N, N, N-tri-
methyl-N-propylammonium  bis(trifluoromethanesulfonyl)lamide  (TMPA-TFSA)-
based ionic liquid with a molar ratio of 1:10.%” Although the room-temperature ionic
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conductivity of this electrolyte was as high as =2.5 X 107> S cm™", the cycling per-
formance of the fluoride-ion cells based on this electrolyte was still limited due to
metal dissolution from the cathode. Victoria et al. reported a liquid electrolyte con-
sisting of 1 M N, N, Ntrimethyl-N-neopentylammonium fluoride salt (Np;F) in
bis(2,2,2-trifluoroethyl) ether (BTFE) solvent, which displayed a high ionic conductiv-
ity (=2.8 X 103Sem™ comparable with that of liquid electrolytes for Li-ion
batteries (i.e., 10 3t0 1072S cm ™'
conductivity, this ether-based electrolyte exhibited a wide electrochemical window

at room temperature).*® Besides the high ionic

of =4.1 V and a robust chemical stability toward the cathode material and the
fluoride salt. To mitigate the metal dissolution from the cathode into this electrolyte,
a composite cathode material with a core-shell nanostructure, Cu@LaF3, was further
developed (Figure 3E). The thin LaF3 shell (thickness: =5 nm) with electrochemical
inertness and highly selective fluoride-ion conductivity served as an artificial solid
electrolyte interface (SEI), which enabled facile fluoride ion diffusion between the
liquid electrolyte and the Cu core and also blocked Cu dissolution into the electro-
lyte. XRD measurements indicated CuF, formation inside the LaFs shell and the
plasma mass spectrometry of the electrolyte showed no Cu signal within the detec-
tion limits of the instrument. Such composite cathodes exhibited highly reversible
fluorination-defluorination reactions at room temperature in the abovementioned
liquid electrolytes (Figure 3F).

Gel polymer electrolytes in a quasi-solid-state have also been applied in fluoride-ion
batteries. Gschwind et al. developed a polyethylene glycol (PEG)-based gel polymer
electrolyte with 0.02 m ammonium bifluoride in dimethylcarbonate (DMC) as a plas-
ticizer.”” Such PEG-based electrolytes not only provided high ionic conductivity
(=21 x 1073 S em™") at room temperature and excellent thermal stability (up to
=340°C) but also efficiently restrained the dissolution of the reaction products
from the anode into the electrolyte. A Li metal||BiF5/C full cell based on this gel poly-
mer electrolyte exhibited a high discharge capacity of =136 mAh g~" based on the
active mass of cathode material. Extensive advances in fluoride-ion batteries are
underway to achieve high energy density and compete in properties against
traditional Li-ion batteries.

Non-aqueous chloride-ion batteries

ARBs based on chloride-anion shuttling, i.e., chloride-ion batteries, have also been
explored, based on a similar mechanism to that of the fluoride-ion batteries. Chlo-
ride-ion batteries possess numerous merits including: (1) low cost and sustainability
of chloride sources; (2) high theoretical volumetric energy up to 2,500 Wh L~" based
on the total electrodes, which is comparable with that of lithium-sulfur batteries'’;
and (3) enhanced safety due to the dendrite-free performance of their metallic
anodes during cycling.’® All these features benefit the sustainability for potential
large-scale energy storage applications. The working mechanism of chloride-ion
batteries can be described as follows:

Anode: M +xCl™ & M'Cl, +xe™ (Equation 3)

Cathode: MCl, + xe= <M +xCI™ (Equation 4)

where “MCL," represents metal chlorides (CoCl,, BiCl;, and VCl3, etc.), metal oxychlor-
ides (FeOCl, BiOCl, and VOCI, etc.), metal hydroxide chlorides (e.g., (CozFe(OH)g)Cl-

1.6 H,0), or organic chlorides (e.g., polypyrrole chloride (PPyCl), polyaniline (PANI)) as
cathode, and “M"™ represents highly electropositive metals (Li, Mg or Ca, etc.) as
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anode.'? Currently, chloride-ion batteries generally apply mixtures of chloride-based
ionic liquids (e.g., 1-methyl-3-octylimidazolium chloride ([OMIM][CI]), 1-butyl-1-methyl-
piperidinium chloride (PP14Cl)), and low-melting-point co-solvents (e.g., other ionic
liquids or carbonate solvents) as the electrolytes.’*? Although rechargeable chloride
shuttling is successfully realized in these electrolytes, the associated cathodes have
suffered from severe capacity decay during the charging-discharging processes. Poor
cycling performance is mainly due to continuous metal dissolution from the cathode
into the electrolyte and side reactions between the cathode material and electrolytes,
plus irreversible loss of electrodelelectrolyte contacts caused by large volumetric
expansion of the electrodes during cycling.

The characteristics of various cathode materials of chloride-ion batteries are summa-
rized in Table S1. Compared with metal chlorides, metal oxychlorides (e.g., BiOCI,*!
FeOCI,** and VOCI*?) possess higher chemical stability against metal dissolution of
cathode, given that the cations have a strong bonding with the Lewis basic 0%~
anions. The metal oxychlorides generally form layered structures whereby stacked
layers combine through van der Waals interactions. The reversible electrochemical
mechanism of FeOCI| cathode material was revealed in a Li metal||[FeOCI cell with
0.5 M PP14Cl in a 1-butyl-1-methylpiperidinium bis(trifluoromethylsulfonyl)imide
(PP1,4TFSI) electrolyte.*’ During the discharge process, chloride ions are first de-
intercalated from FeOClI, and subsequently the cathode is converted to FeO. The
FeOCI cathode material delivered an initial capacity of 158 mA h g~'. However,
1

the capacity rapidly faded to 60 mA h g™ after only 5 cycles, mainly because of
the loss of electrical contacts between the FeOCI and conductive carbon caused
by a large volume expansion or contraction from the phase transformation between
FeOCland FeO. Yu et al. proposed a nano-confined strategy to improve the electro-
chemical property of FeOCI.*? A thermal decomposition method under mild condi-
tions was used to synthesize the FeOCI/CMK-3 carbon composite, in which FeOCI
was well-confined in the mesopores of CMK-3 carbon. The atomic arrangement of
FeOCl| materials were investigated in depth with an ionic liquid electrolyte consisting
of 0.5 M PP14Cl in PP,4TFSI before and after cycling, as illustrated in Figure 4A. With
the CMK-3 confinement, the discharge capacity was increased to 202 mA h g™
(based on the mass of cathode active material) at 10mA g~', and the cycling stability
was improved (Figure 4B). This was attributed to the enhanced charge transfer, chlo-
ride ion diffusion, and controlled volumetric expansion relaxation provided by the
nano-confinement effect in the CMK-3. VOCI exhibits a chloride ion shuttling
behavior similar to that of FeOCI. When applied in 0.5 M PP14Cl in PC electrolyte
(conductivity: =4.4 x 107> S cm™"), the high mobility of chloride ions in the intact
layered structure enabled a reversible capacity of 113 mAh g™ at 2 C (1 C = 261
mA g~") with a Coulombic efficiency of 98% after 100 cycles.*?

