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The state-of-the-art battery technologies appear in various fields ranging from stationary electric stations to mo-
bile electronics and vehicles. The subsequent development of batteries mainly relies on the following aspects:
high-performance electrode/electrolyte materials and innovative battery designs. Studies on halogen species for
battery applications have been conducted in recent decades due to their attractive advantages, such as the high
redox potentials, low cost, and source abundance for massive applications. Halogen species utilized in battery
chemistries mainly obey two different concepts: (i) participating redox reactions for charging/discharging and
(ii) serving as a crucial redox-free component for other specific functions, such as promoting charge transfer and
composing electrode or electrolyte compounds. In this review article, we extensively outlined the utilization of
halogen and halogen compounds in various rechargeable batteries from the two perspectives above, with the
focus on how the halogen species function during battery operation. The remaining challenges and potential
opportunities for the adoption of halogen and halogen compounds in secondary batteries have been highlighted.
The widely covered review article aims to provide a comprehensive understanding for the halogen chemistry
in batteries, which differs from the enormous articles with deep study on a branch. We hope to stimulate more

future research efforts on halogen-enabled batteries

1. Introduction

Electrochemical batteries have played an increasingly important role
in energy supply systems, which are closely related to daily life [1,2].
The ever-growing dependence on electric energy has created a dramatic
demand for the corresponding storage devices [3-6]. Electrochemical
secondary batteries with advanced and powerful performances, such
as high energy and power densities and long durability, are promis-
ing candidates to fill this demand [7,8]. The research on lithium-ion
batteries was the pioneering research on metal-ion batteries; afterward,
many studies beyond lithium-ion battery chemistry, such as sodium-,
potassium-, and zinc-ion batteries together with redox flow batteries,
received intensive focus given the disadvantages of lithium-ion batter-
ies, such as the limited and uneven distribution of lithium resources
and flammable electrolytes. Recent research efforts have mainly focused
on the development of high-performance electrode and/or electrolyte
materials and on innovative battery designs to push the boundary of
rechargeable battery technologies.

Halogen elements are widely adopted in battery chemistries, rang-
ing from metal-ion batteries to halogen-ion batteries and redox flow
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batteries, in which the halogen species serve in two different ways: (i)
participating in redox reactions for charging/discharging and (ii) simply
existing in battery systems for other specific functions without redox re-
actions, such as promoting charge transfer, composing electrode and/or
electrolyte compounds, and stabilizing electrode/electrolyte interfaces.

In this review article, we present a comprehensive and in-depth
overview of the halogen-enabled battery chemistries, including metal-
ion, halogen-ion, molten-salt, metal-halogen, and redox flow batter-
ies, with a focus on their functions during battery operation and
how they improve the electrochemical performances. The functions of
halogen species are summarized as follows: first, halogen-containing
compounds, including metal halides and metal-oxy-halides, for com-
posing electrodes; second, halogen for doping electrodes; third, halo-
gen compounds in electrolytes, including liquid-phase and solid-state
electrolytes as well as solid electrolyte interfaces; fourth, halogen
conversion-based battery chemistries, ranging from chlorine to iodine
in nonflowing and redox flow batteries (Fig. 1). In this review article,
we summarize the current different types of mainstream battery families
with a focus on the relationship between halogen and the corresponding
critical electrochemical performances and special functions, as well as
the remaining challenges and possible opportunities.
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Fig. 1. Schematic outline of the halogen-enabled rechargeable battery chemistries.

2. Redox-free halogen in batteries

Halogen has been widely utilized in electrode and electrolyte de-
signs and constructions for customized performances due to their unique
traits, such as large electronegativity. In this chapter, we will mainly
talk about the unique functions of redox-free halogen that used in elec-
trode and electrolyte fabrications. The redox-free definition refers to the
halogen that shows no redox process or valence conversion during the
whole charging/discharging process of batteries, namely, the absence
of redox reactions from halogen during the charging/discharging opera-
tions. Other unique functions by halogen were discussed and overviewed
instead. In this chapter, the studies on redox-free halogen in batteries
were summarized and emphasized according to their applications in ei-
ther electrode portion or electrolyte portion. This chapter was organized
based on the structure of battery construction, which is distinct from
other review articles, in which the discussion was elaborated based on
different types of battery chemistries.

2.1. Halogen study in electrodes

In this chapter, we mainly reviewed the reports on electrodes that
were designed and fabricated based on or involving halogen chem-
istry. This chapter was organized and arranged from the perspec-
tive of different types of halogen-containing compounds, including
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metal halides, metal-oxy-halides, fluoride-containing polyanions, and
halogen-containing composites. Each segment was unfolded with the
discussion of different battery chemistries.

2.1.1. Metal halide compounds

Metal halides have thus far been extensively studied in rechargeable
battery chemistries from various aspects for different objectives [9-11].
In this section, we outline the recent studies on metal halides used in
rechargeable batteries. The effects of the introduction of metal halides
are discussed and emphasized by correlation with the improved elec-
trochemical performances. Finally, the related shortcomings and disad-
vantages when using metal halides in rechargeable batteries and the
possible solutions and directions toward future research efforts are pro-
vided.

The research on electrode technologies includes exploring advanced
electrochemical performances, affordable costs and facile manufactur-
ing, good environmental friendliness, and renewability and sustainabil-
ity [12-15]. Apart from the significant use of metal oxides and sulfides,
metal halides are another extremely promising candidate for recharge-
able battery chemistries; the electronegativity of halogen ions is similar
to that of chalcogen ions, and halogen ions stably coordinate with enor-
mous cations, which makes applications of metal halides in rechargeable
battery chemistries possible [16]. With appropriate material manufac-
turing and engineering techniques, high-performance electrodes based
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on metal halides can be obtained. In this chapter, we will compre-
hensively discuss the metal halide electrodes in rechargeable battery
chemistries.

2.1.1.1. Alkali metal-ion batteries. Metal fluorides for lithium-ion bat-
teries promise dramatically higher energy density relative to state-of-
the-art electrodes for lithium-ion and the lithium-sulfur batteries [17—-
19]. In recent years, metal fluorides have gained increasing attention for
use as electrode materials in metal-ion batteries, particularly lithium-ion
batteries [20-23]. Metal fluoride electrodes theoretically deliver higher
capacities relative to intercalation-type oxide cathodes, thus enabling
the development of next-generation high-performance batteries [24].
However, their high performance is restricted by their low-capacity uti-
lization, which is attributed to the sluggish reaction kinetics, poor con-
ductivity, unstable metal fluoride/electrolyte interfaces, side reactions
with electrolytes, and dissolution of active species, the challenges faced
by current metal fluoride electrodes, causing limited rate capability and
rapid capacity decay upon charging/discharging [25,26].

To overcome above issues related to the metal halide electrodes, nu-
merous methods and strategies have been attempted. Iron fluorides with
hydration water tunnels are the favorable structure for utilization as
cathodes in lithium-ion batteries [27]. A study on iron fluoride elec-
trodes with hydration water tunnels inside the crystal lattice as a cath-
ode of lithium-ion batteries was conducted by Bai et al. [28]. The de-
signed and synthesized iron fluoride product with a flower-like morphol-
ogy, as shown in Fig. 2a, delivered a reversable capacity of 172.3 mAh
g ! at 23.7 mA g~! with a 97.33% capacity retention after 50 cycles
(Fig. 2b) due to the hydration water molecules that promoted lithium-
ion diffusion capability (Fig. 2c).

To address the sluggish reaction kinetics of metal fluoride electrodes,
a composite honeycomb-like FeF;@C electrode was designed and syn-
thesized by Wu et al. [29]. The highly porous matrices facilitated the
infiltration of electrolytes and the diffusion of lithium ions and transport
of electrons, which helped the FeF;@C composite electrode with high
areal loading amounts of 2.2 and 5.3 mg cm~2 deliver a high-rate capa-
bility of 100 C and remarkable cycle stability for 1000 cycles. However,
metal fluorides might undergo side reactions, such as the irreversible
formation of elemental metals and fluorides. Such an unfavorable side
reaction was studied by Bensalah et al. by using MnF, as a cathode
in lithium-ion batteries, exhibiting the irreversible formation of Mn and
lithium fluoride from MnF, during the initial cycles, even though a high
capacity of 480 mAh g~! at 0.1 C with a high coulombic efficiency of
close to 100% was achieved [30]. The side reactions originating from
the interface between metal fluorides and electrolytes result in severe ca-
pacity decay over electrochemical cycles. Zhang et al. demonstrated that
modification by graphene quantum dots could be used to suppress the
notorious side reactions during redox chemistry [31]. A self-supported
FeF; electrode decorated with graphene quantum dots (GQDs) delivered
a capacity of 161.5 mAh g~! at 200 mA g~! and a high-rate capability
of 117 mAh g~ at 4 A g~! (Fig. 3a). Benefitting from the suppressing
effect on side reactions, a long lifespan of over 1,000 cycles at 400 mA
g~! was attained with a low fade rate of 0.03% per cycle.

The poor stability of metal fluorides during charge/discharge im-
poses barriers for their use in practical applications and commercial-
ization. The adoption of protective layers to prevent metal fluorides
from dissolution and, thus, maintain capacities is an efficient method-
ology [32]. A stable FeF, electrode attained by electrolyte engineer-
ing has been studied by Huang et al. [33]. After replacing the conven-
tional liquid electrolyte with a solid-state polymer-type electrolyte, the
FeF, electrode delivered a high capacity of more than 450 mAh g~! with
a long lifespan of 300 cycles at 50°C, benefitting from the improved
preservation of FeF, due to the formation of a robust, homogeneous,
and elastic cathode electrolyte interface, which was generated under
a mechanical-robust solid-state polymer-type electrolyte. Furthermore,
Wau et al. demonstrated the similar concept of forming a protective layer
on the metal fluoride surfaces to restrain the dissolution of active ma-
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terials by adopting metal-organic framework-derived CoF,, as shown
in Fig. 3b [34]. The cross-linked carbon walls generated to confine the
CoF, nanoparticles and improve the conductivity of the whole cathode
enabled the cathode to have a high capacity of approximate 500 mAh
g~1 at 110 mA g~ for 200 cycles, as shown in Fig. 3b.

In addition to the one-step wrapping concept retarding the dissolu-
tion of the active species, a dual-step protecting strategy was proposed
by Zhao et al. by ex-situ forming an aluminum oxide protective layer
and an in-situ formed cathode electrolyte interface on an FeF; cath-
ode in lithium-ion batteries [35]. The dual-layer protected FeF5 cathode
efficiently prevented the discharge products from dissolving into elec-
trolytes, and the cathode thus delivered a long lifespan of 300 cycles at
100 mA g~! with 90% capacity retention.

The metal fluorides phase was also demonstrated to impact the elec-
trochemical performance, as reported by Cheng et al. [36]. In particular,
octahedral- and spinel-type FeF; was synthesized through use of a co-
pyrolysis method; sequentially, octahedral FeF; delivered a higher ca-
pacity of 142 mAh g~! than its spinel-type counterpart (128 mAh g~1),
as well as a long lifespan of 1,000 cycles at 474 mA g~! (Fig. 4a). Modi-
fication of the material phase is, thus, an efficient method for improving
the ionic conductivity and decreasing the impedance of grain boundaries
[371.

In addition to metal fluorides, metal chlorides are also favorable as
potential electrodes. A bi-intercalation compound composed of a CoCl,-
FeCl;-graphite anode material, studied by Qi et al., demonstrated ex-
tremely high capacities of 1,033 mAh g~! at 200 mA g~! and 536 mA
h g~ at 1,000 mA g~! when serving as the anode of lithium-ion batter-
ies [38], which was attributed to the extra active sites for the lithiation
reaction benefitting from the intercalated CoCl, and FeCl; components.
A nickel chloride anode for lithium-ion batteries was reported by Lim
et al. [39]. The layered nickel chloride was electrochemically prepared
from a nickel hydroxy chloride, Ni(OH)Cl, precursor. In particular, the
Ni(OH)CI transformed into a coexistence state of Ni(OH), and NiCl,, af-
ter the first charging/discharging cycle; subsequently, the lithium ions
were reversibly stored through a heterointerface reaction, as shown in
Fig. 4b. The unique lithium-ion storage method thus delivered a high
capacity of 1,236 mAh g1 at the 150 cycle at 200 mA g~!, as shown
in Fig. 4b.

Another type of metal halide electrode-based battery, which is
molten salt batteries, is a typical type of high-temperature battery,
which have working temperatures generally higher than 100 °C. A com-
mon ceramic electrolyte with good ionic conductivity is necessary for
isolating liquid-state electrodes to guarantee safety during battery oper-
ation. Molten salt batteries are more like a combination of redox-flow
batteries, as we discuss in the following context, and conventional metal-
ion batteries, having both a liquid state of the former and construction
of the latter. Advantages such as lack of metal dendrites and degrada-
tion of active materials are potentially obtained. The notorious lithium
dendrite issue is thoroughly solved by the liquidation of lithium metal
and robust solid-state electrolytes. However, there are still various key
challenges that need to be overcome, such as rapid self-discharge at ele-
vated operating temperatures [40]. In this segment, we mainly provide
an overview and discuss over recent advances in molten salt batteries
by using metal halides as electrodes and provide our own perspectives
and insights into the following research efforts.

Bromine and iodine are widely adopted for sodium molten salt bat-
teries by dissolving them in aqueous solvents and isolating them with
a sodium-ion conductive NaSICON solid-state electrolyte [41]. Ow-
ing to the excellent solubility of bromine/bromide and iodine/iodide,
both static and flow batteries are possible. Regarding this type of
molten-salt battery, the vapor pressure of bromine and polybromide
is a considerable issue. Metal halide compounds in molten-salt batter-
ies, such as sodium-metal chloride molten battery chemistry, ZEBRA
batteries, typically known as sodium-nickel-chloride batteries, have,
thus, demonstrated superior safety and efficient protection from over-
charging/discharging [42-44].
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Fig. 2. (a) Schematic illustration of the growth mechanism for flower-like particles.
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(b) The corresponding capacity retentions of different iron fluoride samples. (c)

Chemical bonding between iron and fluoride, schematic drawings of the structures of FeF; ,*33H,0 and FeF; [28] Copyright 2017 Elsevier.

Another issue in the molten salt battery community is the limited
capacity utilization, which is caused by the bulky metals generated by
the aggregation of small metal particles upon discharge. Once the metal
particles aggregated, redox reactions are only limited to at the surfi-
cial region, leading to the fast capacity loss. Regarding such an issue,
Xu et al. demonstrated an alloying/dealloying concept by introducing
molybdenum into the FeCl, cathode in lithium-FeCl, molten salt bat-
tery; the modified charging/discharging process was accompanied by
spontaneous dealloying/alloying of the Fe;Mo alloy. The conductive
molybdenum framework restricted the generation of pure and large iron
particles and maintained a high performance of 472 mAh g;;;"! at the
300t cycle [45]. In addition to the molybdenum frameworks, Liu et al.
demonstrated a copper framework for restricting nickel particle growth
by using cost-efficient brass, as shown in Fig. 5a [46]. The specially
designed and constructed molten salt battery delivered a high energy
density of 750 Wh kg~! and 2,250 Wh L-1.

