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Definition: Metal-ion batteries are systems for electrochemical energy conversion and storage with
only one kind of ion shuttling between the negative and the positive electrode during discharge
and charge. This concept also known as rocking-chair battery has been made highly popular with
the lithium-ion battery as its most popular example. The principle can also be applied with other
cations both mono- and multivalent. This might have implications and advantages in terms of
increased safety, lower expenses, and utilizing materials, in particular metals, not being subject to
resource limitations.
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1. Introduction

In a secondary battery commonly employed for electrochemical energy conversion
and storage commonly two electrodes and an electrolyte (solution) are employed with
electrode reactions proceeding at both electrodes with more or less significant changes
in the composition of the electrolyte (solution). Frequently constituents of the electrolyte
solution are consumed or new ones are generated. The associated changes of properties of
the electrolyte (solution) are mostly unwelcome because they might e.g., result in reduced
ionic conductivity and increased internal resistance of the device. In addition, these changes
require a certain minimum amount of electrolyte (solution) for the electrode reactions to
proceed. These disadvantages are absent with the metal-ion battery. Because all known
examples work with a common cation A™* the electrode reactions can be written for the
negative electrode during discharge as

A — AM 4 e 1)

and for the positive electrode during discharge assuming a host material B capable of
accommodating A or A™ with associated valency changes in

B+ A™ +e""— BA (2)

Assuming a metal electrode as the negative one the principle is illustrated in Figure 1.
For various reasons addressed for specific materials below a metal may not be suitable,
instead a host material H is also employed as a negative electrode. This results in a modified
electrode reaction of the negative electrode

H(A) — H+ A" + e 3)

illustrated in Figure 2.
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Figure 1. Principle of a rocking-chair battery, a positive intercalation-type electrode is assumed.
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Figure 2. Principle of a rocking-chair battery, both negative (H) and positive (B) intercalation-type
electrodes are assumed.

The obvious advantage of this concept results from the fact, that there are no net
changes in the electrolyte composition; all associated negative effects of this are absent.
Beyond this obvious advantage there is another benefit: only a minimum amount of
electrolyte (solution) is needed, just enough to enable the shuttling of the respective ions.
Thin layers of gelled electrolyte or solid electrolytes are conceivable; in the case of liquid
electrolyte (solution) just the amount necessary to soak the separator and to fill the porous
electrode materials is needed. Beyond the obvious cost and safety benefits the cells may
have increased energy densities because of the decreased amounts of material basically not
actively contributing to storage.
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This concept has turned out to be highly successful with the omnipresent lithium-ion
battery. There are nevertheless several limitations and drawbacks seriously limiting the
further expansion of this system. Limited resources of both lithium as the active metal-
ion as well as further ingredients of the positive electrode in particular may turn out
to be serious confines. In addition the safety concerns associated with the behavior of
lithium, its dendritic deposition especially at high charging currents, and storage capability
limitations of several frequently employed and/or investigated materials are noteworthy.
Thus research into transferring the basic benefits into systems with other cations A™*
has started.

2. State of the Art

Several metals/cations have been examined. Obvious criteria for selection are high
availability, acceptably negative electrode potential of the metal, highly reversible metal
dissolution and redeposition, competitive costs, and environmental compatibility. For
evaluation from an electrochemical point of view it is insufficient to take just the elec-
trode potential or another single property of a given material, this has resulted in rather
misleading estimates and promises as pointed out in a review [1]. Because the energy
density of a cell depends on both electrodes, their charge storage capabilities as well as
their working electrode potentials a comparison taking as the other electrode in the present
context (the positive electrode or cathode) either a high-potential material such as MnyO4
spinel with moderate capacity or a high capacity material such as sulfur with a lower
electrode potential [1].