Recently, layered double hydroxides (LDHs) were demonstrated as a new cathode
material for chloride-ion batteries.?® A CoFe-Cl LDH (i.e., [CozFe(OH)sICI- 1.6
H,0) material exhibited a low energy barrier because of its unique topochemical
transformation characteristic, which benefited highly reversible insertion or de-inser-
tion of chloride ions in its two-dimensional (2D) diffusion paths. Such super-stable 2D
channels seemed to be supported by chloride ions and the interlayer crystallo-
graphic water as pillars in the region between the octahedral host layers. During
cycling, the redox couples responsible for the electrochemical reactions were
Fe®*/Fe** and Co®*/Co®*, as shown in Figure 4C. Li metal||CoFe-Cl test cells with
0.5 M 1-butyl-1-methylpyrrolidinium chloride (BpyCl) in PC and PP14TFSI electrolyte
retained a high discharge capacity of 160 mA h g~' (based on the mass of
cathode active material) with a Coulombic efficiency of > 99 % over 100 cycles at
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Figure 4. Cathode materials for chloride-ion batteries

(A and B) Shown are the (A) schematic illustration of the electrochemical intercalation process of
conversion-type FeOC| material and the (B) cycling performance of various FeOCl composite
materials at 10 mA g~', Reprinted with permission from Yu et al.** Copyright 2017 American
Chemical Society.

(C and D) Shown are the (C) structural representation of CoFe-Cl LDH at various states (from left to
right: as-prepared, after discharging and after charging) and the (D) charge-discharge profiles of
CoFe-Cl LDH/C composite electrode at 100 mA g~". Reprinted with permission from Yin et al.*’
Copyright 2019 Wiley-VCH.

(E-G) Shown are the (E) schematic illustration of electrochemical reactions in PPyCl, (F) N1s XPS
spectra of PPyCI@CNT cathodes during cycling and the PP14CI-PP14TFSI electrolyte, and (G) CV
curves of a Li||[PPyCI@CNT cell at 50 uV s~ Reprinted with permission from Zhao et al.** Copyright
2017 American Chemical Society.

100 mA g~ '(Figure 4D). This indicates that LDH materials are promising cathode
candidates for halide-based ARBs.

Organic conducting polymers, such as chloride-ion-doped PPyCl and PANI, have
also been investigated as cathode materials for chloride-ion batteries.***> The
high chemical and electrochemical stability of these polymeric cathode materials
resolved the issues of cathode metal dissolution raised previously. The detailed
electrochemical operation mechanism of PPyCl@carbon nanotube (CNT) cathodes
is shown in Figure 4E.** The dominant electrochemical reactions were the conjuga-
tion of chloride ions with PPyCl based on a-a' linkages during cycling. X-ray photo-
electron spectroscopy (XPS, N1s) of PPyCI@QCNT cathodes showed a repeated peak
intensity change of the N* species during charge-discharge processes (Figure 4F),
and cyclic voltammetry (CV) curves remained steady along cycling (Figure 4G).
This validates the highly reversible electrochemical reactions claimed for
PPyCI@CNT cathodes. The Li metal|0.5 M PP1,Cl in PP;4TFSI|PPyCI@CNT full cell
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Figure 5. Solid-state electrolytes for chloride-ion batteries

(A and B) Shown are the (A) schematic diagram of a solid-state Li|[FeOCI chloride-ion cell with
PEO;-TBMACI;-SN3 polymer electrolyte and the (B) corresponding cycling performance at 10 mA
g~". Reprinted with permission from Chen et al.l*! Copyright 2019 Wiley-VCH.

(C and D) Shown are the (C) theoretical energy barrier of chloride ion migration in inorganic halide
perovskites and the (D) CV curves of a SnCl|cubic CsSnCls|Sn cell at 50 pV s~ " at 40°C. Reprinted
with permission from Xia et al.*” Copyright 2020 American Chemical Society.

yielded an initial discharge capacity of 93 mA h g~" with a relatively low median
voltage value of =2.4 V at 10 mA g~', which was 80% of the theoretical capacity
(i.e., 175 mA h g7, based on a doping level of 0.33 (PPyCl.33)). These relative
low energy densities limit the practical application of polymeric cathodes. A combi-
nation of polymeric cathodes with inorganic cathodes, to achieve a balance between
energy density and cycling stability, could be a potential research direction for the
future development of chloride-ion batteries.

Chloride-ion-conducting solid-state or quasi-solid-state polymer electrolytes have
been developed to solve the issue of cathode metal-ion dissolution, which is serious
in chloride-ion batteries based on ionic liquid-based electrolytes.'® Gschwind et al.
investigated the electrochemical behaviors of gel polymer electrolytes on the basis
of polyvinyl chloride (PVC), commercial gelatin, or polyvinyldifluoride-hexafluoro-
polymer (PVDF-HFP) as the polymer matrices.*® The Zn||CuCl,/C cell showed the
best electrochemical performance with the gel polymer consisting of gelatin, tetrae-
thylammonium chloride (TEACI), and dimethylsulfoxide (DMSO). Soon after, Chen
et al. constructed a rechargeable solid-state chloride-ion battery based on polyeth-
ylene oxide (PEQ) as polymer matrix and tributylmethylammonium chloride
(TBMACI) as chloride ion source (Figure 5A).% Succinonitrile (SN) was employed
as a solid plasticizer to further enhance the ionic conductivity of solid polymer elec-

-1

trolyte. This polymer electrolyte exhibited an ionic conductivity of =107> S cm ' at

25°C. The as-assembled solid-state Li metal||FeOCl cell displayed reversible electro-
chemical redox reactions with discharge capacities of about 60, 90, and 40 mAh g™

(based on the active mass of FeOCl) at 298, 313, and 323 K, respectively (Figure 5B).

Inorganic solid-state electrolytes are also available for chloride-ion batteries. Xia
et al. reported a room-temperature stable inorganic halide perovskite, cubic
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CsSnCls, as a potential solid-state electrolyte for chloride-ion batteries.*” As shown
in Figure 5C, the migration energy barrier of cubic CsSnCls (0.20 eV) is much lower
than that of monoclinic CsSnCls (0.44 eV) according to density functional theory
(DFT) calculations. Consequently, cubic CsSnCl3 shows an improved ionic conduc-
tivity (=3.6 X 107% S cm~'at room temperature) compared with that of the mono-
clinic CsSnCls (= 1077 S cm™" at room temperature). In the CV pattern of a Sn|cubic
CsSnCl3|SnCl; cells at 40°C, no peaks related to electrolyte decomposition were
observed, demonstrating the high electrochemical stability of this electrolyte (Fig-
ure 5D). Further improvement in ionic conductivities for the solid-state electrolytes
is still required to accomplish a room-temperature operation of the solid-state chlo-
ride-ion batteries.

On the anode side, most studies of chloride-ion batteries employed Li metal as the
anode. Replacing Li metal with other abundant metals (e.g., Na, Mg, and Ca) as the
anode will undoubtedly reduce the cost of chloride-ion batteries.*® In particular, Mg
metal could be a promising anode for chloride-ion batteries because of its low cost
and ability to provide two electrons per redox reaction. Considering the electrolyte
decomposition products on the surface of pure Mg anode block the reversible
plating-stripping of Mg, a Mg/C composite anode was developed to mitigate inter-
facial side reactions.*” The Mg/C anode-based chloride-ion cells with FeOCI or
BiOCI as cathode and 0.5 M PP4Cl in PP4TFSI as electrolyte deliver the initial
discharge capacity of 102 and 130 mA h g™, respectively, (based on the mass of
cathode active material) at 10 mA g~'. However, the cells still suffer from a large
capacity decay upon cycling because of the volumetric expansion of Mg and the re-
sidual interfacial side reactions. Therefore, it remains a huge challenge to develop
suitable non-Li metal anode for high-performance chloride-ion batteries.