A dual-metal concept was developed by Ahn et al. utilizing a Na-
(Fe,Ni)Cl, molten salt battery, which demonstrated that the microstruc-
ture of nickel-iron highly affects the electrochemical performance, as
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shown in Fig. 5b. Benefiting from the dual electrochemical reactions of
nickel and iron, the capacity was highly increased [47].

Transition metal halides are theoretically promising for use as elec-
trode materials in alkaline metal-ion batteries, particularly lithium-ion
battery, due to their high gravimetrical and volumetric energy densities
and rational redox potentials. A systematic comparison of the electro-
chemical performances was provided in Table 1. However, the remain-
ing challenges and issues faced by metal halide electrodes, including
poor ionic and electronic conductivities, dissolution of metal species
into electrolytes, structural decomposition, undesirable side reactions,
and unstable electrode/electrolyte interfaces, need to be addressed. In-
spired by the development of metal oxide and sulfide electrodes, as well
as current studies on metal halides, morphology control and lattice mod-
ulation as well as designs of composites are effective strategies for im-
proving conductivity, thus modifying electrochemical kinetics. In-situ
and ex-situ formation of protective layers on the metal halides to prevent
them from dissolution and structural collapse upon consecutive charg-
ing/discharging is beneficial for stabilizing the capacity utilization and
inhibiting lifetime fade. The current studies on metal halides are mainly
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Table 1

Systematic comparison of the electrochemical performances.

Material

Lifetime (cycles)

Capacity (mAh g™1)

Current density (mA g~1)

Flower-like FeFg
honeycomb-like FeF; @C
Multiwall carbon nanotube-MnF,
FeF;/graphene quantum dots
FeF,

CoF,@C

FeF;/C nanotubes
Octahedral FeF,
CoCl,-FeCl;-graphite
CoCl,-FeCl;-graphite
Layered Ni(OH)Cl

Mo-FeCl,

50
1,000
100
1,000
300
200
300
1000
300
300
150
300

172.3
~200
480
162
450
~500
~150
142
1,033
536
1,236
472

23.7
1,200
0.1C
200
50
110
100
474
200
1,000
200
300

[28]
[29]
[30]
[31]
[33]
[34]
[35]
[36]
[38]
[38]
[39]
[45]
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focused on the morphologies, compositions, and lattice modulation, and
further in-depth disclose of structural evolution during operation may
be helpful for advanced electrode designs. Molten salt batteries could
efficiently resolve most the involved issues, but whereas still face the
challenge of limited practical usage due to its high operating temper-
atures. Other issues, such as rapid capacity decay and safety concerns,
need more research attention as well. Employing modeling technology
to pre-simulate the battery designs is a cost-efficient pathway for the
fabrication of advanced energy storage devices [48].

2.1.1.2. Halogen-ion batteries. Metal-ion batteries are named after the
charge carriers, e.g., lithium ions are the charge carriers and shuttle be-
tween the anode and cathode upon charge (lithium ions move toward
the anode from the cathode side) and discharge (lithium ions migrate
oppositely) in lithium-ion batteries [49]. In contrast, shuttling inside
batteries can also be achieved by using certain anions, such as chloride
ions, as charge carriers, leading to the following halogen-ion batteries
featuring anion-type charge carriers. These batteries are based on the
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use of halogen ions, such as fluoride, and chloride ions, as charge carri-
ers and shuttling between the anode and cathode to achieve the charge
and discharge of batteries, which differ from conventional metal-ion bat-
teries that use metal ions to shuttle charges. In this chapter, we mainly
discuss halogen-ion batteries containing fluoride and chloride ions; a fo-
cus is placed on both the advantages and disadvantages of each type of
halogen-ion batteries. Finally, the remaining issues and challenges were
discussed. Some possible solutions and strategies to were suggested to
guide the following research efforts.

Fluoride-ion batteries featuring fluoride ion shuttling between the
anode and cathode, as well as fluorination/defluorination of electrodes
upon charging/discharging are potential candidates for post-lithium-ion
battery technology due to their high energy density, which is com-
parable to that of lithium-ion batteries, and wide availability of re-
sources [50,51]. However, the lack of a suitable electrolyte with sat-
isfactory electrode/electrolyte interface stability and ionic conductivity
imposes a barrier to the progress of fluoride-ion batteries. Enormous
research efforts have been made to improve the electrochemical per-
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formances of fluoride-ion batteries. Good chemical compatibility was
demonstrated by Grenier et al. by studying a solid fluoride/carbon com-
posite for solid-state fluoride-ion batteries [52]. Simultaneous perco-
lation between Lag g5Bag g5Fs.95 and carbon in the composite ensured
good electronic and ionic conductivities. The carbon materials were ex-
tensively adopted in electrodes to form composites to overcome or im-
prove the poor conductivity of metal fluorides and to eventually improve
the electrochemical performance of the batteries. Carbon nanotubes are
good electronic conductor. Zhang et al. demonstrated the efficiency of
introducing carbon nanotubes into a metal halide anode as a conduc-
tive additive, which delivered good electrochemical performance, with
a capacity of 67 mAh g at the 30 discharge [53]. A similar work by
Konishi et al. demonstrated that adding carbon into the lead fluoride
electrode helped to improve their capacities relative to those without
carbon additives [54].

Regarding the dissolution of metal fluoride electrodes into
electrolytes when utilized in fluoride-ion batteries [55], Konishi
et al. demonstrated an electrolyte modification solution by dissolv-
ing a certain amount of cesium fluoride into the fluorobis(2,4,6-
trimethylphenyl)borane electrolyte; subsequently, the dissolution issue
of bismuth during charge operation was efficiently suppressed [56]. In
addition, methods based on material structural design for addressing
the electrode dissolution are extensively demonstrated, too. Intercala-
tion, as one of the typical charge storage mechanisms, is an effective
approach to storage charged ions without largely distorting the original
electrode structure. The intercalation amount of charged ions into the
hosting material is controllable by adjusting the cutoff voltage to avoid
possible side reactions. Nowroozi et al. unprecedently demonstrated the
selective fluoride-ion extraction from an oxyfluoride matrix, highlight-
ing the feasibility of the materials with such lattice structures as elec-
trodes of fluoride-ion batteries [57]. In particular, the storage amount
of fluoride ions in the LaSrMnO, electrode was regulated by adjusting
the cutoff voltage, which enabled a precise control over the insertion
amount of fluoride. In combination with the density functional theory,
a two-step fluoride-ion storage process, i.e., LaStMnO, — LaSrMnO,4F at
approximately 1 V and LaSrMnO,4F — LaSrMnO,F,_, at approximate 2 V,
was confirmed. Notably, the intercalated fluoride ions were completely
extracted upon discharging with a capacity of approximate 100 mAh
g1, Another example by Nowroozi et al. reported a new interaction-
based cathode, i.e., La,CoO,, which enables 1.2 fluoride ions storage

338

per formula accompanied by a large volume expansion (Fig. 6a) [58].
Furthermore, side reactions were efficiently avoided by adjusting the
cutoff capacity. Therefore, the (de)intercalation capability and during
which the structural evolution is highly crucial factors [59]. Yamanaka
et al. studied the microevolution of electrode materials during fluorina-
tion and defluorination process by adopting BiF; as the research subject
[60]. The defluorination of BiF; always started from the protruded po-
sitions with a small curvature radius, i.e., positions far from the current
collector, which thus suggested that small size of active materials are
beneficial. The favored pathways within metal fluoride electrodes were
studied by Haruyama et al. through the first-principal theory [61]. As
a result, fluorination and defluorination of metal fluoride electrodes oc-
curred, obeying a two-phase process based on the calculation of for-
mation enthalpies, fluoride-vacancy enthalpies, and interstitial fluorine
defect enthalpies.

To enable multielectron redox chemistry for higher capacity values,
Nakano et al. introduced multielectron redox chemistry by using the
concept of combining multicells in a signal unit, as shown in Fig. 6b
[62]. The assembled cell delivered a high capacity of 870 mAh g~!
(Fig. 6¢), benefiting from the multielectron transfer chemistry.

Chloride-ion batteries, as a typical type of anion shuttling-based bat-
tery chemistry, have recently obtained extensive research efforts due to
the abundant reserves of chlorine-containing composites and the advan-
tages of chloride-shuttling electrolytes at room temperature [63-65].
However, a lack of favorable and superior cathode candidates signifi-
cantly hampers the further development of chloride-ion batteries. The
conventional metal chloride compounds featuring a perovskite-like mi-
crostructure are well known for their dissolution in electrolytes after
the discharge operation in rechargeable chloride-ion batteries, due to
the formation of lower-charged products. Recently, a multiple metal-
containing electrode with a layered structure was studied by Yin et al.
The layered double hydroxide (Ni,Vj¢Aly1-Cl) as a cathode material
of chloride-ion batteries exhibited good electrochemical performances
of 312 mAh g at 200 mA g and a long lifespan of 1,000 cycles with
a capacity retention of 114 mAh g'! [66]. The good performance was
attributed to a synergetic effect among the V™" (for higher redox activ-
ity), Ni®* (for favorable electronic conductivity), and A3+ (for a robust
physical structure) cations inside the cathode matrix. One unsatisfactory
factor of the reported layered double metal hydroxide is the absence
of distinct charging/discharging plateaus, which is extraordinarily dif-
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Fig. 7. (a) Schematic illustration of the rechargeable chloride-ion batteries during the charging/discharging process. Electrochemical performance of the chloride-
ion batteries: charge and discharge curves, cycling performance, and rate capabilities [72] Copyright 2017 Elsevier. (b) Schematic representation of the aqueous
chloride-ion battery. Electrochemical performance: charging/discharging curves and cycling tests [75] Copyright 2019 American Chemical Society.

ferent from the conventional intercalation/deintercalation-based charge
storage mechanism for layered electrodes with mono- or multiple charg-
ing/discharging plateaus [67-69].

2.1.2. Metal-oxy-halogen electrodes

Metal-oxy-halogen is a typical type of layered material that is simi-
lar to metal dichalcogenides, such as molybdenum sulfide and tungsten
sulfide, with an alternative arrangement of metal and halogen/oxygen
species to form a sandwich structure [70]. Van der Waals forces bond
each sandwich layer, which allows charge carriers intercalation and
deintercalation upon discharging and charging. Such layered materials,
thus, received intensive attention for being employed as cathode materi-
als of chloride-ion batteries, enabling an intercalation/deintercalation-
based chloride ions storage mechanism [71]. Among the metal-oxy-
halogen compounds, metal-oxychlorides have been the focus of inten-
sive research efforts as cathode materials in chloride-ion batteries. A
typical aqueous chloride-ion battery designed by Chen et al. using BiOCl
as an anode and silver as a cathode, together with an aqueous sodium
chloride electrolyte, delivered a capacity of 92.1 mAh g1 at 400 mA g~!
(Fig. 7a). Such chloride-ion battery operation rely on both conversion
(silver electrode) and intercalation (BiOCl electrode) reactions, suggest-
ing a good balance between these two charge-storage mechanisms [72].

Composite cathodes are extensively designed and studied to
overcome the shortcomings of pure metal oxy-halogen compounds
[73]. Lakshmi et al. designed and fabricated a composite cathode,
Sb,05Cl,/graphene aerogel, using layered Sb,O5Cl, for chloride-ion
batteries; it delivered a capacity of approximate 100 mAh g~! and a lifes-
pan of 80 cycles with a capacity retention of approximate 65 mAh g1
[74]. Hu et al. designed and fabricated a metal-oxy-chloride, Sb,O5Cl,,
and demonstrated its potential for use as an anode of chloride-ion bat-
teries (Fig. 7b) [75]. When pairing such an anode with a silver cathode,
a discharge capacity of 34.6 mAh g! at 600 mA g~ with a lifespan
of 50 cycles was attained (Fig. 7b). Gao et al. demonstrated a superior
high-rate capability of 113 mAh g~! after 100 cycles at 522 mA g~!
[76]. Further research efforts focusing on VOCI electrodes are needed
to obtain an in-depth understanding of the underlying reasons for the
high-rate performance.
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Structural modification is an efficient pathway for promoting the
structural stability of materials. An interstitial space expended metal-
oxy-halides, FeOCl, studied by Yu et al. exemplified the use of
polyaniline-inserted for chloride-ion batteries [77]. The interlayer space
was greatly expanded from 0.79 to 1.4 nm by the intercalation of
polyaniline; such an expanded interspace improved the lifespan, de-
livering a higher capacity retention of 82% relative to normal FeOCl,
which is only 42%, by mitigating structural collapse. A vacuum impreg-
nation and thermal treatment-enabled FeOCl/CMK-3 was designed and
fabricated by Yu et al. (Fig. 8) [78]. The layered cathode demonstrated
good electrochemical performance, delivering a capacity of 202 mAh
g~1. The electrolyte demonstrated a good affinity toward the chloride
layer within the FeOCl, which resulted in favorable expansion along the
b-axis (Fig. 8).

Double metal hydroxides with layered microstructures demonstrated
high potential as cathode materials for chloride-ion batteries, too. A dual
metal hydroxide, CoFe-Cl, was designed and fabricated by Yin et al. for
use as the cathode of chloride-ion batteries; such a cathode delivered an
unprecedented high capacity of 239 mAh g~! and a lifespan of 100 cy-
cles, with a capacity retention of approximate 160 mAh g! [79]. Later,
Yin et al. fabricated a layered double hydroxide, NiFe-Cl, and demon-
strated its superior capacity of 351 mAh g~! and a long lifespan of 800
cycles with a capacity retention of 101 mAh g~! at 100 mA g~!, which
is among the highest capacity values obtained (Fig. 9a) [80]. Various
in-situ and ex-situ characterizations were used to demonstrate the re-
dox pairs of Fe?*/3+ and Ni%*/3+, which are responsible for the charge
storage process.

To mitigate the structural distortion and prolong the lifetime of
metal-oxy-halogen electrodes, composite electrodes have been widely
studied. Luo et al. demonstrated a composite cathode comprising NiMn-
Cl active materials and highly conductive carbon nanotubes for chloride-
ion batteries (Fig. 9b) [81]. Benefitting from the robust host, the com-
posite cathode delivered a decent lifespan of 150 cycles with a capacity
of approximate 130 mAh g~!. The migration coefficient of chloride ions
in the NiMn-Cl/carbon nanotubes was found to be 10710-10-12 ¢cm?2 s~1
(Fig. 9b). Coating of protective polymer is also efficient to prevent the
active material from decomposition [82]. In addition, we provided a
systematic comparison of the electrochemical performances in Table 2.
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2.1.2.1. Metal ion batteries.