In addition to monovalent cations/metals such as sodium and potassium attracting
attention as obvious replacements of lithium di- and trivalent (multivalent) cations/metals
have been considered. The obvious advantage—two or even three electrons are released
during the discharge reaction of a single cation—does not necessarily translate into a
more promising system. The electrode potentials of many examined metals are much less
negative than those of the alkali elements. Accordingly lower energy densities, which
take into account both electrode potentials and cell voltages in addition to charge storage
capabilities, are frequently found. Table 1 provides an overview [2].

Table 1. Some characteristic data of potential candidate materials for metal-ion batteries [2].

. Gravimetric Volumetric
Element Atomic Mass Eoo, sue/V Capacity/mAh-g—1  Capacity/mAh-cm—3

Li 6.94 —3.040 3860 2061

Na 23.0 —2.713 1165 1129

K 39.1 —2.924 685 610
Mg 2431 —2.356 2206 3834

Ca 40.08 —2.840 1337 2072

Zn 65.41 —0.763 820 5855

Al 26.98 —1.676 2980 8046

The data in Table 1 alone are of limited value only when estimating the competitive-
ness of a given material [1]. Although frequently energy and power densities have been
discussed for a single electrode material (actually this does not make sense at all, there
exists no battery with only one electrode) a more realistic comparison should be based
on realistic electrode couples (i.e., cells), of course preferably using the same material for
the positive electrode (as has been stressed many times before use of the terms anode and
cathode is only confusing when discussing secondary batteries, it is thus strictly avoided in
this text). Given the rather limited number of even distantly suitable materials selection is
difficult; Mn,Oy4 and sulfur have been suggested [1].
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All listed metals have standard potentials negative to the hydrogen electrode, thus at
first glance aqueous electrolyte solutions generally attractive for numerous reasons are not
applicable. This consideration based solely on thermodynamic constraints is incomplete.
When taking into account kinetic aspects, in particular hydrogen overpotentials, the picture
changes slightly. In case of zinc the overpotential is notable, thus there may be hope for
a zinc-ion battery with an aqueous electrolyte solution becoming a storage option. The
numerous advantages of water as a solvent for an electrolyte solution are closely connected
to a major drawback: Its narrow window of electrochemical stability, i.e., the range of
electrode potentials, which are combined into the voltage, wherein the electrolyte solution
remains stable and is not decomposed, of about 1.23 V. Even when taking into account
electrode overpotentials of both the negative electrode (see above) and the positive electrode
(oxygen evolution is also kinetically slow at many materials) utilization of this seeming
advantage and thus escaping a bit from a fundamental limitation comes at a further prize:
most likely higher self-discharge [3,4].

Research and development in particular with monovalent cations started with the
optimistic assumption, that concepts and materials well-established in lithium-ion bat-
tery technology could be transferred rather straightforwardly into sodium and potassium
battery technology. Different cation sizes and associated different charge densities and
associated changes in solvation and desolvation resulted rather early in frustrating results
regarding e.g., poor performance data of graphite as a negative host material as well as
many positive electrode materials mostly of the intercalation or insertion type. New materi-
als or variants of the known ones taking into consideration said ionic differences and results
of theoretical calculations are currently examined. Because of the significant differences
between the mono-, di- and trivalent cations they are considered separately following.

2.1. Monovalent Cations

Until now, the most studied secondary batteries based on monovalent alkali metal ions
are lithium-ion (LIBs), sodium-ion (SIBs) (most fortunately there is only one incident this
battery has been called NIB), and potassium-ion (PIBs) batteries, respectively. Lithium-ion
batteries working as power sources for portable, mobile, and wearable applications as well
as in electric vehicles are dominating the current market of rechargeable batteries.

Lithium has a theoretical specific capacity of 3860 mAh-g~! and a highly negative
standard electrode potential (—3.040 V vs. SHE). The effective ion radius of Li* is around
0.76 A; this is the smallest radius of all metal ions in metal-ion batteries. Because lithium
cannot be safely plated from its ionic solution and in particular without dangerous dendrite
formation graphite has been employed as host material (see Figure 2) wherein lithium can be
intercalated at electrode potentials close to that of the lithium electrode [2]. However, apart
from these advantages, the LIBs face serious drawbacks including high costs, insufficient
safety, limited resources, and insufficient energy density. Options and challenges for
beyond-lithium batteries have been collected elsewhere [5,6].