Other non-aqueous halide-based rocking-chair batteries

Non-aqueous bromide-ion batteries have been reported for energy storage.”® As a
proof-of-concept, Yin et al. reported a bromide-ion battery constructed with Li metal
as anode, the bromide-intercalated CoNi LDH as cathode, and 0.5 M 1-butyl-1-
methylpyrrolidinium bromine (Bpy14Br) dissolved in PC as the electrolyte.®® Ex situ
XRD, XPS, and energy-dispersive X-ray spectroscopy (EDS) measurements verified
that bromide ions could be reversibly inserted or de-inserted into/from the LDH
cathode, meanwhile a valence change of Co/Ni was observed with minimal struc-
tural or morphological change in the LDH domain. The as-prepared LDH cathode
material possessed a maximum discharge capacity of 338.9 mA h g~ with a plateau
ata potential of = 1.7V and a stable reversible capacity of = 100 mAh g~' (based on
the mass of LDH) after 50 cycles at 200 mA g~ . This demonstrates the utilization
potentiality of the bromide-ion batteries.

Besides halide ions, metal-halide complex ions (hereafter referred to as superha-
lides) have also been applied to develop high-performance ARBs. For example,
Lin et al. reported an ARB with chloroaluminate (AICl,™) anions as charge carriers
during cycling.”" Their ARB contained Al metal as the anode, flexible graphitic
foam as the anode, and AICl; in 1-ethyl-3-methylimidazolium chloride (EMIMCI) as
the electrolyte. At the anode, Al metal and AICl4™ react to form Al,Cl;~ during
discharging, and a reverse reaction occurs during charging. At the cathode, AICl,~
anions are intercalated or de-intercalated between graphite layers during charge
and discharge processes, respectively. Full cells delivered a specific capacity of
about 70 mA h g~ (based on the mass of graphite cathode) and a high Coulombic
efficiency of approximately 98% at 66 mA g~ and lasted for more than 7,500 cycles
at 4,000 mA g~' without obvious capacity decay. Further optimizations on this
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battery system mainly focused on engineering the graphite cathode structures®” and
employing gel polymer electrolytes to enlarge the electrolyte electrochemical win-
dow.>? Expanding the superhalide-shuttling chemistry is attractive for the develop-
ment of cost-effective, safe, and high-power-density batteries for safer grid energy
storage.

Aqueous ARBs

As discussed so far, organic liquid electrolytes with flammable and/or toxic solvents
are extensively employed in most ARBs. Compared with these organic liquid elec-
trolytes, aqueous electrolytes exhibit conspicuous advantages, including non-flam-
mability, eco-friendliness, and cost benefits due to the non-reliance on ultra-dry
manufacturing facilities at cell, module, or pack levels.”* However, most of the elec-
trode materials for ARBs suffer from low compatibility or severe dissolution in
aqueous environments. Therefore, the development of aqueous ARBs necessitates
screening of appropriate redox couples.

Rechargeable aqueous alkaline cells have been developed with oxides,” hydrox-
ides,® or sulfides as cathode,”” Zn or iron (Fe) metals as anode, and hydroxide
ions (OH™) as charge carriers in the electrolytes. This proof-of-concept was pro-
posed from “Edison batteries” with nickel oxyhydroxide (NiOOH) and Fe as cathode
and anode, respectively.”® More recently, Parker et al. reported an aqueous
NiOOH]||Zn cell with an anode reaction of Zn + 4 OH™ < [Zn(OH)4]?>~ + 2e” and a
cathode reaction of NIOOH + H,O + e~ < Ni(OH), + OH™.>° At a deep depth of
discharge, this battery delivered a specific energy competitive to that of commercial
Li-ion batteries and exhibited a lifespan of more than 50,000 cycles with a preset
voltage limit of 0.8 V. This illustrates its high reliability and promising application
potential.

Halide ions can be reversibly stored in silver (Ag) and bismuth (Bi)-containing
electrodes on the basis of a conversion mechanism.®” In 2017, a rechargeable chlo-
ride-ion battery was designed by using BiOCl as the anode, Ag metal as the cathode,
and 1 M NaCl aqueous electrolyte.'® As displayed in Figure 6A, upon charging,
chloride ions travel through the aqueous electrolyte from the anode side (3BiOCl+
3e” — Bi+ Bi;O3+ 3CI™, where Bi and Bi,O3 are the decomposition products of un-
stable BiO) to the cathode side (Ag + CI~ —AgCl+ e7), whereas the opposite pro-
cess reversibly occurs upon discharging. This aqueous chloride-ion cell delivered a
highly stable discharge capacity of 922 mA h g™ (based on the mass of BIOCl) with a
Coulombic efficiency of =99% after 40 cycles at a current rate of 400 mA g~ (Fig-
ure 6B). Besides this material, Sb,OsCl; has also been applied as an anode material
in chloride-ion batteries with aqueous NaCl electrolyte.®” When assembled with an
Ag cathode in a 1 M NaCl aqueous electrolyte, the full cell maintained a discharge
capacity of 34.6 mAh g~ (based on the mass of Sb4OsCl.) after 50 cycles at 600 mA
g~". This aqueous battery model provides a prospect of employing seawater as the
electrolyte for rechargeable batteries.

Fluoride ions possess excellent merits, such as superior electrochemical stability,
small size, and light weight, which benefits charge transport when applied as charge
carriers in rechargeable ARBs. Recently, an aqueous fluoride-ion flow battery was
proposed in 2019."* The cell was constructed with a 0.8 M NaF aqueous electrolyte
(=5.173 x 1074 Secm™~" at room temperature) coupled with a 4-hydroxy-2,2,6,6tet-
ramethylpiperidin-1-oxyl (4-hydroxy-TEMPO) cathode and a BiF3 anode (Figure 6C).
An anion exchange membrane (AEM) allowed the transport of fluoride ions between
the anode and cathode for balancing the charge. This flow battery displayed specific
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Figure 6. Aqueous anion-shuttle rocking-chair batteries

(A and B) Shown are the (A) schematics of a BIOCI|1 M NaCl aqueous electrolyte|Ag chloride-ion
cell upon cycling and the (B) corresponding cycling performance at 400 mA g~'. Reprinted with
permission from Chen et al."* Copyright 2017 Elsevier.

(C and D) Shown are the (C) schematics of an aqueous 4-hydroxy-TMPO|0.8 M NaF salt aqueous
electrolyte|BiF; fluoride-ion flow cell upon cycling and the (D) rate performance of this cell.
Reprinted with permission from Hou et al.? Copyright 2019 Elsevier.

discharge capacities of 83mAhg™',56.2mAhg™",38mAhg™",26.3mAhg™", and
19.4 mA h g~ (based on the mass of BiFs) at current rates of 1,000, 1,500, 2,000,
2,500, and 3,000 mA 9_1, respectively (Figure 6D). Despite the safety and environ-
mental friendliness merits, the energy density of state-of-art aqueous ARBs still
needs to be improved via innovations in electrolyte-compatible electrode materials.