Metal oxyfluorides have been extensively
studied in metal ion batteries. A fluorine-doped Nag 4,MnO, electrode
proposed by Shi et al. demonstrated an extraordinary capacity of 149
(0.5C)and 138 (1 C) mA h g'l, as well as impressive cyclic capa-
bility of 400 cycles at 5 C with a 79% capacity retention, benefit-
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ting from the modified structure through the substitution of structural
oxygen by fluoride ions [83]. An in-depth review summarized the re-
ported use of transition metal oxyfluoride materials for lithium- and
sodium-ion batteries [84]. In addition, a recent review by Zhao and
co-workers summarized the typical application of metal-oxy-halogen
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Fig. 9. (a) Electrochemical performance of the chloride-ion battery assembled with the NiFe-Cl cathode: cyclic voltammetry curves, galvanostatic charg-
ing/discharging curves, cycle performances and corresponding coulombic efficiency, discharge capacity and cycling life. In-situ X-ray absorption near-edge structure
spectra of iron and nickel K-edges. Normalized oxygen K-edge soft X-ray absorption spectra [80] Copyright 2020 The Royal Society of Chemistry. (b) Schematic
preparation of NiMn-Cl/carbon nanotubes and characterizations, scanning electron microscopy and transition electron microscopy. Electrochemical performances:
cyclic voltammetry curves, log i vs. log v plots, galvanostatic intermittent titration technique profiles, and the chloride ion diffusion coefficient [81] Copyright 2020
American Chemical Society.

Table 2
Systematic comparison of the electrochemical performances.

Material Lifetime (cycles)  Capacity (mAh g™!)  Current density (mA g™')  Ref.

BiOCl 40 92 400 [72]

Sb,05Cl,/graphene aerogel 80 100 10 [74]

Sb,05Cl, 50 35 600 [75]

vocl/c 100 113 522 [76]

FeOCl/CMK-3 30 202 10 (78]

CoFe-Cl layered double hydroxide 100 160 100 [79]

NiFe-Cl layered double hydroxide 800 101 100 [80]

NiMn-Cl layered double hydroxide/C nanotubes 150 130 50 [81]
compounds in many common battery chemistries, such lithium and 2.1.3. Fluoride-containing metal-based polyanions
magnesium ion batteries [12]. Besides the studies on elemental sub- The metal-based polyanions, such as NaVPO,F, are a type of critical
stitution to form dual-metal-oxy-halogen compounds as summarized materials which have been extensively exploited as cathodes of sodium-
in those review articles, some composite designs suggest another ap- ion batteries. Numerous reports have demonstrated that the substitu-
proach for the structural construction [85,86]. Sun and co-workers de- tion of fluorides is beneficial for a higher voltage plateau due to the
veloped a graphene anchored few-layer BiOCl for sodium ion storage inductive effect, by which it promotes a higher energy density. In addi-
application [87]. The introduction of such graphene significantly en- tion, such a high voltage is helpful for the (de)insertion of more charge
forces the charge transfer and structural integrity. Transition metal carriers for an even larger capacity. To date, many research efforts on
oxyhalides have seen great progress so far with highly improved elec- the fluoride-containing transition metal-based, such as iron, vanadium,
trochemical performances, such as cycling durability and charge stor- and cobalt, polyanions have been conducted as cathodes of sodium-ion
age capacity, which highly promote the commercialization of such batteries. Regarding this field, some pioneering review articles have
materials. But whereas more spotlight should be put on the further systematically summarized these materials with a focus on the metal-
study of structural integrity by introducing other assisted functional based polyanions, such as phosphates and fluorophosphates. In those
materials such as two-dimensional and layered wrapping materials efforts, the fluoride-containing meal-based polyanions are well orga-
[88,89]. nized in individual chapters with the discussion from structural traits to
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Fig. 10. (a) Structure and morphology charac-
terizations of H1F1-GDY. Cycling performance
of H1F1-GDY [91] Copyright 2020 Elsevier. (b)
Material characterizations of nanostructured
polymer electrode. X-ray photoelectron spec-
tra of N 1s region and a schematic illustration
of the charge and discharge reactions. Electro-
chemical performance: discharge and charge
curves, cyclic voltammetry patterns, cycling
performance, and optical image [95] Copyright
2017 American Chemical Society.
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electrochemical performances. Herein, a repeated summarization of the
fluoride-containing metal-based polyanions is avoided. But a brief sum-
marization and particular focus on the remaining issues and scientific
challenges, however, are necessary to emphasize. Regarding the syn-
thesis of fluoride-containing metal-based polyanions, there still lacks a
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highly efficient technology with low cost and non-rigorous experimen-
tal conditions for precise control over the stoichiometric of products.
More studies on the phase design of electrode materials as well as the
phase evolution during battery operation will be beneficial for the fun-
damental understanding of the interrelationship between crystal phases
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and electrochemical behaviors, given the current controversial opin-
ions about whether the charge-storage process in fluoride-containing
metal-based polyanions is insertion or solid-solution. In addition, lim-
ited lifetime is another shortage for this kind of materials. Given these
remaining issues, more future research efforts need to focus on the ex-
ploration of the fundamental relationship between constitutions and
structures, structures and electrochemical performances. Furthermore,
product-controllable synthesis process by adjusting the precursors plays
a basic role for the research of material science. Finally, more composite
structures, such as carbon coating, conductive polymer wrapping, and
layered materials supporting, need to be extensively studied for prolong-
ing the efficient lifetime.

2.1.4. Halogen-doped composite electrodes

Halogen and halogen-containing compounds can also be employed
as dopants for electrodes to improve the electrochemical performance
of basal materials, which is capable of having beneficial synergetic ef-
fects on the electrochemical cycles. Wang et al. studied the doping effect
of iodine on carbon by synthesizing iodide- and nitrogen-co-doped car-
bon spheres for use as an anode material in lithium-ion batteries [90].
The assembled cell exhibits a tremendously high volumetric capacity of
1,418 mAh g~! at 0.05 mA cm~2 and good lifetimes of 100 cycles at 0.1
mA cm~2 with 1,335 mAh cm~2 capacity retention and 500 cycles at 1
mA cm~2 with 1,090 mAh cm~3 capacity retention, benefitting from the
synergistic effect. A study on the fluoride-doping effect on graphdiyne
(GDY) by Lu et al. demonstrated a high capacity of 2,050 mAh g~! at 50
mA g~! and a long lifetime of 8,000 cycles with only a 23% capacity re-
duction, benefitting from the co-doping of hydrogen (for large capacity)
and fluoride (for high stability), as shown in Fig. 10a. Fluoride doping
adjusted the pore structure of GDY, and formed a more stable interfacial
structure [91].

Furthermore, chlorine-doped GDY was further studied by Wang et al.
[92]. The introduction of chloride atoms into the GDY matrix synergis-
tically assisted to stabilize the intercalated lithium ions by their large
atomic size and electronegativity, which thus generated more lithium-
ion storage sites. In addition, halogen has been demonstrated to be a
good dopant for organic electrodes, such as poly-pyrrole and polyaniline
[93,94], to functionalize the basal materials. Zhao et al. designed and
fabricated a chloride-doped poly-pyrrole for use as a cathode of chloride-
ion batteries; such an organic electrode demonstrated that the redox
process was modified by nitrogen species and chloride ions within the
matrices [95]. The chloride-ion batteries assembled with the chloride-
doped organic cathode delivered a capacity of 118 mAh g'! and superior
cycling stability (Fig. 10b).

2.2. Halogen-containing compounds in electrolytes

Halogen-containing compounds are intensively studied as a critical
portion of electrolytes in rechargeable batteries. The ionic conductive
capability of metal halides is a key parameter for the realization of all
solid-state batteries. Furthermore, unique ionic sizes of halogen species
promote the ionic conductivity of solid-state electrolytes when used as
dopants in solid-state electrolytes. Unique chemical activity and elec-
trochemical performances of halogen ions enable uniform and smooth
electrolyte/electrode interfaces by stabilizing metal ion deposition dur-
ing charging operations. For the halogen ion batteries, halogen ions
serve as the shuttling species to storage electric energy. In this chapter,
we summarized the utilization of active halogen-containing compounds
in electrolytes, and the summarization and discussion were organized
from the perspective of their utilization objectives, including transport
of charge carriers, improvement of ionic conductivity, and stabling solid
electrolyte interfaces. We focus on the effects of halogen species in those
compounds on the electrochemical performances, such as rate perfor-
mances and cycling capability. Halogen-containing salts only were un-
der consideration for the applications of halogen-containing compounds
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Fig. 11. Ionic conductivity of N,N,Ntrimethyl-N-neopentylammonium fluoride
(Np1F, black) or N,N,N-dimethyl-N,N-dineopentylammonium fluoride (Np,F) in
liquid bis(2,2,2-trifluoroethyl)ether (BTFE) electrolyte solutions as a function of
concentration. Linear sweep voltammograms for the as-prepared electrolytes.
1,2-Dimethoxyethane (DME); bis[2-(2-methoxyethoxy)ethyl]lether (TEGDME)
[97] Copyright 2018 Science.

in liquid-state electrolyte systems, and the halogen-containing solvents
were not under consideration.

2.2.1. As charge carriers for shuttling

2.2.1.1. Organic electrolytes in fluoride-ion batteries. Dissolving fluoride-
containing salts into organic solvents has been extensively studied thus
far [96]. Due to the poor solubility of metal fluoride salts, studies on
fluoride-containing organic salts were widely reported. Davis et al. de-
veloped an organic electrolyte by dissolving tetraalkylammonium fluo-
ride salts into ether solvents for high ionic conductivity [97]. Organic
fluoride salts (N,N,Ntrimethyl-N-neopentylammonium fluoride (Np1F)
and N,N,N-dimethyl-N,N-dineopentylammonium fluoride) are synthe-
sized given the insolubility of metal fluorides. The authors screened
three broad classes of organic solvents, which are, above synthesized,
salt insoluble, soluble but fluoride reactive (higher electrolyte concen-
trations, over 0.5 M), and soluble and fluoride stable (limited elec-
trolyte concentrations). As a consequence, a high fluoride ionic con-
ductivity of approximately 3.5 mS cm~! (Fig. 11) was attained for a 1
M N,N,N-dimethyl-N,N-dineopentylammonium fluoride solution using
a bis(2,2,2-trifluoroethyl)ether solvent, which is comparable to ionic
liquid-based electrolytes. Moreover, the linear sweep voltammograms
suggest a 3 V wide potential window (Fig. 11), enabling the operation
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Fig. 12. Schematic illustration of the seawater battery [100] Copyright 2016 Elsevier.

of more electrode material. More studies on organic liquid-phase elec-
trolytes are suggested to widen the understanding of this field given the
currently limited reports.

2.2.1.2. Aqueous electrolytes in fluoride-ion batteries. Aqueous elec-
trolytes are promising for forming batteries with reliable safety and
affordable cost efficiency. Hou et al. reported an aqueous fluoride-
ion battery using sodium fluoride salt solution as the electrolyte [98].
Reversible charging/discharging was realized by the redox couples of
Bi%*/Bi and 4-hydroxy-TEMPO/4-hydroxy-TEMPO* with an appropri-
ate capacity of 89.5 mAh g~! after 85 cycles at a specific current of
1,000 mA g~1.

2.2.1.3. Aqueous electrolytes in chloride-ion batteries. Given the large
abondance of resources, seawater comprises enormous chlorides, thus
inspiring researchers to study seawater electrolyte-based rechargeable
batteries [99]. A study by Kim et al. using Ag foil as the cathode re-
versibly formed silver chloride with chloride ions from the seawater
electrolyte (Fig. 12) [100]. Furthermore, a concentration flow battery
designed and constructed by Tan et al. demonstrated that metal chlo-
rides, such as BiCls, CoCl,, and VCl; have high potential as cathodes
for such batteries due to their chloride-ion insertion and extraction ca-
pabilities [101]. Improved electrochemical kinetics were attained when
the metal chlorides were replaced with metal oxychlorides [102].

2.2.1.4. Ionic liquid electrolytes in fluoride-ion batteries. Along with the
development of solid-state electrolytes for fluoride-ion batteries, atten-
tion has been focused on seeking desirable liquid-state electrolytes to
improve the ion concentration and the diffusion kinetics [103]. Okazaki
et al. developed an ionic liquid-based liquid-state electrolyte by dissolv-
ing an organic fluoride into an ionic liquid, forming an electrolyte with
a rational fluoride ion conductivity of 2.5 mS cm~! at room tempera-
ture [104]. The feasibility of the room temperature fluoride-ion batteries
was further demonstrated with favorable electrochemical revisability
when assembled with bismuth (cathode) and lead (anode). The surfi-
cial change in bismuth before and after oxidation was clearly confirmed
through scanning electron microscopy; a rough and crack-rich surface
was formed, suggesting the bismuth oxidation (Fig. 13).

2.2.1.5. Ionic liquid electrolytes in aluminum-ion batteries. In addi-
tion, chloride-containing ionic liquid was extensively studied in
aluminum-ion batteries and dual-ion batteries. The ionic liquid based
electrolyte made by anhydrous aluminum chloride and 1-ethyl-3-
methylimidazolium chloride mixture was reported by Lin et al., which
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thereafter was widely adopted as the common electrolyte in aluminum-
ion batteries and dual-ion batteries. [105-108]. The stripped aluminum
ions from anode side associated with aluminum chloride anions (AlCl, ™)
to form a dual-aluminum chloride anions (Al,Cl,~), and the aluminum
chlorides inserted in the cathode could be deintercalated into the ionic
liquid electrolyte to complete the discharging process. The charging pro-
cess goes the other way around. Currently, the studies on aluminum-
ion batteries mainly focus on the exploration of novel cathode mate-
rials, thus, more efforts are encouraged on the exploration of high-
performance electrolytes given that the feasibility of other electrolyte
systems has been demonstrated in some pioneering reports [109,110].

2.2.1.6. Molten electrolytes in alkali metal-ion batteries. In addition,
molten alkali metal halide salts have favorable electrochemical/thermal
stability and conductivity, which make them promising electrolyte can-
didates. Sodium iodide-lithium iodide-potassium iodide has the lowest
melting temperature among the alkali metal halide electrolytes for lig-
uid metal batteries, which helps to reduce the self-discharge and oper-
ating temperatures of batteries. The good ionic conductivity promises
lower voltage hysteresis, improving the capacity utilization. A con-
cept of a liquid-state pseudo-binary electrolyte was proposed by Gong
et al. [111]. Sodium iodide was dissolved into a binary lithium iodide-
potassium iodide solvent at a relatively low temperature of approximate
290°C, with a solubility of approximate 7 mol%. Based on the phase dia-
gram (Fig. 14) validated by the experimental results, the lithium iodide-
potassium iodide mixture exhibited a lower melting point relative to the
chloride counterpart. The low melting point and sufficient sodium-ion
conductivity, thus, enable the use of a low-temperature electrolyte for
liquid sodium-ion batteries.