Hence, these unsolved problems motivated scientists to develop other non-lithium-ion
batteries with high sustainability and performance beyond LIBs. Compared to the LIBs, the
Na*-ion and K*-ion batteries possess the advantages of highly abundant and cheap raw
materials. The lower Lewis acidity of sodium and potassium ions leads to smaller size of
the solvated ions when compared with Li-ions. The lower desolvation energy will benefit
ion diffusion and passage through the electrolyte/electrode interface. The relative atomic
masses of Na and K are 23.0 and 39.1, respectively. According to Faraday’s law

n-F

C =35,

@)
where Cp in mAh-g~! represents the theoretical gravimetric capacity, 7 is the number of
charge carriers, F is the Faraday constant (F = 96,485 C) and My, is the molecular weight of
the active material. The charge density of battery electrode materials largely depends on the
relative atomic mass, so that both gravimetric and volumetric capacity of Na (1165 mAh-g !
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and 1129 mAh-cm—3) and K (685 mAh~g’1 and 610 mAh-cm~—3) are lower than that of Li.
The effective ion radii of Na* (~1.02 A) and K* (~1.38 A) are remarkably larger than that of
Li* (~0.76 A), which can lead to sluggish diffusion and reaction kinetics. Therefore, it is
a big challenge to find appropriate electrode materials with internal spaces large enough
to host Na* and K*. As of today, these disadvantages suggest SIBs and PIBs could be
used in large scale stationary energy storage systems rather than in mobile battery systems.
Progress in aqueous SIBs and PIBs has been reviewed [7].

Hard carbon materials as negative electrodes for sodium-ion batteries have been
examined and compared with materials for lithium- and potassium-ion batteries [8]. Fur-
thermore, general carbon-related reviews are available [9,10]. Materials and approaches
towards sodium-ion batteries were examined in [11-13], in a further report presentation of
sodium-ion battery electrode material-related information has been mixed for unknown
reasons with some information on positive electrode materials for magnesium-ion batter-
ies [14]. Sodium ion storage in titanates (apparently in the negative electrode) has been
reviewed [15], further inorganic positive electrode materials have been discussed in [16],
negative intercalation materials are treated in [17], and amorphous carbon materials have
been the topic in [18]. Polymer electrolytes for sodium-ion batteries were the subject in [19],
aqueous systems the topic in [20,21], non-aqueous systems in [22], and solid electrolytes
in [23]. Advanced positive electrode materials have been briefly inspected [24]. Cobalt-free
positive electrode materials have been discussed [25]. The advantages of organic materials,
in particular electrode materials, have been highlighted before [26], their perspectives in
all-solid-state sodium-ion batteries have been examined in [27].

Different from sodium potassium intercalates/deintercalates reversibly into/out of
graphite making the transition from lithium-ion towards potassium-ion possibly much sim-
ple [5,28]. Prospects of materials for potassium-ion batteries have been examined [29-33],
positive materials were the subject [34], an early overview provides [35], perspectives
and challenges have been highlighted recently in [36,37] and earlier in [38]. Further
overviews are available [39-42]. Negative electrode materials for these batteries have
been reviewed [43-45], particular attention to layered materials was in the focus of another
review [46,47], whereas battery-type materials have been inspected in [48]. Layered materi-
als as positive electrode materials for these batteries have been inspected elsewhere [49],
and further materials in [50]. A focus on non-aqueous systems has been provided in [39,51].
Ether-based electrolyte (solutions) have been reviewed [52], design concepts for organic
electrolytes have been discussed [53]. Perspectives of organic materials for potassium-
ion batteries have been in the focus of reviews [54,55]. An outlook on perspectives of
potassium-ion batteries is available [56].