INSERTION-TYPE DIBs

DIBs operate based on the electrochemical reactions of both cations and anions.
Insertion-type DIBs are the most studied DIBs. Typically, the electrochemical reac-
tions occurring on the electrodes in graphite-based insertion-type DIBs (e.g., PFs™
and Li* as active ions) can be summarized by Equations 5 and 6%

Anode: C+xLi* +xe” < Li,C (Equation 5)

Cathode: C+xPF,~ < (PF;),C+xe™ (Equation 6)

Compared to traditional metal-ion batteries, the reactions occurring on DIB cath-
odes are the insertion and withdrawal of anions rather than cations.? In this regard,
DIBs can achieve several huge advantages, including low cost, high output voltage,
and environmental friendliness. However, the high operation voltage and repeated
intercalation or deintercalation of large-radius anions can trigger electrolyte decom-
position and structural deterioration of cathode materials.®” Therefore, for the pur-
pose of stable electrochemical performance, it is of great importance to develop
suitable anion hosts and appropriate electrolytes for DIBs. In this section, we discuss
the intercalating or de-intercalating mechanisms of anions in insertion-type DIB
cathodes in detail and systematically summarize the recent progress in insertion-
type DIBs based on different anion host materials (e.g., graphite) and various elec-
trolyte systems (e.g., aqueous electrolytes and non-aqueous electrolytes).
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Graphite-based non-aqueous insertion-type DIBs

Graphite with low cost and a stable layered structure is the most widely investigated
anion host material (i.e., cathode) for insertion-type DIBs. Until now, the mechanisms
of various anions inserting into graphite have been reported, including PFs~,%
bis(trifluoromethanesulfonyl) imide anion (TFSI),%* and bis(fluorosulfonyl) imide
anion (FSI7).°* Generally, the intercalation of these anions into graphite occurs at
relatively high voltages (e.g., =4.5 V versus Li/Li* in Li-based DIBs); therefore,
high-voltage stability is indispensable for their electrolytes. Such highly stable elec-
trolytes can be designed by optimizing their composition, e.g., adding additives,”
employing fluoride solvent-based electrolytes,® and increasing the salt concentra-
tion of electrolytes.®

When anions intercalate into the layered structure of graphite, graphite turns into a
graphite intercalation compound (GIC). Compared to pristine graphite, the inter-
layer distance in GICs is enlarged, meanwhile the interlayer interactions among
the graphene layers are weakened. This intercalation mechanism has been ex-
plained by two models: the Ridorff model and the Daumas-Hérold model (Fig-
ure 7A).°¢ Rudorff model illustrates that no structural distortion of the graphene
layers occurs during insertion of ions into the graphite. On the contrary, Daumas-
Hérold model supposes that the graphene layers are flexible and can deform
when ions are intercalated.®” Assuming that the intercalants are inserted into
graphite in a continuous process and there are no defects in the graphite lattice,
the formation of GICs can be divided into several stages involving different interlayer
spacings. Diffraction techniques, e.g., XRD, can measure the interlayer spacing of
graphite and, thus, identify whether anions are inserted into the graphite or not.®’
The structure and particle size of graphitic cathode materials have significant effect
on the room-temperature performances of DIBs but little effect on their elevated-
temperature performances. Placke et al. investigated the electrochemical perfor-
mances of 14 types of graphitic materials in TSFI anion-based DIBs.®® Among
them, mesocarbon microbead (MCMB) delivered the lowest capacity at 20°C, which
could be ascribed to the fact that its surface coating hinders the intercalation of TSFI
anions. Moreover, graphite with relatively smaller particle size and larger surface
area could deliver higher discharge capacity at 20°C. However, these graphite ma-
terials with different sizes and structures yielded similar capacity (=100 mAh g~ ") at
60°C. It indicates that the improved mobility kinetics of TSFI anions could mitigate
the impact of structure and particle size of graphite cathode materials at an elevated
temperature.

Among various insertion-type DIBs employing graphite cathodes, Li-based DIBs
(with Li-ion as the active cation in the electrolyte) have been investigated in detail.
Graphite cathodes can be coupled with various anodes for Li-based DIBs, including
graphite,é5 amorphous carbon,®? Li metals,”® Si,”" and even bare Al foil.”? A Li-
based DIB was reported applying graphite as both cathode and anode materials.®
With 1.7 M LiPF, and 5 mM tris(hexafluoro-iso-propyl)phosphate (HFIP) additive in
an electrolyte of fluoroethylene carbonate (FEC):ethyl methyl carbonate (EMC)
(4:6 by weight), the as-developed DIB enabled a reversible intercalation or deinter-
calation of PF4™ into graphite cathode and achieved a high operation voltage of 5.2
V. Such cell delivered a specific capacity of 60 mA h g~ at 1/7 C, which decayed
0.75% per cycle in 50 cycles. Establishing a stable and robust cathode electrolyte
interface (CEl) layer on the graphite cathode can further enhance the structural sta-
bility of graphite during battery operation and, thus, improve the cycling perfor-
mances of DIBs. Artificial CEl layers have been reported to modify graphite cathodes
for Li-based DIBs (Figure 7B).”° Such artificial CEl layers were generated by a 5-cycle
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Figure 7. Insertion-type DIBs based on graphite cathodes and organic liquid electrolytes

(A) Schematic illustration of ion intercalation into graphite according to different models.
Reprinted with permission from Sole et al.*” Copyright 2014 Royal Society of Chemistry.

(B and C) Shown are the (B) scheme illustration showing the Li-based DIBs with an artificial CEl on
the graphite cathode and the (C) typical charge-discharge curves of Li-based DIBs with modified
graphite cathode and unmodified cathode at 200 mA g~'. Reprinted with permission from Li et al.”®
Copyright 2018 Wiley-VCH.

(D and E) Shown are the (D) Typical charge-discharge curves of Ca-based DIB with graphite
cathode; the inset is one such cell driving two LEDs in series and the (E) cycling stability of such Ca-
based DIB at 100 mA g~". Reprinted with permission from Wang et al.”* Copyright 2018 Nature
Publish Group.

galvanostatic charge-discharge process at a relatively small current rate of 100 mA
g~ (based on the active mass of graphite cathode) and in a relatively low potential
range (0.3-2.0 V versus Li/Li*) in a 1 M LiPF, in EMC electrolyte. This artificial CEl
layer limited electrolyte decomposition and solvation effects of anions near the sur-
face of the graphite cathode, and thus improved the stability of graphite cathode
during cycling. As a result, when the upper voltage limit was set at 5V, the Li
metal|jas-modified graphite DIB delivered a higher capacity of 80 mA h g~' and
much better cycling stability at 200 mA g~ than cells with non-treated graphite cath-
odes (Figure 7C). Furthermore, highly concentrated electrolytes are reported to
improve the cycling stability of graphite cathodes.®® Compared to electrolytes
with 4 M lithium bis(fluorosulfonyl)imide (LiFSI), the more concentrated 7.5 M LiFSI
in EC: DMC (1:1 by volume) electrolyte expanded the electrolyte oxidation stability

16 Chem 7, 1-29, August 12, 2021



Please cite this article in press as: Liu et al., Rechargeable anion-shuttle batteries for low-cost energy storage, Chem (2021), https://doi.org/
10.1016/j.chempr.2021.02.004

Chem ¢ CellPress

from 4.9 to 6.0V versus Li/Li* and enabled DIBs to attain much better cycling stabil-
ity to 300 cycles.®” In addition, given that applying highly concentrated electrolyte
can decrease the total amount of electrolyte solvent required, the overall energy
density of the battery can be improved. Using aluminum foil as an alloying anode
and graphite as cathode, such a DIB yielded an energy density of 180 Wh kg™ based
on the total mass of electrode active materials and electrolyte.