2.2.1.7. Solid-state electrolyte in fluoride-ion batteries. Two classes of
solid-state electrolytes, i.e., alkali-metal fluorides and alkaline-earth
metal fluorides, are widely employed in solid-state fluoride ion batter-
ies, where the former has a fluorite-type structure and the latter has
a tysonite-type structure. Bhatia et al. [112] optimized the conductiv-
ity of tysonite-type La;_,Ba,F5 , solid electrolytes by reducing the grain
boundary resistance upon sintering. The obtained product exhibits an
ionic conductivity of 1.26 x 10~ at 60°C, which is one order of magni-
tude higher than that of the as-prepared pellet and ball-milled batches.
To further enhance the ionic conductivity of the tysonite-type solid-state
electrolyte, Zhang et al. synthesized a fluoride-containing solid-state
thin film (Lag gBag ;Fs9) [113]. The authors found that a higher con-
ductivity of 1.6 x 10~* S cm~! was attained at 170 °C through sintering
at 450 °C for 4 h. Similarly, Rongeat et al. studied the ionic conductiv-
ity using alternating current and direct current analyses, emphasizing
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Fig. 13. Scanning electron microscopy images
of the bismuth electrode before and after oxida-
tion [104] Copyright 2017 American Chemical
Society.
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the blocking effect of grain boundaries on ionic transports [114]. Sin-
tering to have fewer grain boundaries and a larger grain size is thus
pursued for higher ionic conductivity. Pan et al. presented halogen in-
terdiffusion behavior in the halogen-containing perovskite cesium-lead-
bromide [115]. Chloride-bromide couples diffuse within the perovskite
with an activation energy of 0.44 + 0.02 eV. In contrast, iodide-bromide
couples are not allowed to migrate owing to the possible complex phase
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behaviors. This study provides more insights into halogen transfer in the
development of solid-state electrolytes for halogen-ion batteries [116].

Lattice engineering is another solution to enhance the ionic conduc-
tivity of solid-state electrolytes for fluoride-ion shuttling. The use of a
solid-state electrolyte with fluoride-ion hoping sites and migrating path-
ways is beneficial to decrease the energy barrier for long-range ionic
transport. Breuer et al. studied the doping effect of strontium on LaF3; a
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Fig. 15. (a) Schematic diagram of fluoride ion migration pathways [118] Copyright 2013 American Chemical Society. (b)
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several orders of magnitude increase in ionic conductivity was attained
relative to strontium-free conductivity, benefiting from the lattice strain
and fluoride defect sites generated by introducing strontium ions [117].
Furthermore, the activation energy of ionic transfer is decreased by 0.26
eV, ie., from 0.75 eV for LaF; to 0.49 eV for La, ¢Sr 1 F, 9. Introducing
larger strontium ions resulted in increased strain, as confirmed by the X-
ray diffraction patterns with a small shift of the characterized peak upon
introducing strontium ions. The beneficial effect of a certain amount of
point defects inside the solid-state electrolyte, which participate in and
facilitate the ionic transport, was further proved by Rongeat et al. [118].
Moreover, the generation of grain boundaries by nanotechnology pro-
vides additional pathways for fluoride ion conduction (Fig. 15a).

Apart from the introduction of dopant species, modifying the crys-
talline sizes and morphologies also plays a significant role in improv-
ing the ionic conductivity. Regarding this factor, Patro et al. demon-
strated the synthesized method dependence of the ionic conductivity
[119]. Samples synthesized by the mechanochemical method exhibited
higher ionic conductivity than those synthesized by the normal solid-
state reaction technique [120]. Mohammad et al. demonstrated a full-
cell fluoride ion battery with BaSnF, as the solid-state electrolyte at
room temperature, tin or zinc as the anode, and BiF; as the cathode,
confirming the feasibility of BaSnF, for fluoride ion batteries [121].
However, poor revisability and quick decay are the remaining issues.
Favorable charging/discharging operation was only attained at a very
small current density of 10 pA cm~2 (Fig. 15b), which suggests the need
of a study on large current densities. Vergentev et al. demonstrated that
the ionic conductivity of LaF; can be increased by SrF,, due to the re-
distribution of charge carriers at diverse chemical potentials [122], and
the ion transport may proceed via lattice mismatch or the formation
of a new solid phase. A PbSnF, synthesized by Fujisaki et al. through
mechanical milling exhibited two phases, i.e., y and g, strikingly, the
fluoride interstitial sites increase upon the y to g phase transition [123].

Special battery designs are also attained wide attention. Moham-
mad et al. developed a dual-electrolyte concept for the solid-state flu-
oride ion batteries by adopting BaSnF, for high ionic conductivity and
Lag oBag 1 Fy ¢ for a wide potential window (Fig. 16) [124]. Through op-
timizing the thickness of each layer, a one order of magnitude higher
ionic conductivity (0.89 x 107> S cm™1) relevant to bare Lay gBag 1F, g
was thus attained with 45-uym thick Lag gBay ; F g at room temperature.
This report presents an efficient but facile design mechanism for solid-
state electrolytes with high ionic conductivity, highlighting the feasi-
ble concept of combining electrolytes with different features. Further-
more, the development of solid-state electrolytes might also be an effi-
cient method for addressing the dissolution and loss of cathode active
species, which has been demonstrated in principle pioneered by Chen
et al. [125]. Regarding solid-state electrolytes for fluoride ion batter-
ies, more detailed information refers to the excellent review article by
Nowroozi et al. [126].
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Fig. 16. Schematic illustration of dual-electrolyte solid-state fluoride-ion bat-
teries [124] Copyright 2019 American Chemical Society.

2.2.2. Facilitating the conductivity of solid-state electrolytes

Solid-state electrolytes are proposed for lithium metal batteries in
the beginning, and penetrate other battery chemistries, benefitting from
their potential ionic conductivity and reliable battery safety. However,
some remaining challenges, such as favorable manufacturing technol-
ogy and poor kinetics, are still hamper the practical adoption of solid-
state electrolytes. Here, we go over the studies of halogen containing
solid-state electrolytes and discussed the recent ongoing technologies
and discovers on improved ionic conductivity by halogen chemistries.

2.2.2.1. Lithium-ion conductive solid-state electrolytes. Solid-state elec-
trolytes made by alkali metal halides are a promising strategy for lithium
metal batteries in view of the lithium-ion conductivity of alkali metal
halides, which has led to research efforts focusing on halogen-containing
solid-state electrolytes [127]. Previous reports have discovered that
substitution or doping by halogen, particularly fluorine, can further
improve the lithium-ion conductivity of conventional solid-state elec-
trolytes by adjusting the sublattices and smoothing the lithium-ion dif-
fusion pathways [128]. However, solid-state electrolytes with promising
lithium ionic conductivity and stability have been considered roadblocks
for the achievement of all solid-state lithium-ion batteries. A theoretical
study of the lithium-ion diffusion mechanism in metal chlorides demon-
strates that increased lithium-ion conductivity can be attained from
low lithium content and cation concentration together with a sparse
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cation distribution [129]. Recently, Asano et al. developed a new type
of halogen-containing solid-state electrolyte (Li3 YClg and Li; YBrg) with
a high ionic conductivity of 1 mS cm! [130]. The halide ions con-
struct framework-type sublattices, in which lithium ions alternatively
pass through the tetrahedral and octahedral regions accompanied by
matrix cation repulsion. This new type of ion migration mechanism is
rather different from the reported sulfides and oxides with anion-aligned
bec structures.

Theoretical calculations for such Li, MCI, -type solid electrolytes sug-
gest that following research efforts on lithium vacancies are favorable
for superior ionic conductivity [131]. Crystalline traits play a signifi-
cant effect on the ionic conductivity. Lower energy barriers are gener-
ated in monoclinic Li;MClg, while higher energy barriers are obtained
from orthorhombic and trigonal structures due to sluggish diffusion
dynamics. Lithium ions migrated in the monoclinic phase following
the two-dimensional intralayer and three-dimensional cross-layer path-
ways, while lithium ions were transported in trigonal and orthorhom-
bic phases through a one-dimensional path along the c-axis and two-
dimensional transport along the ab-plane, as shown in Fig. 17. In addi-
tion to the phase consideration, composition engineering was demon-
strated to be effective to the ionic conductivity [132].

2.2.2.2. Sodium-ion conductive solid-state electrolytes. Halogen species
are well known as dopants of solid-state electrolytes for improving
ionic conductivity by tunning the lattice structures due to the unique
size and electronegativity effects. A halogen-doped chalcogenide-
type solid-state electrolyte was studied by Jia et al.; in particular,
Nag 57 [Sng ¢7Sig.33]0.67P0.3353.9X0.1 (X=chloride, bromide, and iodide)
with a 0.1 atomic stoichiometric ratio was designed and synthesized
[133]. The superior ionic conductivity and low activation energy were
found for the iodide-doped sample due to the high polarization and
large atomic radius of iodide ions, promoting sodium-ion conductivity,
as shown in Fig. 18. Additionally, the high electronegativity of chloride
ions has also been demonstrated to improve the sodium-ion conductivity
in the chloride-doped solid-state electrolyte counterparts [134]. A fluo-
rinated sulfide solid-state electrolyte with an expanded lattice was stud-
ied by Fan et al. [135]. After co-doping the large chloride ions and biva-
lent magnesium into the Na;SO,4F solid-state electrolyte, the sodium-ion
conductivity was improved by three orders of magnitude (up to 10~*
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Secm1, at 60°C), benefitting from the lattice expansion and sodium va-
cancy generation in the solid-state electrolyte.

In addition, the argyrodite with a general formula of
Lijgmyt M™*Y,27)Y, 2"X, -, where M is Si, Ge, Sn, P or As; Y is
O, S, Se or Te; X is Cl, Br or I; 0 < x < 2, is another type of halogen-
containing solid-state electrolytes. The introduction of halogen in the
argyrodite plays a crucial effect on the lattice structural disordering due
to the size effects and the strong electronegativity of halogen anions,
particularly chlorides and bromides, which promotes the delocalization
of lithium cations in the solid electrolyte and has a lower diffusion bar-
rier for lithium ions. Therefore, argyrodite solid electrolytes substituted
by large-size iodide species generally exhibit lower ionic conductivity
relative to the chloride and bromide substituted counterparts. Several
review articles have comprehensively summarized and discussed the
recent reports on the argyrodite solid electrolytes, in which the effect of
halogen on ionic conductivity has been detailed, with the core concept
we elaborate above [136-138].

2.2.3. Solid electrolyte interface modification

Halides are also widely utilized as additives of electrolytes in alkali
metal-ion batteries, particularly in lithium-ion batteries, for stabilizing
the electrode/electrolyte interfaces and obtaining uniform stripping and
plotting of anode metals, thus suppressing the dendrite growth. The
halogen containing additives are normally utilized in a small amount
only to adjust the electrochemical deposition of metal ions upon charg-
ing by forming metal halogen compounds in the solid electrolyte in-
terfaces. We provide an overview of the halogen containing solid elec-
trolyte interfaces bellow.

2.2.3.1. Lithium-ion batteries. Lithium-ion batteries were intensively
studied after their first commercialization in 1991, with a focus on im-
proving their capacity, safety, and cost-efficiency. Accompanying the
increasingly powerful features of electronics and the corresponding
penetration into our daily life, conventional lithium-ion batteries are
no longer able to meet our demands. Thus, research focus is shifting
from conventional lithium-ion batteries to lithium metal batteries (us-
ing lithium metal as an anode) to obtain a larger capacity. However, a
significant issue in lithium metal batteries is dendrite formation, which
is caused by nonuniform lithium-ion deposition on the lithium metal
anode surface. During the charging/discharging process, the formed
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[133] Copyright 2020 American Chemical Society.

lithium dendrites pierce the separator and approach the cathode, result-
ing in battery short circuits. Over the last several years, tremendous ef-
forts to overcome the lithium dendrite issue have been conducted, with
favorable progress exhibited. The acknowledged theory regarding ad-
dressing lithium dendrites is the generation of a uniform solid electrolyte
interface to guide homogenous lithium-ion deposition on the lithium
metal surface, meanwhile the robust solid electrolyte interface layer has
no cracks or tears upon lithium-ion deposition/stripping. To achieve
this target, introducing a halogen species-containing solid electrolyte
interface layer is a promising solution that simultaneously promotes
lithium-ion diffusion and suppresses lithium dendrite growth. Given the
attractive properties of the halogen-containing solid electrolyte inter-
face, enormous research efforts focused on halogen-containing solid-
state electrolytes have been carried out. Herein, we refer the readers to a
previous (2018) review article for more detailed information about how
halogen species improve the electrochemical performance of lithium
metal batteries from the perspectives of solid electrolyte interface forma-
tion and solid-state electrolytes [139]. In the last two years, studies on
the suppression of lithium dendrites have further demonstrated that the
LiX (X=fluoride, chloride, bromide, etc.) layer on a lithium metal surface
is highly efficient for homogeneous plating/stripping [140,141]. In par-
ticular, the lithium fluoride layer on the lithium metal surface exhibited
extremely stable lithium-ion plating/stripping [142,143]. Regarding the
formation of the solid-state lithium fluoride protective layer, in addition
to conventional electrolyte additives [144-146], the fluoride-containing
solvents utilized in battery construction can also facilitate lithium flu-
oride formation, especially when the solvent has a trans-fluoride struc-
ture, suggesting that wise selection of the electrolyte solvent is neces-
sary [147,148]. Furthermore, some innovative strategies for lithium flu-
oride generation have also been reported, such as thermal evaporation
[149], slurry coating [150], and solution processing [151]. Although
lithium fluoride has been well demonstrated experimentally, the un-
derlying mechanism of how lithium fluoride yields uniform lithium-
ion deposition and suppresses lithium dendrites is still poorly under-
stood. According to some operando characterizations, lithium fluoride
can yield a dense lithium-deposition layer, which is beneficial for uni-
form stripping/platting [152]. On the other hand, lithium fluoride alone
was demonstrated to compromise the mechanical integrity; thus, an ad-
ditional outer layer is required to generate a composite solid-state elec-
trolyte [153]. Other fluorides and bromides have also demonstrated to
be efficient for dendrite-free lithium metal batteries [154,155].

Alkali metal halides have also demonstrated to have a wide poten-
tial window, which is beneficial for high-voltage batteries [156]. In par-
ticular, alkali metal fluorides that have the capability to withstand ex-
tremely high voltages are also favorable for utilization as the protective
layer of electrode materials in high-voltage batteries [157], for which
lithium fluoride has already been demonstrated to be an efficient pro-
tective layer of composite cathodes and silicon-based anodes, as well as
some other composite anodes [158].
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Silicon is a potential anode material of lithium-ion batteries that
has an extremely high specific capacity. However, its large volume ex-
pansion during charging imposes a barrier for its practical utilization.
To address the volume-change issue, lithium fluoride has been demon-
strated to protect silicon particles from cracking, thereby stabilizing the
solid electrolyte interface and, thus, improving the coulombic efficien-
cies and reducing pulverization by enlarging the lithium diffusion coef-
ficient [159-1611.

2.2.3.2. Sodium-ion batteries. Sodium ion batteries have received ex-
tensive attention for their cost efficiency and competitive electrochem-
ical performances; however, one of the main issues for sodium ion
batteries is the unstable plating/stripping of sodium ions over charg-
ing/discharging cycles due to the high diffusion barrier of sodium
ions, resulting in detrimental dendrite growth [162]. Studies on sodium
halides have demonstrated improved kinetics for sodium ion transport.
Choudhury et al. found that the sodium bromide interphase has a lower
energy barrier for sodium ion diffusion, displaying more stable sodium-
ion deposition [163]. Furthermore, the sodium bromide interphase ex-
hibited an approximate threefold reduction in activation energy for ion
transport. Furthermore, the surface energy barriers of metal halides are
much lower than that of the usual solid electrolyte interface components
consisting of metal hydroxides and metal carbonates, which facilitates
the diffusion of adatoms to hamper dendrite growth. On the other hand,
the sodium bromide solid-state layer on the sodium anode surface also
inhibits the interfacial side reactions. Among the sodium halide layers,
Tian et al. demonstrated the lowered diffusion barrier (0.02 eV) of the
sodium iodide layer relative to the fluoride counterpart (0.25 eV) for
sodium ion diffusion (Fig. 19) [164]. The battery, thus, delivered a high
capacity of approximate 110 mAh g at 2 C without obvious capacity
decay even for 2,200 cycles. Density functional theory theoretical cal-
culations showed that the sodium ions were directly bonded on top of
fluoride ions in the sodium fluoride, diffusing through a pathway in the
middle of two neighboring layers of fluoride anions; the adsorption and
diffusion paths of sodium ions in sodium iodide were similar to those in
sodium fluorides, as shown in Fig. 19.

2.2.3.3. . Multivalent metal-ion batteries. Halide ions are extensively
adopted as coordination ions in the electrolytes of multivalent-ion bat-
teries, such as magnesium- and aluminum-ion batteries, to render elec-
trode/electrolyte interfaces, which facilitate the stripping and deposi-
tion of metal ions and promote electrochemical kinetics. The use of a
lithium chloride additive in the electrolyte of magnesium-sulfur bat-
teries has been reported by Fan et al. [165]. A long lifespan of 500
cycles and high coulombic efficiency approaching 100% were attained
due to the solubilization of magnesium chloride benefitting from the
assistance of lithium chloride, which enabled reduced overpotential of
140 mV during magnesium plating/stripping at 500 pA cm~2. Li et al.
demonstrated an effective magnesium iodide solid-electrolyte interface
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layer that was formed by introducing an iodine additive into the elec-
trolyte of magnesium-ion batteries; the solid-electrolyte interface was
magnesium-ion conductive and thus offering a small voltage hysteresis
[166]. A more detailed discussion of the halogen, particularly chlorine
and bromine, used in electrolytes is provided in the excellent review
of [167]. The introduction of halide ions as coordination ions into elec-
trolytes improves the dissolution and deposition capability, although the
halides cause battery corrosion, which is, thus, a double-edged sword.
Future efforts need to pay more attention to avoid the corrosion.
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3. Halogen conversion-based battery chemistries

Halogen elements, particularly bromine and iodine, have been ex-
tensively studied as conversion-type electrodes in rechargeable batter-
ies, including alkali metal-ion batteries, zinc ion batteries, and redox
flow batteries, as well as other battery families, such as zinc-bromine,
metal-iodine, due to their high reduction potentials and large abondance
on earth [168]. In this chapter, we focus on halogen conversion-based
battery chemistries and discuss the current research progress correlat-
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ing with the corresponding electrochemical performances. This chapter
is provided based on different battery systems. The remaining issues in
halogen conversion-based battery chemistries and possible solutions are
discussed to guide future research efforts.

3.1. Bromine redox for energy storage

3.1.1. Redox flow batteries

Redox flow batteries are among the promising energy storage tech-
nologies for integrating renewable energy sources into electric grids
[169]. Redox flow batteries are designed and fabricated by decoupling
the energy and power densities to separately store the anolyte and
catholyte in two individual tanks and circulating them independently
through pumping, which enables both high energy and power densities
[170]. In this case, the amount of energy storage lies in the volume and
concentration of the redox-active electrolytes; the power density relies
on the rate of circulation. In this chapter, we mainly discuss redox flow
batteries designed based on bromide/bromine conversion reactions.

Zinc-bromine redox flow batteries enable an aqueous battery sys-
tem with good safety and attractive cost efficiency; issues such as elec-
trolyte crossover contaminations and dendrite growth due to the ununi-
form zinc ion flux distribution, however, need to be addressed [171—
174]. Electrolyte additives demonstrated to be effective approach for
stable zinc stripping/deposition [175]. A study on the inhibition of
zinc dendrite growth by Kim et al. demonstrated that the utilization
of bromine-complexing agents, such as 1-ethyl-1-methyl-pyrrolidinium
bromide, led to a uniform deposition of zinc ions by forming an electro-
static shield, as shown in Fig. 20 [176]. A study on electrolyte additives
by Wu et al. demonstrated the efficiency of introducing ammonium chlo-
ride into the electrolyte for a high energy efficiency of 81.8% [177]. In
addition, Wang et al. demonstrated an integrated Br//NaTi,(PO,4); re-
dox flow battery concept (Fig. 21a), which simultaneously conquered
the zinc dendrite by utilizing (de)intercalation-type cathode materials
[178]. Zeng et al. designed and synthesized tin-bromine hybrid redox
flow batteries by using tin as the anode, which delivered a high coulom-
bic efficiency of 97.6% at a high current density of 200 mA cm~2, as
well as power densities of 673 (15°C) and 824 (35°C) mW cm~2 at a
half-charged state (Fig. 21b) [179].

The design of cathode structures and morphologies plays a critical
role in suppressing bromine diffusion and transfer [180-183]. Wang
et al. designed and fabricated a hollow carbon cage with a proper pore
size, which trapped bromine complexing inside via molecular size ex-
clusion [184]. Wang et al. designed and synthesized a titanium nitride
nanorod array current collector for high-rate bromine-based redox flow
batteries [185]; the highly porous three-dimensional structure and ex-
cellent catalytic activity toward the bromine/bromide redox enabled the
cell to operate at a high current density of 160 mA cm~2. For such a
catalytic effect, many studies have demonstrated the promotion in the
redox kinetics, in particular carbon-based materials [186-189]. A study
by Wu et al. demonstrated that the electrocatalytically active carbon-
paper current collector showed an improved rate capability and 83.5%
energy efficiency at 40 mA cm~2 compared with their common car-
bon felt counterparts [190]. Biomass-derived carbon materials further
promise wonderful cost efficiency. In a study by Naresh et al. [191], the
activated carbon derived from phyllanthus emblica leaves acted as an
excellent electrocatalyst for the redox reactions in zinc bromine redox
flow batteries; the cell delivered efficiencies of 99% (coulombic), 83%
(voltage), and 82% (energy) at 30 mA cm~2 and a lifespan of 100 cycles.
A nitrogen-doped carbon cathode derived from a glucose precursor by
Xiang et al. demonstrated an excellent energy efficiency of 82.5% at 80
mA cm™ and a stability of 200 cycles [192].

Complexing agent study is also beneficial for fixing the interme-
diates formed during charging/discharging should be conquered, too
[193]. A novel complexing agent, 3-chloro-2-hydroxypropyltrimethyl
ammonium chloride, reported by Li et al. for preventing polybromides
from diffusion and corrosion in a titanium-bromine flow battery demon-
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strated high coulombic (95%) and energy (83%) efficiencies at 40 mA
cm~2, as well as a long lifespan of 1,000 cycles [194]. Li et al. demon-
strated a complexing agent, 1-ethyl-2-methyl-pyridinium bromide, for
polybromides, which complexed with polybromides stably even at high
temperatures (60 °C); as a result, the bromine-based redox flow batteries
ran stably for more than 400 cycles [195].

In bromine conversion-related redox flow batteries, bromine unbal-
ancing or crossover between anolytes and catholytes is one key issue.
A systematic comparison of the electrochemical performances was pro-
vided in Table 3. The undesirable bromine crossover causes accelerat-
ing capacity decay, resulting in the requirement of a better membrane
with less bromine permeability [196]. To date, enormous research ef-
forts on carbon-based current collectors or cathodes have demonstrated
the high efficiency of well-designed and fabricated carbon electrodes for
suppressing (poly)bromide diffusion and crossover contaminations, thus
preserving the capacities and prolonging the battery lifetime. Generat-
ing defect sites by doping heteroatoms, such as nitrogen and phospho-
rus, improves the active and/or redox sites within the carbon cathodes,
thus benefiting the kinetics of redox reactions by catalytic effects and
the capacities of active materials by absorption effects. The in-situ mon-
itoring of the charging/discharging process and the study of circulation
rates are also significant for improving the performances of redox flow
batteries [197,198].

3.1.2. Nonflowing batteries

Metal-bromine batteries, as a type of battery that works based on
bromide anion redox conversion, are obtaining increasing attention due
to their easy-to-fabrication and cost efficiency. To improve the energy
density and cycling stability, enormous efforts have been conducted.
The high reduction potential of bromide ions in electrolytes usually
causes redox reactions on the electrode surface, through which the bat-
tery or capacitor capacity values can be enhanced significantly, en-
abling a higher energy density. Han et al. demonstrated a hydrogel elec-
trolyte where the bromide ions introduced in the electrolyte served as
both charge-shuttling carriers and active species, in which only bare
active carbon was employed at the cathode side forming a zinc-ion
hybrid supercapacitor [199]. A high energy density of 605 Wh kg~!
and a power density of 1,848 W kg~! were attained together with a
5,000-cycle long lifespan, benefitting from the bromide-based redox
couple of 3Br" < Brg'+2e and Zn < Zn?**+2e". In a hybrid capaci-
tor reported by Tang et al., the redox reaction of bromide/tribromide
on the positive electrode surface renders a gravimetric energy den-
sity four times higher than the conventional double layer capacitor
[200]. Later, Li et al. developed a bromide-ion battery using copper
bromide as the solute of electrolyte, which exhibited a high capac-
ity of 200 mAh g1 and a long lifespan of 8,000 cycles with a ca-
pacity retention of 142 mAh g=! [201]. The redox reaction of bro-
mide ions in the electrolyte suggests more insights into the recently
popular anion conversion-based battery chemistry. Li et al. reported
a bromide ion adsorption/desorption-based charging/discharging prin-
ciple [202], in which the charging/discharging mechanism was bro-
mide ion adsorption/desorption at carbon black (Fig. 23b). Such simple
adsorption/desorption-based charging/discharging concept effectively
improved the energy density. To further improve the energy and power
densities, Yu et al. proposed a “super-capattery” by combining triple
battery-, capacitive-, and pseudocapacitive-type charge storage mech-
anisms in a signal zinc-bromine battery, as shown in Fig. 23c [203].
High energy (270 Wh kg~1) and power (9,300 W kg~!) densities were
attained simultaneously, benefitting from battery-type charge storage
for high energy and capacitive- and pseudocapacitive-charge storage for
high power.

Electrolyte studies are significant for the improvement of rate perfor-
mances. Dongmo et al. demonstrated liquid electrolyte system by using
alternative bromine species rather than chlorine in hexamethyldisilazide
(HMDS)Cl-based electrolyte [204]. As a sequence, it exhibits a stable po-
tential window of approaching 2.4 V, a 1,000-cycle long-term lifetime,
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Fig. 20. Schematic illustration of the zinc dendrite
growth process and the electrostatic shielding pro-
cess by use of 1-ethyl-1-methyl pyrrolidinium cations
[176] Copyright 2019 Elsevier.

Material

Lifetime (cycles)

Energy efficiency (%)

Current density (mA cm™2)  Ref.

KCl and NH,Cl supporting electrolyte
TiN nanorods array@C felt

Sn anode

Cage-like porous C

C paper electrode

Phyllanthus emblica leave-derived active
C

N-doped active C derived from glucose
3-Cl-2-hydroxypropyltrimethyl
ammonium

Cl complexing agent
1-Ethyl-2-methyl-pyridinium Br
complexing agent

50
100
250
300
50
100

200
500

400

82
80
83
81
84
82

83
83

84

80 [177]
160 [185]
200 [179]
80 [184]
40 [190]
30 [191]
80 [192]
40 [194]
40 [195]
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Fig. 21. (a) Structural illustration of the hybrid titanium-
bromine redox flow battery system [178] Copyright 2019
The Royal Society of Chemistry. (b) Schematic of tin-
bromine redox flow batteries. Polarization curves, charge-
discharge curves, battery efficiencies, and full discharge
polarization curves of the tin/bromine redox flow batter-
ies with different pretreated electrodes under various con-
ditions [179] Copyright 2019 Elsevier.
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of the supernatants [207] Copyright 2020 Elsevier. (b) Schematic illustration of the solidification process of the bromide redox couples. Visualized images of solid-
state TBABr; precipitation [208] Copyright 2017 American Chemical Society. (c) Schematic illustration of the magnesium-bromine battery design [210] Copyright

2016 Elsevier.

and anodic stability, as well as a high ionic conductivity, reaching 1.16
mS cm~!. A rational balance between the nucleation and crystal growth
of metallic magnesium is attained, generating a homogenous deposition
layer under a low overpotential of less than 188 mV. Park et al. further
studied bromide ion migration in a droplet of bromide-based ionic lig-
uid, in which the diffusion coefficient of bromide ions was surprisingly
higher than proton conduction through Grotthuss-like hopping, provid-
ing a better understanding of the bromide ion transfer in electrolytes
[205].

In the studies on bromine conversion-based chemistries, bromide ion
diffusion and loss when bromine is used as an active material is a signif-
icant issue that needs to be addressed to mitigate capacity decay. The
poor electrolyte stability results in severe self-discharge after bromide
is oxidized into tribromides. Innovative battery designs are significant
for suppressing the shuttling of bromine species. Wang et al. designed
a dual-stimuli-responsive battery by using bromine as the cathode ma-
terial, where the bromide/bromine redox couple serves as the efficient
reaction for charge storage [206]. In this work, a dual-electrolyte sys-
tem was designed by using a thermal-sensitive gel-polymer electrolyte,
which solidified when the operating temperature was abnormally high
and refined the uncontrolled migration of bromide ions. In addition, Gao
et al. found that the introduction of tetrapropylammonium (TPA) bro-
mide into the electrolyte can bond the charging product, tribromides,
by forming solid-state TPABr; (Fig. 22a) [207]. The cell with the TPA
bromide exhibits both extremely high coulombic efficiency and capac-
ity retention relative to that of the blank cell. The formed solidified
bromide compound is visualized at the carbon fiber current collector af-
ter introducing TPA bromide into tribromides, as the further confirma-
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tion with Raman spectroscopy (Fig. 22a). Regarding the solidification of
bromide redox couples, Yoo et al. demonstrated another solidification
media, tetrabutylammonium cation (TBA bromide), which forms solid-
state TBA tribromides at the current collector in catholyte after being
charged (Fig. 22b) [208]. This study further demonstrated the feasibil-
ity of the solidifying bromide-redox-couple concept. Furthermore, Take-
moto et al. demonstrated the use of tetraethylammonium (TEA) bromide
for the solidification of bromide redox couples [209].