To further reduce the cost of insertion-type DIBs, non-Li-based DIBs (e.g., Na-,”?
K-,’* Zn-,”®> and Ca-’® based DIBs) with graphite cathodes have received great
research attention in recent years. The applications of these earth-abundant ele-
ments can further reduce the cost of DIBs.”” Recently, a Ca-based DIB was reported
with graphite as cathode and Sn foil as anode.”® As shown in Figure 7D, three
plateau regions in the charge-discharge profiles indicate different consecutive trans-
formations of graphite during PF, ™ insertion. The high output voltage of such a cell
successfully powered two light-emitting diodes (LEDs) in series (Figure 7D, inset). A
0.8 M Ca(PFg), in EC: PC: DMC: EMC (2: 2: 3:3 by volume) electrolyte was deter-
mined to be a stable electrolyte for Ca-based DIBs. As a result, the as-fabricated
DIBs delivered a specific capacity of 80 mA h g™' (based on the weight of the

graphite cathode) after 350 cycles at 100 mA g~"

with almost no capacity decay (Fig-
ure 7E). It should be noted that the capacity and Coulombic efficiency of such Ca-
based DIB was increasing during the cycling test, which could be ascribed to a
continuous activation process. Furthermore, a novel Zn-based DIB was constructed
with the addition of trimethyl phosphate solvent in 1.5 M Zn(TFSl), in EMC electro-
lyte, which enabled the operation of a 2.80 V Zn metal||graphite DIB.”® In such
electrolyte, a unique anion solvation reconfiguration enabled the anode stability
of carbonate electrolytes. The assembled Zn-based DIBs exhibited a long cycle
life with 92% capacity retention after 1,000 cycles.

Considering that organic liquid electrolytes still face leakage and flammability is-
sues, insertion-type DIBs employing non-flammable quasi-solid-state electrolytes
have been investigated to enhance battery safety.”” In addition, employing quasi-
solid-state electrolytes with crosslinking polymer matrices can effectively regulate
cation or anion fluxes, thus enabling homogeneous ion intercalation (or deposition)
into or onto the electrodes. An in situ synthesized gel polymer electrolyte was devel-
oped for Na metall|graphite DIBs, in which ethoxylated pentaerythritol tetraacrylate
(EPTA) monomers were selected to gelate a PC:EMC: FEC (1:1:1 by volume) electro-
lyte containing 0.5 M NaPF4 and 4 wt% panesultone (PS) additive.”” In such a gel
polymer electrolyte, FEC formed a robust SE| layer on the Na metal anode, whereas
PS assisted to generate a thin CEl layer on the graphite cathode (Figure 8A). In situ
XRD results confirmed the good reversibility of PFs~ (de)intercalation into the
graphite cathode (Figure 8B). Based on the mass of graphite cathode alone, this
gel polymer electrolyte-based DIB yielded a specific energy of 484 Wh kg™ with
an output voltage of =4.4 V. During cycling, such cells delivered capacities of
=78 mA h g~ after 1,000 cycles at 100 mA g~ ', indicating their excellent cycling
stability. Recently, a novel gel polymer electrolyte was developed based on
graphene oxide and a PEO co-modified PVDF-HFP polymer framework for Li-based
DIBs.?” In this gel polymer electrolyte, graphene oxide, PEO, and PVDF-HFP
formed hydrogen bonds between each other, which led to a disarranged polymer
structure with a porous polymer morphology and decreased PEO crystallinity,
which effectively facilitated ion transfer in the electrolyte. After soaking the copol-
ymer in 4 M LiPF¢ in EMC with 2% vinylene carbonate (VC) liquid electrolyte, this
as-prepared gel polymer electrolyte showed a high ionic conductivity up to
~2.1 x 107> S cm™" at room temperature. When employed as a quasi-solid-state
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Figure 8. Insertion-type DIBs based on graphite cathodes and quasi-solid-state electrolytes

(A and B) Shown are the (A) schematic illustration of the Na-based DIB using a gel polymer
electrolyte and the (B) intensity contour map derived from in situ XRD profiles of the Na|gel polymer
electrolyte|graphite cell during the initial discharge and charge process at 10 mA g~". Reprinted
with permission from Xu et al.”* Copyright 2020 Elsevier.

(C and D) Shown are the (C) schematic illustration showing the structure of the soft-packaged DIB
based on a gel polymer electrolyte and the (D) charge-discharge profiles of such DIB at 2 C.
Reprinted with permission from Chen et al.?> Copyright 2018 Wiley-VCH.

electrolyte to assemble a soft-packaged DIB (Figure 8C), the resultant pouch cell
exhibited good flexibility and excellent electrochemical performance and delivered
a stable capacity of =103 mA h g~ at a current rate of 200 mA g~ (Figure 8D).

In addition, the characteristics of anion intercalation into graphite in the presence of
ionic liquid-based electrolytes have been investigated in recent years.*' % lonic lig-
uids generally present high chemical stability, low vapor pressure, and non-flamma-
bility features; therefore, they can withstand the high operation voltages of DIBs and
greatly enhance battery safety.®* For example, 1 M lithium bis-trifluoromethanesul-
fonimide (LiTFSI) in N-butyl-N-methylpyrrolidinium bis-trifluoromethanesulfonimide
(Pyr14TFSI) was employed as the electrolyte for a graphite||graphite DIB.®? Although
the 1 m LiTFSI in Pyri4TFSI electrolyte showed a low compatibility with graphite an-
odes, the addition of a small amount (2 wt%) of ethylene sulfite as a SEI-forming ad-
ditive successfully enabled the stable operation of the graphite||graphite DIB in such
an ionic liquid-based electrolyte. Because of the high stability of ionic liquids, the
cells could be reversibly charged to a high cutoff voltage of =5.2 V. The as-devel-
oped battery yielded a stable specific capacity of 50 mA h g~" based on the mass
of graphite cathode and a Coulombic efficiency of 99.8% throughout 500 cycles at
500 mA g~'. Furthermore, the AICI,~ superhalide was successfully intercalated
into graphite in an EMIMCI: AICl3 ionic liquid electrolyte.®® An in-depth understand-
ing of the AICI,~ intercalation mechanism was gained by employing energy-disper-
sive-XRD (ED-XRD) and tomography, where the AICl,™ intercalation in graphite was
observed to proceed on a multi-staged path. The new insight on such mechanisms
evidenced a mixed-staged region in the initial phase and a two-staged region in the
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second phase, which is of fundamental importance for the future development of
AlCl;"-based DIBs. However, it should be noted that the cost and viscosity of pre-
vailing ionic liquids are relatively high; therefore, further optimization of ionic liquid
systems is important for futuristic viable applications in large-scale energy storage.

Non-graphite-based non-aqueous insertion-type DIBs

Avariety of non-graphitic cathode materials have also been developed for insertion-
type DIBs, including organic materials,®® layered metal oxides,?” and metal organic
frameworks (MOFs).?? These possess different mechanisms for accommodating
anions.

Until now, various redox-active organic materials have been reported for insertion-
type DIBs, including nitrogen-containing aromatic compounds,®® porphyrin-based
materials,®” and hydrocarbon materials.”® Generally, organic materials accommo-
date anions in a lower voltage range than graphite. This characteristic eases the
requirement for high oxidation stability of the electrolytes for DIBs, thus benefiting
accessibility to a wider range of electrolytes in DIBs.”’ For example, polytriphenyl-
amine (PTPAn) was synthesized as a cathode material for K-based DIBs.”? Figure 9A
indicates the mechanisms of such an organic molecule accepting anions during
charging and releasing them during discharging. The nitrogen atom in the middle
of the triphenylamine unit loses one electron during the charging process to become
positively charged, subsequently this nitrogen atom can bind one PF,~ molecule. As
a result, with an additive-free 0.8 M KPF4 in EC:DEC (1:1 by volume) electrolyte, the
PTPAn||graphite full-cell DIB delivered good electrochemical performance within
1.0-4.0V (Figure 9B).

Layered metal oxides can store anions through an intercalation mechanism, which is
similar to that of gra|ohi'ce.87 Layered metal oxides, such as Nag sNig.25Mng 7505,
were developed as the cathode material for insertion-type DIBs.®” As shown in Fig-
ure 9C, upon charging, Na ions were de-intercalated from the metal oxide cathode,
and ClO,4~ ions were subsequently intercalated into the cathode. The reverse reac-
tions occur during the discharge process. Figure 9D shows charge-discharge curves
of a Na metal||Nag sNio 2sMng 7502 DIB at 20 mA g~ ' based on the cathode material
mass and the cycling performance at 50 mA g~'. These results indicate that such
layered metal oxides deliver a high reversibility when storing and releasing anions.

MOFs are a type of organic-inorganic hybrid materials with intramolecular pores,
formed by coordination-bond self-assembly of organic ligands and inorganic
metal ions or clusters. Their unique and tunable pore structures can effectively
accommodate other ions, which makes them promising as insertion-type DIB cath-
ode materials.” Aubrey et al. prepared a Fe-based MOF, Fe,(dobpdc) (dobpdc“’ =
4,4'-dioxidobiphenyl-3,3'-dicarboxylate), and found that anions (BF,~, PF,~, TFSI,
etc.) can be successfully inserted into this MOF (Figure 9E).?® This MOF was subse-
quently applied as a cathode material to assemble DIBs with Na metal anodes. With
0.6 M NaPF¢ in an EC:DMC electrolyte, the as-developed cell yielded a stable
capacity of =90 mA h g~ for 50 cycles at 140 mA g~ based on the mass of the
MOF cathode (Figure 9F).

Although the various cathode materials detailed above have proved to have the
ability to accommodate anions, there is still lack of satisfying cathode materials
simultaneously possessing high capacity, good redox kinetics, and high stability
for insertion-type DIBs. Furthermore, the mechanisms of anion hosting in these
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Figure 9. Insertion-type DIBs based on non-graphite-based cathodes and non-aqueous
electrolytes

(A and B) Shown are the (A) mechanism of the PTPAn molecule accepting anions during charging
and losing anions during discharging and the (B) typical charge-discharge curves of a graphite ||
PTPAn full cell, and the corresponding two half cells (K metal|[PTPAn and K metal||graphite),
Reprinted with permission from Fan et al.”? Copyright 2017 American Chemical Society.

(C and D) Shown are the (C) typical charge-discharge profiles of the DIB based on

Nag sNig 25Mng 750, cathode (top), and the schematic illustration showing the reversible anion
intercalation-deintercalation process in such cathode (bottom) and the (D) charge-discharge
curves of such DIB in the initial two cycles at 20 mA g ™', and the corresponding cycling performance
(inset), Reprinted with permission from Li et al.?” Copyright 2018 Elsevier.

(E and F) Shown are the (E) schematic illustration showing the working mechanism of the DIB with a
Fes(dobpdc)Ax MOF cathode and the (F) cycling performance of the Na metal||Fe,(dobpdc)A, cell at 1 C.
Reproduced with permission from Aubrey et al.*® Copyright 2015 American Chemical Society.

cathode materials need to be elucidated via in situ characterization techniques for
the development of novel and effective cathode materials.

Aqueous insertion-type DIBs

Up to now, most insertion-type DIBs have operated in organic electrolytes, in which
highly flammable solvents (e.g., EC and EMC) introduce safety concerns, such as fire
and explosion risks. In this regard, applying aqueous electrolytes for insertion-type
DIBs can greatly enhance battery safety.”"”> Besides this aspect, using aqueous
electrolytes can further reduce the cost of insertion-type DIBs, which can better

meet the needs of large-scale energy storage.?*7
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Based on their anion characteristics, aqueous insertion-type DIBs can be divided into
simple anion-based types (e.g., NO3 ™) and superhalide-based types (e.g., [ZnCl 17
and [MgCl,J? ™). Jiang et al. reported an aqueous DIB employing Mn30, as the cath-
ode, activated carbon as the anode, and 1 m NH4NO3 aqueous solution as the elec-
trolyte.'® The NO3™ anions are reversibly intercalated or de-intercalated into/from
the cathode material. The as-developed aqueous DIB delivered fast reaction kinetics
and high cycling stability. At a current density of 1 A g~', the cell delivered 50 mA h
g~ after 3,500 cycles with 99% Coulombic efficiency based on the mass of Mn3O,
cathode. Electrochemical quartz crystal microbalance tests revealed that the
Mn3Q,4 cathode experienced a mass gain during the charge process of 92 g mol™"
e, suggesting that two water molecules were co-inserted into Mn3;O, whenever
one NO3™ anion inserted. Furthermore, Fourier-transformed Mn K-edge extended
X-ray absorption fine structure spectroscopy (EXAFS) spectra indicated that the
insertion of NO3~ changed the long-range order and the amorphous sites of
Mn30Oy in the pristine electrode and formed a hybrid matrix comprising both crystal-
line and amorphous nanodomains.

It is well-known that the narrow electrochemical stability window of dilute aqueous
electrolytes (i.e., 1.23 V) greatly limits the energy density of aqueous batteries. High-
ly concentrated electrolytes have been developed to expand the electrochemical
stability window of aqueous electrolytes, and thus enable the applications of en-
ergy-density electrochemical redox couples. Recently, Guo et al. reported a new
cathode material based on nitrogen-doped microcrystalline graphene-like carbon,
and coupled this with highly concentrated (30 m) ZnCl, electrolytes in Zn-based
DIBs.”” The unique carbon structure of the cathode material enabled the [ZnCl, %™
anions to be reversibly adsorbed and inserted via the electrical double layer.
When paired with a Zn metal anode, this aqueous superhalide-based system ex-
hibited a high-potential plateau at 1.85 V, and the cell delivered a high capacity
of 134 mA h g~ based on the cathode material mass. A reversible insertion of
Mg-Cl superhalides into graphite was realized in an aqueous deep eutectic solvent
(DES) composed of 9 m magnesium chloride (MgCly) and 30 m choline chloride
(ChCl).?* The as-developed activated carbon||graphite cell achieved a high initial
reversible capacity of 150 mA h g™ based on the mass of graphite cathode with a
long cycle life of >300 cycles at 100 mA g~". This initial reversible capacity is signif-
icantly larger than that of reversible oxidative anion insertion in graphite reported
previously. In most cases, the insertion of large complex anions causes dramatic
structural transformation of the graphite electrodes. Interestingly, the ex situ XRD
of the graphite electrode confirmed the absence of the (002) peak shifting corre-
sponding to the formation of staged graphite intercalation compounds. This sug-
gested that the operating mechanism of aqueous superhalide-based DIBs was
significantly different from that of traditional organic electrolyte-based DIBs, where
the insertion of Mg-Cl superhalides transformed graphite into partially turbostratic
rather than staged graphite intercalation compounds. The operating mechanisms
of such new shuttle carriers should be further investigated for the future develop-
ment of aqueous DIBs. Overall, expanding the electrochemical stability window of
aqueous electrolytes and developing high-energy electrode couples based on novel
redox chemistry remains a promising area for future aqueous insertion-type DIBs.