A dual-electrolyte system was demonstrated for overcoming this is-
sue, in which larger tribromide anions were fixed only on the cathode
side to mitigate their diffusion to the anode side (Fig. 22c), thereby
improving the coulombic efficiency [210]. Yu et al. developed a dual-
electrolyte system for an aqueous zinc-bromine battery by employing an
acid catholyte and alkaline anolyte (Fig. 23a) [211]. This work suggests
important insights into the study of aqueous electrolytes in terms of the
suppression of self-discharge owing to soluble redox couples.

Unique electrode designs are efficient approaches for suppressing the
bromide shuttling. A dual-halogen (chlorine and bromine) conversion-
based battery was designed and constructed by Yang et al. [212]; in
particular, lithium chloride and lithium bromide were inserted as re-
dox active materials into the graphite forming a composite hosting
material, and the whole product served as a cathode. By adopting
a specially designed water-in-salt electrolyte, the battery delivered a
high energy density of 460 Wh kg='. When chlorides were oxidized
to chlorine after the whole bromides were oxidized into bromine, a
beneficial interhalogen, chloride-bromide, was formed, which helps
to stabilize the oxidized chlorine. A graphite felt-supported microp-
orous carbon doped with protonated pyridinic nitrogen electrode was
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Fig. 23. (a) The electrochemical stability window of the alkaline and acid electrolytes. Schematic illustration of the discharge and charge process in a zinc-bromine
battery [211] Copyright 2019 Elsevier. (b) Schematic of the bromide-ion battery [202] Copyright 2020 The Royal Society of Chemistry. (¢) Schematic illustration of
the triple charge storage and release mechanisms [203] Copyright 2020 The Royal Society of Chemistry.

Table 4

Systematic comparison of the electrochemical performances.
Material Lifetime (cycles) Capacity (mAh g™1) Current density (mA g~1) Ref.
Ethylene glycol cyclic sulfate electrolyte 8,000 142 2,000 [201]
solvent
Br ion absorption/desorption 3,000 141 2,000 [202]
S/P co-doped C 5,000 200 1,000 [203]
based cathode
Tetrapropylammonium Br complexing 10,000 200 5,000 [207]
agent
Tetrabutylammonium Br complexing 7,000 67 1,000 [208]
agent
Alkaline-acid hybrid electrolyte 2,000 ~250 1,000 [211]

designed and fabricated by Lee et al. to capture the bromine and
polybromides formed during battery operation [213]. The innovative
membrane- and flow-less zinc-bromine battery delivered a long lifes-
pan of 1,000 cycles with an energy efficiency greater than 80% benefit-
ting from the protonated pyridinic nitrogen-doped micro-carbon. A sys-
tematic comparison of the electrochemical performances was provided
in Table 4.

3.2. Iodine redox for energy storage

Iodine has been extensively studied as a conversion-type cathode,
which differs from intercalation cathodes and delivers high theoretical
capacities (211 mAh g~1) due to its multivalent features, such as -1, 0,
and +1. Mostly, the charge storage of iodine relies on the redox between
iodine and anionic iodides given the ease of hydrolysis for cationic io-
dides. Fabrication of interhalogens, such as iodide-chloride, is an ef-
ficient pathway to stabilize the halogen species [214]. Pioneering ef-
fort has pursued the possible solution toward such an issue, retarding
the effect of aqueous solvents by introducing complexing agents such
as acetonitrile and/or chloride/bromide anions [215]. Iodine has been
widely studied in redox flow batteries and nonflowing batteries, such
as lithium-iodine, iron-iodine, and magnesium-iodine, due to its good
solubility, environmental efficiency, and low cost (Fig. 24) [216]. In
this chapter, we mainly summarized the utilization of iodine in various
battery chemistries, with a focus on the current issues and research ef-
forts. A short outline is provided to emphasize the advances in iodine
conversion-based batteries and the underlying concepts.
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3.2.1. Lithium-iodine batteries

Rechargeable lithium-iodine chemistry has gained extensive atten-
tion because of its advantages, such as high energy densities, large re-
serves of iodine on earth, low cost, and multielectron chemistry. Iodine
undergoes a multistep redox reaction during iodide oxidation to iodine,
as shown in Fig. 25a [217]. However, issues such as the high instability
of cationic iodides due to hydrolysis and the dissolution and diffusion of
iodides into electrolytes result in subsequent side reactions with lithium
anodes, restricting the practical applications.

Enormous studies of electrode designs and fabrications have been
carried out to overcome the diffusion effect of iodides. Carbon-based
electrodes currently exhibit great potentials. Li et al. conducted a study
of carbon hosting materials in terms of hindering polyiodide shuttling
and electrochemical dynamics [218]. Three different types of carbon
hosting materials, nitrogen-doped hollow spheres (N-S), nitrogen-doped
hollow hemispheres (N-HS), and nitrogen-doped fold hemispheres (N-
FHS), are synthesized (Fig. 25b) and decorated with iodine for lithium-
iodine batteries. In particular, N-FHS exhibits the best electrochemical
dynamics among the three as-prepared hosting materials. The electro-
chemical impedance spectra showed the smallest values for N-FHS rela-
tive to N-S and N-HS. The good kinetics of N-FHS were further confirmed
with the rate performances of the assembled cells (Fig. 25b), in which
N-FHS exhibits the greatest capacity value at an enhanced specific cur-
rent of 20 C. Good electrochemical dynamics has higher charge migrate
rates, enabling the battery great capacity utilization at enlarged cur-
rent densities. Li et al. synthesized a nitrogen and phosphorus co-doped
highly porous carbon cloth supporting material for hosting the lithium
iodide discharge product [219]. The doping of nitrogen and phospho-
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rus strikingly assists in generating more active sites for redox reactions,
which together with the high porosity of the hosting material delivers
excellent electrochemical performances, such as a capacity of 221 mAh
g~! at 200 mA g1, an excellent rate capability (95.8% capacity reten-
tion at 1 A g~1), and a superior long lifespan of 2,000 cycles with a 96%
capacity retention.

Natural biomass-derived carbon materials are promising for the
encapsulation of polyiodides from the perspective of sustainable de-
velopment. Su et al. demonstrated the encapsulation effect of B,O5
nanocrystal-decorated carbon microtubes on polyiodide for lithium-
iodine batteries, in which the carbon nanotubes were derived from
green and renewable poplar catkin [220]. As a result, the B,O3/carbon
microtube-enabled lithium-iodine battery exhibited a capacity of 177
mAh g1 after 500 cycles at 20 C and a long lifetime of 5,000 cycles
at 100 C with a capacity retention of 140 mAh g~1. This study shows
a pioneering example of introducing metal-oxide nanoparticles into a
carbon hosting material, suggesting a new avenue toward the study on
encapsulation of polyiodide shuttling. A further study of the encapsu-
lation effect of a three-dimensional carbon host on iodine and polyio-
dides was further demonstrated in lithium-iodine batteries [221]. Both
three-dimensional bio-foam and hollow spheres are synthesized by us-
ing natural precursors and are characterized in electrochemical appli-
cations. The three-dimensional bio-foam-based iodine cathode exhibits
improved rate performance (Fig. 25d) by virtue of thin slices. The cell
constructed with three-dimensional bio-foam provides capacity reten-
tions of 94% in lithium-iodine batteries after 500 cycles of consecutive
charging/discharging.

The reported three-dimensional carbon spheres demonstrated decent
improvement in the battery performance benefitting from their high sur-
face areas and porosity. Two-dimensional graphene, which was known
for good ionic conductivity, high porosity and robust mechanical prop-
erties, is a potential candidate for use in batteries. Kim et al. unprece-
dently introduced iodide ions into a reduced graphene oxide hosting
material and used it as a cathode for lithium-iodine battery chemistry
[222]. Relative to the encapsulation of polyiodides during redox, the
direct loading of iodides on cathode material suggested a new concept
for future electrode designs and fabrications (Fig. 25c¢). An in-situ depo-
sition route (Fig. 26a) through I, + 60H~ — 103~ + 51~ + 3H,0 and
105~ + 51" + 6H' — 3I, (deposition) + 3H,0 studied the confinement
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of graphene for iodine and polyiodides in lithium-iodine batteries [223].
The as-prepared graphene/iodine electrode with 56 wt.% iodine loading
provides a high capacity of 218 mAh g~! at a current density of 211 mA
¢! as well as a long lifetime of 500 cycles with 161 mAh g~! capacity
retention.

In addition to in-carbon (a composite electrode) confinement, a
membrane confinement method was developed by Wu et al. by inserting
a carbon nanotube membrane between the cathode and separator [224].
The proof-of-concept battery delivered a capacity of 100 mAh g~! with
a 5,000-cycle lifetime and an approximate 100% columbic efficiency at
21.1 A g~!. MXene (TizC,T,)-type inserting layer between the separa-
tor and iodine cathode by Sun et al. demonstrated hampered polyiodides
and iodine shuttling by forming strong chemical bonds with them [225].
Furthermore, the introduction of MXene boosted the redox, enabling a
5.2 mg cm~2 ultrahigh iodine loading mass. Bonding features between
MXene sheets and iodine were theoretically studied with the assistance
of density functional theory calculations (Fig. 26b). Functional groups,
such as -F, -0, and -OH, on MXene sheets promoted the binding toward
polyiodides, thereby inhibiting the shuttling.

Polymers are another candidate for trapping polyiodides, some poly-
mers, such as polyvinylpyrrolidone, can interact with polyiodides and
prevent it from shuttling [217]. Benefitting from the interaction be-
tween polyvinylpyrrolidone and polyiodides, the lithium-iodine cell ex-
hibited good stability during repeated charging/discharging, even with
high iodine load amounts (21.2 mg cm~2, 200 mAh g~!, 4.5 mAh
ecm~2, Fig. 26¢). An active carbon cloth-supported polyvinylpyrroli-
done/iodine composite electrode (Fig. 26d) by Meng et al. fur-
ther demonstrated a high-rate performance (approximate 1.5 A g1,
2,400 cycles) in lithium-iodine batteries [226]. In addition, Cai et al.
demonstrated the encapsulation effect of g-cyclodextrin toward polyio-
dide, attaining an initial capacity of 175 mAh g~! at 20 mA g~!
with a 300-cycle lifetime [227]. Water-soluble polymers, methyl-beta-
cyclodextrin, polyvinylpyrrolidone, and amylose corn starch, by Zhang
et al. demonstrated capacity performances of 228 mAh g~! for methyl-
beta-cyclodextrin, 222 mAh g~! for polyvinylpyrrolidone, and 224 mAh
¢! for amylose corn starch after complexing with iodine/porous car-
bon (Fig. 27a), with capacity retentions, 87.3, 90.1, and 79.7%, and
coulombic efficiencies, 97, 98 and 96%, which were higher than those
without polymer coating, 74.2% capacity retention and 94% coulom-
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bic efficiency [228]. Conductive polymers were further considered by
Zhang et al. by designing and fabricating a composite electrode of
polyvinylpyrrolidone/interconnected hollow carbon spheres given the
general poor conductivity of polymers [229]. The interconnected hollow
carbon spheres generated a high-way electron transfer, which together
with the good diffusion of electrolyte promotes good rate performances
(Fig. 27Db). Sequentially, the cell assembled with the as-synthesized cath-
ode exhibits a capacity of approximately 240 mAh g~! with a lifetime
of 400 cycles.

In addition to the routine carbon/organic composite hosting mate-
rials, ceramics are interesting candidates. Anju et al. demonstrated that
titanium carbonitride with a certain composition, TiCy ;N 3, possesses
favorable adsorption capability toward polyiodides [230]. The titanium
carbonitride catalyzed the iodide/triiodide redox, facilitating the elec-
trochemical reaction based on the density functional theory calcula-
tions. The titanium carbonitride enables a new type of cathode mate-
rial to suppress the polyiodide shuttling in lithium-iodine batteries. The
lithium-iodine battery assembled with the such TiC, ;N 5 nanowire de-
livers an excellent capacity of approaching 700 mAh g1 and great cy-
cling stability with coulombic efficiency approaching 100%.

In addition to the studies of suppressing polyiodide shuttling, an un-
stable anode/electrolyte interface is another issue for practical applica-
tions. Some efficient pathways have been reported. An aprotic lithium-
sodium alloy melted onto a carbon cloth was studied by Yu et al. By
coupling with an iodine cathode to form a lithium-iodine battery, it de-
livered great cycling stability with 84.8% after a 2,000-cycle repeated
test [231]. In addition, a molten lithium anode supported by N,P-co-
doped carbon cloth by Li et al. was introduced into a lithium-iodine
battery, demonstrating excellent electrochemical performances of ap-
proximately 100% capacity retention over 4,000 cycles and improved
high-rate capability [232].
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The suppression of the polyiodide shuttling has seen substantial
progress after the enormous research efforts. To date, carbon-based com-
posite materials exhibited great potential in lithium iodine batteries. A
systematic comparison of the electrochemical performances was pro-
vided in Table 5. Further attention should be put on the explorations of
innovative electrode designs and materials fabrications with consider-
ations of affordable cost and environmental sustainability. Apart from
the conventional polyiodide shuttling issue in lithium-iodine batteries,
other remaining issues, such as electrolyte explorations and a stable an-
ode/electrolyte interface, impose roadblocks toward practical applica-
tions [233]. The further research efforts, in fact, can refer to the strate-
gies and concepts in highly advanced lithium metal batteries.

3.2.2. Sodium-iodine batteries

Considering the limited lithium resources on earth, metal alterna-
tives, such as sodium, promise cost efficiency and a sufficient potential
window for high energy densities. Gong et al. synthesized an iodine
quantum dot-decorated graphene cathode for sodium-iodine batteries
[234]. The formed sodium-iodine battery delivers a reversible capacity
of 141 mAh g~ after 500 cycles at a current density of 100 mA g~ with
a 500-cycle lifetime, as well as a good rate capability and 56% capacity
retention when the drain current density is enhanced from 100 mA g~!
to 1,000 mA g~!. During the discharge process, sodium ions intercalate
into the iodine unit and form a sodium iodide discharge product, which
enables outstanding electrochemical performances. Two-dimensional
iodine, iodinene, sheets with enlarged size relative to the quantum dot
by Qian et al. further demonstrated the improved rate capability, 109.5
mAh g1 at 10 A g~1, in sodium-iodine batteries [235]. The innovative
two-dimensional iodinene was prepared through a liquid-phase exfolia-
tion method, generating iodinene with a thickness of approximate 1 nm
and a lateral size approaching hundreds of nanometers. Additionally,
first-principles calculations confirmed that sodium ions migrate in the
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Table 5
Systematic comparison of the electrochemical performances.
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Material Lifetime (cycles)  Capacity (mAh g7!)  Current density (mA g™!)  Ref.