CONVERSION-TYPE AND INSERTION-CONVERSION DIBs

Generally, if the battery operation voltage is higher than the anion’s oxidation po-
tential, the anions will undergo a redox reaction at the cathode. Conversion-type
DIBs have been established based on such reversible anion redox couples. Typical
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Figure 10. Conversion-type and conversion-insertion-type DIBs

(A and B) Shown are the (A) schematic representation of the zinc-polyiodide flow battery and the (B)

CV of a glassy carbon electrode in a 0.085 M Znl, electrolyte on at the scan rate of 50 mV s~

Reprinted with permission from Li et al.?* Copyright 2015 Nature Publishing Group.

(C and D) Shown are the (C) CV of the LBC-G cathode at a scan rate of 0.05 mV s~ and the (D) cycling
performance of graphite||[LBC-G full cell at 0.2 C. Reprinted with permission from Yang et al."”
Copyright 2019 Nature Publishing Group.

(E and F) Shown are the (E) schematic representation of a Zn-based conversion-insertion-type DIB
using a molten hydrate electrolyte and the (F) comparison of the discharge profiles involving single-
halogen (dark blue) or dual-halogen (pink) redox couples. Reprinted with permission from Liu

et al.”” Copyright 2020 Wiley-VCH.

examples of conversion-type DIBs include zinc-bromine batteries” and zinc-iodine
batteries.”” Li et al. reported a conversion-type zinc-iodine DIB based on flow-bat-
tery configuration.’* As shown in Figure 10A, in such a system, the cathode and
anode experience reactions as follows:

Anode: Zn —Zn®* +2e- (Equation 7)
Cathode: I3 +2e™ <317 (Equation 8)

These reactions can be clearly identified from the corresponding peaks in the CV curves,
as shown in Figure 10B. Zinc-iodine batteries with a 3.5 M Znl; aqueous electrolyte deliv-
ered a respectable specific discharge capacity of 125 Ah L™ (based on the volume of
catholyte) at 10 mA cm ™2, and the early capacity was retained well during 40 cycles.

22 Chem 7, 1-29, August 12, 2021

Chem



Please cite this article in press as: Liu et al., Rechargeable anion-shuttle batteries for low-cost energy storage, Chem (2021), https://doi.org/
10.1016/j.chempr.2021.02.004

Chem ¢ CellPress

As mentioned above, as a redox-amphoteric host material, graphite can not only be
employed as a donor-type anode for cation intercalation but can also be applied as
an acceptor-type cathode for anion intercalation. Although the graphite cathodes
exhibit high operating voltage in DIBs, their specific capacity is generally less than
150 mA h g~'.?° Accordingly, Yang et al. developed a novel conversion-insertion-
type DIB to further increase the capacity of graphite cathode.'” The as-developed
DIB consisted of a (LiBr)g s(LiCl) 5s-graphite (LBC-G) cathode prepared by mixing
anhydrous lithium bromide (LiBr) and lithium chloride (LiCl) with graphite powder,
a graphite anode protected by a highly fluorinated ether (HFE) polymer gel, and a
21 m LiTFSI + 7 m lithium trifluoromethanesulfonate (LiIOTf) “water-in-bisalt
(WIBS)"” aqueous-gel electrolyte. The operating mechanism of the cathode involved
a two-step redox reaction. When charged to 4.2 V, bromide ions (Br™) were first
oxidized to elemental bromine (Br®, and then intercalated into graphite to form a
Cn[Br] compound. When the cell was further charged to 4.5V, chloride ions (CI7)
were oxidized to a near-zero state (CI°) and subsequently intercalated into graphite
to form a mixed intercalation compound C,[BrCl]. This redox reaction was accompa-
nied by the release of Li-ions into the aqueous gel electrolyte, and there takes place
the intercalation of Li-ions into the graphite anode. The corresponding CV curve of
the LBC-G cathode displayed two distinct plateaus attributing to the two-step
redox reaction and demonstrated that the cathode redox reaction was highly
reversible (Figure 10C). The LBC-G cathode delivered a high reversible capacity of
243 mA h g7' with a Coulombic efficiency of 99.8%, and the constructed
graphite||LBC-G full cell exhibited a high energy density of 460 Wh kg™ (based
on the total mass of cathode and anode) with good cycling stability (Figure 10D).
The energy density of the aqueous conversion-insertion-type DIB was slightly larger
than that of state-of-the-art non-aqueous Li-ion batteries, showing the attractive po-
tential for practical applications.

Such a conversion-insertion mechanism has also been extended to multivalent-ion
batteries (e.g., Zn-based batteries). Recently, Liu reported a Zn-based conversion-
insertion-type DIB containing a graphite cathode, a ZnCl,-0.03KBr-2H,O molten hy-
drate electrolyte, and a Zn metal anode.”” As shown in Figure 10E, the two-step
redox reaction of the cathode was similar to that in Li-based conversion-insertion-
type DIBs in which the formation of C[Br.,] was indispensable for the subsequent
intercalation of CI® into graphite. The utilization of dual-halogen redox couples
(i.e., Br/Br~ and CI%/CI") effectively increased the average discharge voltage
from 1.60 V (Br/Br~ solely) to 1.71 V and improved the capacity from 78 to 257
mA h g~' based on the total mass of cathode materials (Figure 10F), which is
quite promising compared with aqueous Zn-ion batteries with low operating
voltages (<1 V) or Zn-based DIBs with limited capacity values (<120 mA h 971).
The as-developed full cell exhibited a cycle life over 100 cycles. Future work on con-
version-insertion-type DIBs needs to focus on the simplification of current compli-
cated battery configurations and realizing the conversion-intercalation chemistry
in non-aqueous electrolytes with low salt concentrations and viscosity.

RDIBs

RDIBs share similar working principles with DIBs, whereas the types of ions their elec-
trodes host are totally the opposite. Moreover, during the charging process, ions
move from electrolyte to electrodes in DIBs; but in RDIBs, they are released from
electrodes into the electrolyte. Up until now, the RDIB chemistry has been only
realized in the presence of aqueous electrolytes. Wu et al. reported such a RDIB

chemistry based on a highly concentrated (30 m) ZnCl, aqueous electrolyte.?® In
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Figure 11. RDIBs

(A-D) Shown are the (A) schematic illustration of a Zn-based RDIB, (B) CV curves of such RDIB with
-1,(Q) charge-discharge profiles of the RDIB
full cellat 1 Crate (1 C=30mA gf1 based on the total mass of Zn3[Fe(CN),], cathode and ferrocene/
carbon composite anode), and (D) voltage changes of full cells in ZnCl; electrolytes with different

electrolytes with different salt concentrations at 1 mV's

salt concentrations: rocking-chair batteries (RCBs), DIBs, and RDIBs. Reprinted with permission
from Wu et al.?® Copyright 2019 American Chemical Society.

this Zn-based RDIB, upon discharge, Zn?* cations were inserted into a Zns[Fe(CN)gl,
cathode, meanwhile ZnCl,2~ anions were inserted into a ferrocene anode (Fig-
ure 11A). Conversely, the Zn?* cations and ZnCl,2~ anions were de-intercalated
from the electrodes simultaneously during the charge process. The ion-insertion
potentials were altered in the high concentrated aqueous electrolyte, i.e., the
cation-insertion potential was increased, whereas the anion-insertion potential
was lowered. The application of such a highly concentrated aqueous electrolyte
reduced the availability of free water molecules and, hence, widened the electrolyte
electrochemical window. As a result, the battery operation voltage was enlarged by
0.35 V compared to that of the 5 M aqueous electrolyte (Figure 11B). This effect
largely improved the energy density of the RDIBs. Such a full cell delivered a specific
energy density of 21.0 Wh kg™’
on the mass of both electrode materials and electrolyte (Figure 11C). Interestingly,

with a reversible capacity of 30 mA h g™ based

the voltage of RDIBs is consistently increased with increasing the electrolyte concen-
tration, while the reverse phenomenon occurs in DIBs, further demonstrating the
application merits of highly concentrated aqueous electrolytes in RDIBs (Figure 11D).
Zhang et al. reported a RDIB system based on F~ cations and Na* anions as charge
carriers, with BiF; applied as anode, sodium manganese oxide (Nag 44MnQ5) as cath-
ode, and NaF aqueous solution as the electrolyte.'®’ These batteries function from
an initial charging process, in which F~ ions are released from a BiF3 anode to form
bismuth metal. Meanwhile, Na™ ions are de-inserted from a Nag 44MnO, cathode to
form Nag.44 xMnO,. The electrode reactions are highly reversible and deliver a
discharge capacity of ®92.6 mA h g~' at 100 mA g~ based on the mass of BiFs.
The battery configuration of RDIBs should prompt the future development of
cation-deficient and metal-anode-free electrode materials for low-cost energy
storage.
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Figure 12. Comparisons of various battery chemistries

(A) Comparison of theoretical volumetric and gravimetric energy density of different battery
technologies. The theoretical energy densities are calculated based on the total mass of anode and
cathode active materials. For DIBs and RDIBs, the mass of salt involved the electrochemical process
has been taken into account.

(B) Cost analysis of different battery systems based on the cost of the electrode materials. For DIBs
and RDIBs, the mass of salt involved the electrochemical process has been taken into account.
(C) Radar diagrams of various batteries based on six parameters. (A, low cost; B, voltage; C, safety;
D, volumetric energy density; E, lifespan; F, rate performance).

CONCLUSIONS AND PROSPECT

ASBs possess inherently different characteristics compared with conventional metal-
ion batteries (e.g., Li-ion batteries), as anions serve as charge carriers shuttling be-
tween electrodes. In recent years, three types of ASBs (i.e., ARBs, DIBs [including
insertion-type, conversion-type, and conversion-insertion-typel], and RDIBs) have
received tremendous attention and gained regard as promising technologies for
large-scale energy storage. Figure 12A compares the theoretical energy densities
(see Tables S2 and S3 for details) of representative ASBs (i.e., fluoride-ion batteries,
chloride-ion batteries, insertion-type DIBs, conversion-type DIBs, conversion-inser-
tion-type DIBs, and RDIBs) and metal-ion batteries (i.e., Li-ion batteries, Na-ion bat-
teries, and K-ion batteries).'”?7*" It is clearly seen that ARBs promise significantly
higher theoretical energy densities than metal-ion batteries, especially in terms of
volumetric energy density.'”?? Figure 12B illustrates a cost analysis of different bat-
tery systems based on the cost of their electrode materials (see Tables S4 and S5
for details). It is clearly seen that ASBs deliver obvious low-cost advantages
compared with existing commercial Li-ion batteries (e.g., graphite||LiFePO, (LFP),
graphite||LiNig gMng 1Cog 102 (NCMg14)) because of the large availability and low
cost of raw materials. Furthermore, in Figure 12C we have summarized the charac-
teristics of different ASBs from six different aspects, including cost, operating
voltage, safety, volumetric energy density, lifespan, and rate performance. We
note that ARBs possess high volumetric energy density with extremely low cost,
whereas DIBs have the merit of high output voltages and relatively good rate perfor-
mance, and RDIBs exhibit high safety. Up to now, the general challenges for ASBs
are unsatisfactory reversibility, limited lifespan, and sluggish reaction kinetics.
Although certain progress has been made on improving the performances of
ASBs in recent years, great efforts are still needed in the following areas:

(1) ARBs possess the advantages of high theoretical energy and low cost. How-
ever, because of the relatively large radii of anions, the repeated insertion or
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de-insertion of anions into hosts usually results in huge electrode volumetric
changes. These trigger severe pulverization and decomposition of host mate-
rials and aggravate the side reactions between electrodes and electrolytes,
leading to short cycling life. Therefore, it is important to develop high-perfor-
mance electrode materials to boost the performance of ARBs. Stable layered-
structure materials (e.g., LDHSs) could endow fast kinetics of reversible anion
insertion or de-insertion processes. Hence, they are expected as promising
electrode materials for ARBs. Moreover, it is also essential to develop
advanced electrolytes with high room-temperature ionic conductivity, elec-
trochemical stability, and electrode compatibility for high-performance ARBs.
For DIBs, although the high working voltage ranges benefit the improvement
of battery energy density. Whereas, such high output voltages also cause se-
vere electrolyte decomposition and safety hazards (i.e., thermal runaway).
Therefore, it necessitates developing high-voltage electrolytes with non-
flammability and high interfacial compatibility is for DIBs. In this regard,
quasi-solid-state electrolytes are expected as feasible options in the future
development of DIBs. Moreover, considering elemental metals is generally
applied as anode materials for DIBs, establishing stable anode|electrolyte in-
terfaces by constructing a robust artificial SEl layer”’ or optimizing electrolyte
constitution®® is crucial to suppress the metallic dendrite growth and side re-
actions between anodes and electrolytes, thus improving the cycling life and
safety of batteries.

The RDIB chemistry has only been realized in aqueous electrolytes, and only a
few kinds of electrode materials have been reported. The output voltages of
existing RDIBs are relatively low, which gives rise to limited battery energy
densities. Therefore, it is critical to increase the battery output voltage via
screening electrode couples (i.e., cathode materials with relatively high
cation-insertion-voltage and anode materials with relatively low anion-ac-
commodating-voltage) together with developing compatible electrolytes
for the development of RDIBs in the future.

In ASBs, microscopic mechanisms of electrochemical reactions need to be
further clarified. These include the solvation or de-solvation processes of in-
serted anions associated with interfacial ionic transport and mass change
behaviors, the characteristics and compositions of SEl and CEl layers, the elec-
trode/electrolyte structural evolution, and the interfacial side reactions
during cycling. Thus, more advanced characterization technologies, such as in
operando characterization methods (e.g., in situ XPS and in situ transmission
electron microscope [TEM]), time of flight secondary ion mass spectrometry
(TOF-SIMS), and electrochemical quartz crystal microbalance analysis, should
be experimentally employed to deepen the current understanding of ASB
chemistries.

The previous research on ASBs tended to evaluate electrode performance
based on single electrodes of small areas, which cannot fully reflect their
performance in practical applications. Therefore, large-area soft-packaged
batteries need to be developed to better evaluate the practical-application
potential of ASBs.

As an emerging low-cost energy storage technology, the development of ASBs is still in
a relatively young stage. Unremitting efforts focusing on the above issues will promote
the development of new electrode host materials, tailored electrolytes, and optimized

cell configurations, which can endow ASBs with more competitive features over metal-

ion batteries. Furthermore, research on ASBs can expand the selection pool of chem-

istries, charge carriers, and energy storage materials for next-generation batteries.
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