N-doped hollow C fold-hemisphere 300 200 200 [218]
Dual heteroatom-doped C cloth 2,000 200 2,000 [219]
B,03/C microtubes 500 177 4,000 [220]
Iodine@bio-hollow sphere 500 160 800 [221]
Reduced graphene/iodine 200 200 2,000 [222]
Active graphene/iodine 500 218 211 [223]
C nanotube membranes 5,000 100 21,100 [224]
TizC, T, membranes 1,000 ~100 400 [225]
Polyvinylpyrrolidone-iodine 1,100 ~200 400 [217]
Activated C cloth/polyvinylpyrrolidone-iodine 2,400 ~200 1,500 [226]
Iodine/p-cyclodextrin 300 175 20 [227]
Core-shell interlinked polyvinylpyrrolidone@C-iodine 400 ~90 800 [228]

iodinene through a vertical manner instead of in the horizontal direc-
tion that occurred in common bulk iodine, which results in a lowered
energy barrier of 0.07 eV for sodium ion transport.

Framework-type materials, such as metal-organic frameworks and
covalent-organic frameworks, are potential candidates for hamper-
ing the shuttling of polyiodides in sodium-iodine batteries. Wang
et al. demonstrated the suppressing effect of metal-organic frame-
works on polyiodides shuttling, exemplifying with fully conjugated
copper-phthalocyanine-zinc (or nickel or iron) metal-organic frame-
works [236]. Surprisingly, the planar iron-bis(dihydroxy) species in
copper-phthalocyanine-iron metal-organic frameworks were the key
part for bonding polyiodides and restricting its shuttling. The sodium-
iodine battery showed a 3,200-cycle lifetime with a capacity of 150 mAh
gt

Regarding the development of sodium-iodine batteries, more re-
search efforts are suggested to put on the stability improvement of
anode/electrolyte interfaces and the design of functional composite
cathodes to synergistically enhance the electrochemical performances
given the high activeness of sodium anode and high solubility of iodide
species.

3.2.3. Potassium-iodine batteries

Potassium-iodine chemistry is an alternative to the lithium-iodine
system, given its comparable potential and affordable costs. The cur-
rent research efforts were highly focus on the fixation of polyiodides
at cathode. Qian et al. demonstrated the encapsulation effect of meso-
porous carbon on both iodine and polyiodides in potassium-iodine bat-
tery chemistry, by which it exhibited improved redox kinetics, exhibit-
ing capacities of 167 mAh g~! at 50 mA g~! and 89.3 mA h g7! at
500 mA g~! as well as a 300-cycle lifespan with a capacity retention of
126 mAh g1 at 170 mA g~! [237]. A reversible solid-liquid-solid phase
transitions along iodine, potassium triiodide and potassium iodide in
potassium-iodine batteries by Lu et al. enabled a high capacity of 156
mAh g~! with a lifespan of 500 cycles (Fig. 28) [238].

In the potassium-iodine batteries, beside the anode/electrolyte in-
terface and polyiodide shuttling issues that were faced by lithium- and
sodium-iodine batteries, too, a special attention on the limited kinetics
of large-sized potassium ions is necessary. Furthermore, the poor rate
performance due to the poor conductivity of iodine active species high-
lights the remaining research efforts. More highly conductive compos-
ite electrodes may be suitable options for fast redox kinetics. Well in-
tegrated composite electrodes over repeated charging/discharging are
favorable for high-performance sodium-ion batteries.

3.2.4. Magnesium-iodine batteries

Magnesium-iodine chemistry based on magnesium metal anode, as
an emerging star, attained increasing attention. In contrast to conven-
tional monovalent alkali metal anodes, the magnesium anode featuring
stripping/platting of magnesium ions has more sluggish kinetics due to
the higher charge density compared to the monovalent ions. To boost
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the performance of magnesium-iodine batteries, pioneering efforts have
been carried out. Tian et al. demonstrated a new liquid-to-solid mech-
anism to release the potential of high gravimetric capacity of iodine
in magnesium-iodine batteries [239]. In particular, soluble polyiodides
reacted with magnesium ions during discharge, forming a soluble inter-
mediate, which then formed a solid-state final discharge product. This
strategy intelligently circumvents the shuttling of polyiodides by form-
ing the intrinsic insoluble magnesium iodide product. More research
efforts and engineering on the cathode hosting materials and(or) cur-
rent collectors would be the next step for further improvement in the
electrochemical performances of magnesium-iodine batteries.

3.2.5. Zinc-iodine batteries

As another typical bivalent cation, zinc ions have been widely stud-
ied in aqueous batteries due to the steady plating and stripping of zinc
ions at the anode/electrolyte interface, enabling a highly safe battery
chemistry, which is extremely crucial in practical utilization. Most of
the studies of zinc-iodine batteries were conducted in aqueous phases
and thus had high potential in terms of battery safety. However, the
side reactions induced by electrolyte hydrolysis over charging are harsh
issues. To ensure that the aqueous zinc-iodine batteries operate with-
out severe side reactions, electrolyte engineering is an efficient solution.
As hydrogen evolution proceeding, the electrolyte pH increases accord-
ingly, which inspires scientists to develop a pH-sensitive electrolyte to
shut off the battery when hydrogen evolution occurs. Wang et al. found
that poly(2-vinylpyridine) exhibited solidification behavior when the
pH was higher than a critical value, 5, accompanied by a decrease of
ionic conductivity, which returned to a liquid state when the pH re-
stored to lower than 5 along with the recovery of ionic conductivity
[240]. Benefitting from the unique pH responsibility, a self-protective
aqueous zinc-iodine battery demonstrated desirable self-protection be-
havior through solidifying the electrolyte and delivers only 6% of the
normal capacity. After the pH returned to less than 6, nearly 100% ca-
pacity recovery was achieved.

Regarding the polyiodides shuttling issue, two main concepts, steric
confinement and chemical absorption, have been extensive demon-
strated. The former highly relies on the design of porous hosting or siev-
ing materials [241]; the latter, however, focuses on composite materials
with desirable capabilities, such as catalysis and absorption interaction.
We particularly summarized the studies on this issue from these two
aspects below.

A solution based on size exclusion can sieve large iodides and tri-
iodides and hamper their shuttling. Therefore, highly porous metal-
organic frameworks well-known for use at the cathode side are fa-
vorable for use as membranes in aqueous zinc-iodine batteries owing
to their intrinsic porosity and adjustable pore size. Yang et al. syn-
thesized a zinc-benzene-1,3,5-tricarboxylic acid (BTC) metal-organic
framework membrane and employed it as an ionic sieve in aqueous
zinc-iodine batteries [242]. The zinc-BTC sieve membrane not only ef-
ficiently suppressed polyiodides shuttling, but also hampered side reac-
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Fig. 28. Electrochemical characterizations of the potassium-iodine battery: charge/discharge profiles, cyclic voltammetry curves, voltage profiles, rate performance,

long-term cycling [238] Copyright 2019 Elsevier.

tions on the zinc anode surface by regulating the electrolyte solvation
structure and forming the more aggregative ion associations. Sequen-
tially, the aqueous zinc-iodine battery fabricated achieved an ultralong
lifetime of over 6,000 cycles with a high-capacity retention of 84.6% and
99.65% coulombic efficiency. This work provides an innovative concept
for electrolyte engineering, which is regulating the ion solvation struc-
tures and hampering the associated side reactions by framework-type
membranes.

Steric confinement of polyiodides is another approach for restrain-
ing polyiodides shuttling. Many studies have demonstrated the effec-
tiveness of carbon hosting materials in hampering polyiodides and io-
dine dissolution and shuttling. Bai et al. synthesized a nanopore car-
bon cloth cathode for trapping iodine in aqueous zinc-iodine batteries
[243]. The battery with well-trapped iodine delivers a capacity of 255
mAh g1 at 100 mA g~! and good rate capability of 160 mAh g~ at 1 A
g1, as well as a long lifetime with a capacity retention of approximate
150 mAh g~! after 1,500 cycles. Similarly, Li et al. employed a carbon
cloth with micropores as the cathode of aqueous zinc-iodine batteries
[244]. The authors found that zinc iodide only was generated instead of
other polyiodides according to the density functional theory calculation
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(Fig. 30b), verifying the absence of polyiodides shuttling. Regarding the
carbon hosting materials, an in-depth explanation and understanding of
the process, however, was presented by Pan et al. by deeply analyzing
polyiodides shuttling and absorption in an aqueous zinc-iodine battery
under the help of experimental, using the microporous carbon as the
cathode, and theoretical calculations [245]; the polyiodides dissolving
into the electrolyte and being absorbed at the cathode were a compet-
itive process as confirmed by the negative yet different active energy
changes (Fig. 30c). The absorption process of polyiodides at microp-
orous carbon requires less energy than the dissolution behavior coun-
terparts, thus restricting the shuttling and reserving the capacity during
cyclic measurements. Furthermore, an adsorption mechanism of carbon-
related hosting materials was revealed by Yu et al. through theoretical
calculations, exemplifying the different absorption efficiencies of car-
bon hosting materials with diverse doping atom configurations [246].
Graphitic nitrogen exhibited the lowest adsorption energy (-5.3 eV) rel-
ative to other configurations, suggesting the best stability in terms of
absorbing iodine (Fig. 29a). The doping species and amount of carbon
hosting materials, thus, are highly responsible for the final electrochem-
ical performances, particularly the cyclic stability.
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Fig. 29. (a) Simulated adsorption energy of carbon
hosting materials with different nitrogen configura-
tions [246] Copyright 2020 American Chemical So-
ciety. (b) Cyclic performance of zinc-iodine batteries
using zinc plates and zinc nanosheets at 200 mA g~!
[249] Copyright 2019 Elsevier.
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Solid-state polymers with good ionic conductivity provide a po-
tential solution for trapping polyiodides and hampering the shuttling
disadvantage. Sonigara et al. developed a full solid-state zinc-iodine
battery utilizing a polymer-gel electrolyte and catholyte [247]. The
pluronic F77 polymer was employed for solidifying both the electrolyte
and the catholyte; the formed complex generated selective zinc ion
transport channels throughout the entire battery for electrochemical
redox reactions. Less than 70% capacity retention is attained for the
above study when the specific current was enhanced from 20 to 400
mA g~1. The limited ionic conductivity and transport rates appear to
be one longstanding issue in solid-state zinc-iodine batteries. There-
fore, conductive polymers, such as polyvinylpyrrolidone and polyani-
line, that have chemical interactions with polyiodides are potential
candidates for suppressing the shuttling effect of polyiodides without
highly sacrificing the electrochemical performances. Zeng et al. synthe-
sized an iodine/polyaniline composite for aqueous zinc-iodine batteries
[248]. The aggregative interaction between polyiodides and polyani-
lines was favorable for preventing polyiodides from diffusion and shut-
tling (Fig. 30a). The battery stability demonstration exhibited a capac-
ity retention of 79% initial capacity after 700 cycles at a high current
density of 1.5 A g~1. More explorations on the functional polymers are
necessary.

Dendrite growth on zinc foil surfaces is a challenging issue; smooth
deposition of zinc ions is crucial for long-term stability. Replacing the
bulk zinc foil with zinc nanoparticles to eliminate the surficial defects
of zinc foils is an efficient solution given the high specific surface area
and smooth particle surface of zinc nanoparticles. Lu et al. found that by
replacing zinc foil with zinc nanosheets and loading them on a nitrogen-
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and sulfur-co-doped graphene foam, the zinc-iodine battery exhibits ex-
cellent cyclic stability relative to that using zinc foils (Fig. 29b) [249].

The regulation of zinc deposition through the introduction of elec-
trolyte additives is adoptable, which can not only hamper intrinsic side
reactions but also enhance the electrochemical kinetics by improving
the ionic conductivity. Jian et al. studied the ammonium bromide ad-
ditive in an aqueous zinc-iodine batteries [250]; the ionic conductivity
was increased from 120 to 180 mS cm™!, meanwhile the ammonium
ions regulated the deposition of zinc ions by forming an electrostatic
shielding layer.

In the studies of zinc-iodine batteries, many research efforts should
focus on the suppression of zinc dendrites in addition to the suppression
of polyiodide shuttling. Current reports on overcoming the zinc den-
drites are mainly limited to artificial solid-electrolyte interfaces formed
by either direct modification on zinc surfaces or introducing electrolyte
additives, which provide insights into the stable deposition of zinc
ions in zinc iodine batteries. Hydrolysis on the zinc surface in aque-
ous zinc iodine batteries can be inhibited, too, by the adoption of ar-
tificial solid-electrolyte interface. Regarding the polyiodide shuttling,
functional composite electrodes with good electronic conductivity and
ionic diffusion are favorable candidates, and more innovative electrode
designs are suggested. A systematic comparison of the electrochemical
performances was provided in Table 6.

3.2.6. Iron-iodine batteries

Iron-iodine batteries based on iron anodes have emerged as a low-
cost alternative to conventional lithium-ion batteries. The pioneering
research efforts have demonstrated the high potential of iron iodine bat-
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Table 6

Systematic comparison of the electrochemical performances.
Material Lifetime (cycles) Capacity (mAh g™1) Current density (mA g~1) Ref.
Zn-BTC membrane 6,000 90 1,920 [242]
Activated C 500 ~200 100 [243]
cloth/iodine
ITodine/C cloth 200 300 227 [244]
Copolymer F77 catholyte 500 198 200 [247]
Polyaniline/iodine 700 160 1,500 [248]
S and N co-doped graphene foam 500 70 200 [249]

electrode current collector

teries. Bai et al. developed an iron-iodine battery by using ascorbic acid-
modified metallic iron as an anode for suppressing iron dendrite forma-
tion and by using nitrogen-doped iodine/porous carbon as a cathode for
hindering polyiodide shuttling [216]. The designed iron-iodine battery
provides a high capacity of ~190 mAh g~! at 5,000 mA g~! and 550
cycles of cycling stability with near 100% capacity retention (Fig. 31).
The cycling stability implies that co-modification of both the anode and
cathode is a necessary process for achieving highly revisable redox. Vi-
sualized evidence of the absorption behavior of nitrogen-doped highly
porous carbon toward iodine and polyiodides was obtained by mixing
iodine and polyiodides with the carbon host (Fig. 31) and the hindering
effect on polyiodides shuttling was observed. Carbon nanotubes have
also been demonstrated to be effective in iodine and polyiodides encap-
sulation applications [251].

More research efforts on the iron-iodine batteries are needed be-
fore the future practical applications given the cost efficiency and de-
cent electrochemical performances. The research efforts should focus on
the iron anode to expand the fundamental understanding of iron redox
chemistry in addition to the studies of the iodine cathode.

3.2.7. Aluminum-iodine batteries

Aluminum-iodine battery chemistry is a typical type of conversion-
based aluminum-ion batteries differing from the conventional
intercalation-based charge storage mechanism. In this conversion
chemistry, shuttling of the polyiodide compounds formed after being
discharged is one of the remaining issues. To address the polyio-
dide shuttling, several advanced technologies have been reported.
A chemical method of hydrogen-bonding interaction by Tian et al.
demonstrated effectiveness on suppressing polyiodides shuttling [252].
The developed aluminum-iodine cell exhibited a high capacity of more
than 200 mAh g~! at a current density of 42.2 mA g~! and a 150-cycle
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lifetime at 211 mA g~! benefitting from the iodide/triiodide redox
couple. The authors found that a hydrogen bond is formed inside
the polyvinylpyrrolidone-iodine composite, which effectively hinders
the polyiodide shuttling. Later, the hydrogen bond was demonstrated
by density functional theory calculations by Zhang et al. [253]. The
cathode was fabricated by using iodine supported with active carbon
cloth and dispersed with polyvinylpyrrolidone to suppress the shuttling
of polyiodide compounds during operation (Fig. 32). The constructed
aluminum-iodine battery achieves a capacity of 180 mAh g~! at a
current density of 42.2 mA g~! and a long lifespan of 1,050 cycles at
211 mA g~!. The electron transfer (accumulation, yellow color and
depletion, cyan color, Fig. 32) suggests a strong electrostatic reaction
between polyiodides and the hosting material of polyvinylpyrrolidone.
The formation energy (0.98 eV) of polyvinyl pyrrolidone-triiodide
from polyvinyl pyrrolidone-iodide is almost 2 times higher than that
of polyvinyl pyrrolidone-pentaiodide from polyvinyl pyrrolidone-
triiodide (0.54 eV, Fig. 32). The high formation of polyvinyl
pyrrolidone-iodides with aluminum enabled a favorable battery
stability.

Differing from the other mono or bivalent metal ions, the trivalent
aluminum ions show sluggish electrochemical kinetics although it has
the smallest ionic radius among metal ions. Intensive research efforts on
the aluminum anode/electrode interfaces are urgently needed. More fea-
sible electrolytes are waiting to be explored given the high costs of ionic
liquid electrolytes. Regarding the cathode side, intense electrostatic in-
teraction between the charge-rich aluminum ions and the iodine lattices
is one potential issue that limits the repeated charging/discharging.

3.2.8. Carbon-iodine batteries
Given the disadvantages, such as dendrite growth, unstable elec-
trode/electrolyte interfaces, and side reactions, faced by the metal
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pyrrolidone-I;);Al with negative formation energy [253] Copyright 2018 The Royal Society of Chemistry.

anodes in metal-iodine chemistries above, replacing metal anodes
with nonmetallic carbon anodes promises reliable safety and poten-
tial stability of the anode/electrolyte interfaces. The carbon anodes
store charges through multiple processes, such as surface adsorption,
pseudocapacitive-type charge storage, and intercalation, which enables
the capacity balance of the anode and iodine cathode. An innovative
carbon-iodine battery by Lu et al. was fabricated by using nitrogen and
phosphorous co-doped hierarchically porous carbon matrix nanopar-
ticles (HPCM-NPs) as the hosting material for both anodes and cath-
odes [254]. Iodine was absorbed by HPCM-NPs, forming iodine-HPCM-
NPs, which exhibited excellent electrochemical performances in both
lithium-iodine and sodium-iodine battery systems. A battery constructed
by pairing HPCM-NPs and iodine-HPCM-NPs realized the first exam-
ple of coupling intercalation and extrinsic conversion charge storage
mechanisms. This study verified the good encapsulation effect of a well-

362

» f oy 1 1wfF
S~ :
$ o sl \ S o
2 ossev :
e AN
2 = {‘L | 3 “2Fpvpra,
1 00 koo -
g 02 f PVP-H"-L E atl *“‘ \
= o s S il A PP,
L'} e TR T o6 - i<
Reaction path Reaction path
(PVP-Iy)L (PVP-pMg B (PVP-13)sAl
0.85 eV
2.51ev
i g ? Al 3.24 ¢V
y

1282821

designed carbon matrix on both iodine and polyiodides. The porous car-
bon hampers the dissolution of polyiodides by slowing down the for-
mation of triiodides and pentaiodides, which are responsible for self-
discharge by shuttling, persisting to form favorable solid-state iodine
deposition [255].

Carbon-iodine batteries were built up by replacing the conventional
metal anodes with the carbon anodes to have a stable anode/electrolyte
interface, which opened up a new avenue toward the studies of ad-
vanced secondary iodine-based batteries. The electrolytes used in the
carbon-iodine battery is customized based on the need of practical de-
vices. The carbon anodes assembled for alkali metal-ion batteries have
currently seen great progress; the carbon anodes for multivalent-ion bat-
teries, however, are still in fancy. More studies of carbon-iodine batter-
ies with various electrolyte systems are beneficial for the fundamental
understanding of the carbon-iodine batteries.
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Fig. 33. (a) In situ Raman analysis of the charge/discharge process of lithium-iodine batteries [217] Copyright 2018 American Chemical Society. (b) Schematic
illustration of fluoride migration pathways [258] Copyright 2020 American Chemical Society. (c) Nuclear density distribution calculated by the maximum entropy
method for Bay ¢La, 4F, 4 at 239°C. Interstitial diffusion-based model for the Ba,¢La, 4F, 4 solid electrolyte [259] Copyright 2020 American Chemical Society. (d)
Arrhenius plots of the sodium ion diffusion coefficient in Na;YClg (NYC) and Na;YBrg (NYB) [261] Copyright 2020 American Chemical Society.

4. Advanced characterization techniques

To reveal the in-depth charge/discharge mechanisms and underlying
(electro)chemical reactions, in-situ and ex-situ characterizations, such
as X-ray diffraction, scanning electron microscopy, transition electron
microscopy, Raman spectroscopy, and Fourier transform infrared spec-
troscopy, are commonly utilized and play a significant role in such an
objective. Furthermore, mathematical induction, such as the power law
equation, Tafel’s law, Nernst-Planck formulation, and Butler-Volmer for-
mulation, helps to quantitatively and qualitatively analyze the experi-
mental results, assisting the evaluation of electrochemical process, such
as ion transport and charge transfer [256]. In-situ characterizations di-
rectly reveal the inside electrochemical process during the redox reac-
tions, offering direct evidence for the redox reactions inside batteries, as
shown in Fig. 33a. Compared with the ex-situ process, the in-situ anal-
ysis circumvents unfavorable side reactions occurred when the battery
components meet the ambient environment.

Simulation and computation are efficient methods for analyzing the
ionic conductivities, migration pathways, and shuttling mechanisms
within solid-state electrodes and electrolytes, providing beneficial in-
sights into facilitating the development of solid-state batteries [257].
Mori et al. studied the ionic conductivities through simulation using the
typical solid-state tysonite Ceg g5A¢ o5F2.95, Where A could be a Ca, Sr,
and Ba electrolyte [258]. As a result, Ceg g5Cag o5F5 o5 showed the high-
est conductivity. An important finding of this report was that the F1-F1
and F1-F3 sublattices play a key role in highly fluoride-ion conductive
solid-state electrolytes (Fig. 33b).

Mori et al. conducted Rietveld refinements to further understand the
fluoride-ion diffusion mechanism in the superior solid-state electrolyte
Bag gLag 4F 4. The authors employed neutrons to trace small nuclei ac-
curately rather than X-rays [259]. Fig. 33c exhibits the nuclear density
distribution at different contour surfaces at high temperature by chang-
ing the atomic motion from vibration to diffusion. The F1 and F2 (fluo-
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ride ion position inside crystal structure) sites anisotropically spread un-
til connecting with each other, forming an F1-[F2-F2]-F1 ionic pathway
inside the BaygLag 4F, 4. Beyond the diffusion pathways, the authors
further pursued a fluoride-ion diffusion model, as shown in Fig. 33c,
where the fluoride ions migrate from F2 to F1 along the <111> axis;
the original fluoride ions at the F1 sites were transferred to the F2 sites,
as marked with a dashed arrow. However, this transfer process was re-
strained by triangular metal ions.

Regarding the F1 and F2 sites associated with fluoride-ion conductiv-
ity in solid-state electrolytes, Dieudonné et al. synthesized Sm,_ Ca,F3 ,
solid-state electrolytes and found that the local environment of F1 is
greatly responsible for the entire ionic conductivity, which changes with
the calcium content [260]. Briefly, the author concluded that the higher
buckling effect into the F2/F3 sheets resulted in higher distortion at the
F1 local sites, thereby obtaining higher ionic conductivity. A theoretical
study conducted by Qie et al. demonstrated that yttrium-sodium halides
(Na;YXg, X=chloride or bromide) exhibited a sodium-ion conductivity
of 0.77 mS cm™! and an electrochemical window of 0.51-3.75 V when
X=chloride and 0.44 mS cm! and 0.57-3.36 V when X=bromide at 300 K
(Fig. 33d), as well as excellent interfacial stability with the sodium metal
anode and high-voltage cathode materials, achieving a balance between
the sodium-ion conductivity and electrochemical stability [261].

5. Conclusion and perspectives

Halogen have been extensively studied in battery chemistries. In
this review, we summarized the advances achieved in recent years in
halogen-related rechargeable battery applications. The whole review ar-
ticle is rationally organized in terms of two types of application con-
cepts, which are halogen-based battery chemistries featuring no redox
and halogen conversion-based battery chemistries featuring the redox
of halogen species.
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The discussion of redox-free halogen-based battery chemistries were
conducted from the perspectives of electrodes and electrolytes. In the
electrode parts, we further classified the reported studies based on dif-
ferent types of materials, including metal halide compounds, metal-
oxy-halogen compounds, fluoride-containing metal-based polyanions,
and halogen-doped composite electrodes. In each chapter, the applica-
tions of halogen-containing electrodes were comprehensively discussed
in various battery chemistries. In the electrolyte portion, we further or-
ganized the review from the effects of halogen species in electrolytes.
Various effects of halogen species in electrolytes were discussed by as-
sociating with various battery chemistries.

Halogen-containing compounds are considered as promising elec-
trodes in battery chemistries given the advantages such as high abun-
dance and a variety of functions. However, the remaining obstacles of
using halogen-containing compound electrodes are their inferior struc-
tural stability, poor electronic conductivity, and limited ionic migration,
which highly restrict the battery exploration. Rational designs and fabri-
cations of such halogen-containing compounds promise improved elec-
trochemical performances. Current studies have demonstrated that lat-
tice modulation, morphology design, and heterogeneous electrodes are
efficient solutions for addressing above issues. Further studies on com-
posite electrodes, particularly electrodes with protective layers, such as
carbon coating and polymer coating, are of great potential to improve
the performances of halogen-containing electrodes.

Halogen-containing components have also demonstrated to be po-
tential candidates for utilizations in electrolytes from the perspectives
of being as charge carriers, facilitating ionic conductivity of solid-state
electrolytes, and stabilizing the solid electrolyte interfaces. Halogen-ion
batteries mainly rely on the halogen ion shuttling in electrolytes to form
a circulated current loop. Fluoride- and chloride-ion batteries are ex-
tensively studied, accompanied with the common issue of lack more
feasible, cost-efficient, and high-performance electrolyte systems. In ad-
dition, halogen have demonstrated to be good dopants for solid elec-
trolytes to improve the ionic conductivity. Typically, several halogen-
containing solid-state electrolytes for lithium- and sodium-ion batteries
demonstrated the lattice modulating effects of halogen species. Stud-
ies on the mechanisms of ionic migration within such halogen-modified
solid-state electrolytes demonstrated inner three-dimensional tunnels
for ion migration. However, the current halogen-containing solid-state
electrolytes still face the challenge of lacking in-depth fundamental un-
derstanding. Further research efforts on the understanding of the effects
of halogen doping are suggested. More studies on the fundamental un-
derstanding of ion migration within such halogen containing solid-state
electrolytes and how to manipulate the conductive channels are benefi-
cial for exploring novel types of solid-state electrolytes. Moreover, the
study on halogen-containing compounds for stable solid electrolyte in-
terfaces in alkali metal batteries have seen great progress, particularly
lithium metal batteries. Further efforts of halogen-containing solid elec-
trolyte interfaces in other battery chemistries, such as zinc-ion batteries,
are favorable to stabilize the plating/stripping of metal ions and thus cir-
cumvent the formation of notorious dendrites, promising battery safety.
Accordingly, more fabrication and engineering strategies are beneficial
for demonstrating further applications of halogen species for the artifi-
cial solid electrolyte interfaces.

Regarding halogen-conversion electrochemistries, we discussed the
bromine and iodine redox separately. Redox flow and flowless batteries
based on bromine conversion-based battery chemistries were reviewed.
For the iodine conversion-based batteries, we organized the reports from
a perspective of various battery chemistries, including lithium-iodine,
sodium-iodine, potassium-iodine, magnesium-iodine, zinc-iodine, iron-
iodine, aluminum-iodine, and carbon-iodine batteries. Current issues
and promising solutions are reviewed in the halogen conversion-based
battery chemistries. Some suggestions and possible strategies were also
provided as a guideline.

For halogen conversion-based battery chemistries, a majority of stud-
ies on bromine and iodine conversion-based battery chemistries have
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been conducted, due to the proper electronegativity and physical condi-
tions (solid or liquid) relative to gaseous fluorine and chlorine. Bromine
has been extensively investigated in redox flow batteries due to the
liquid form and good solubility of bromine, which circumvents the
difficulty of design and fabrication of complex electrodes. However,
crossover contamination is still a challenge faced by such redox flow
batteries, which leads to the need of costly membranes. To this end, in-
novative membrane-free and flowless bromine conversion-based batter-
ies are designed and fabricated by capturing bromides or bromine with
specially designed hosting materials; however, this battery technology
is still in its infancy and needs more intensive attention. Iodine is widely
utilized in metal-iodine batteries. The diffusion and shuttling of polyio-
dides lead to rapid capacity decay and battery failure, due to the loss of
active materials and side reactions between polyiodides and metallic an-
odes. Current studies demonstrated the efficiency of rationally designed
carbon-based host materials for preventing polyiodides from dissolution
and shuttling. More designs based on other concepts, such as membrane
and electrolyte engineering, are needed to widen the fundamental un-
derstanding of iodine conversion-based rechargeable batteries. In ad-
dition, more attempts and efforts on chlorine conversion-based battery
chemistries are encouraged for high energy density batteries.

Another challenge for using halogen in battery applications is the
corrosion issue, which should be carefully considered throughout the
entire battery study process, starting from protocol design to battery
packaging, as well as the analysis of battery results. The corrosion by
halogen speies should be fully circumvented to avoid the decay of bat-
tery performances, such as lifespan and safety.

On the other hand, we emphasized the significance of in-situ
and ex-situ characterizations for the illustration of underlying charg-
ing/discharging mechanisms. More characterizations based on in-situ
methods are suggested given the contamination usually occurs when the
ex-situ samples are removed from the battery to analysis instruments,
especially the oxidation of samples by oxygen in the ambient environ-
ment.
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