2.2. Divalent Cations

Divalent metal-ion batteries (with Zn?*, Mg?*, and Ca®*) have also attracted tremen-
dous interest in the past decades due to their two-electron transfer which can lead to a
higher theoretical capacity and a cell with higher energy density. They are suggested as
the most promising post-lithium candidates. The working mechanism of these batteries
is similar to LIBs, multivalent cations serve as charge carriers and shuttle back and forth
between the negative and the positive electrode (less precisely anode and cathode) during
charge-discharge.
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Zinc-ion batteries (ZIBs) due to the merits of high volumetric capacity (5855 mAh-cm~3)
of the metal, which is almost three times that of LIBs, may enable high power density
and energy density of cells, and environmental compatibility attracts rising attention as a
promising alternative to LIBs. The standard potential of Zn is —0.763 V vs. SHE, but its
high hydrogen overpotential permits the use of zinc metal in aqueous electrolyte solutions.
The lifespan of ZIBs is still limited by the degradation of the Zn anode, in particular
dendritic deposition during charging (for an overview see [57]), hydrogen evolution, and
passivation layer formation during charge-discharge. Progress on zinc negative electrodes
has been assessed [58], more specifically with aqueous electrolyte solutions in [59], particular
attention to negative zinc electrodes in mild electrolytes has been in the focus of a review [60].
Furthermore, the number of suitable positive electrode materials to host Zn?* is very limited,
for overviews see [61-63], oxide-based materials have been examined in [64]. Progress
and perspectives of zinc-ion batteries with aqueous electrolyte solutions has been briefly
assessed [65], more general reviews are available [66-68], particular attention to pH has
been paid in a report covering the whole range from acidic to alkaline [69]. Options
beyond aqueous systems have been examined [70], innovative concepts are discussed in [71].
Advances in research and development of flexible zinc-ion batteries have been reviewed [72].

Magnesium-ion batteries (MIBs) and calcium-ion batteries (CIBs) are also very at-
tractive because of the advantages derived from their divalent nature. Magnesium has
a low standard electrode potential of —2.356 V vs. SHE, and a volumetric capacity
(3834 mAh-cm—3) almost twice that of lithium. Calcium also has a high volumetric ca-
pacity of 2072 mAh-cm 3, Ca?* has a large ionic radius of 1.00 A and lower reduction
potential of -2.87 V vs. SHE. Both reserves and production of magnesium and calcium
are much larger than that of lithium, which makes the costs of MIBs and CIBs lower than
those of LIBs. The absence of dendrite growth in MIBs and CIBs makes these batteries
possibly safer than LIBs. Nevertheless, both MIBs and CIBs still face the challenges of
lacking suitable positive electrode materials and lack of electrolytes compatible with elec-
trodes. The use of metallic Mg and Ca electrodes is still not feasible in aqueous electrolyte
batteries. Overviews on calcium-based secondary batteries are available [73-75]. Positive
electrode materials for magnesium and magnesium-ion batteries have been reviewed [76].
Early overviews on magnesium-ion batteries are available [77,78] more recent progress on
electrodes and positive electrode materials has been discussed in [79]. Advances towards
practical application of magnesium-ion batteries have been discussed in [80]. Solid-state
electrolytes for magnesium-ion batteries have been discussed in [81] and in [82].

Inorganic solids for dual magnesium and sodium battery electrodes have been re-
viewed [83].

2.3. Trivalent Cations

Aluminum ion batteries (AIBs), which are the most studied trivalent cation metal-
ion batteries owing to alumnium’s three-electron redox property and natural abundance
of the metal, also attracted lots of researchers’” attention. The working mechanism of
AlIBs also follows the “rocking chair” principle. The AIBs which use aqueous electrolyte
solutions have the intrinsic merits of safety and lower costs, fast charging, high power and
energy density. Multivalent metal cations can achieve more than one charge equivalent
transferred per mole of the metal, leading to a higher specific volumetric capacity and
energy density of a battery than monovalent metal-ion batteries. The corresponding
specific volumetric capacity of Al is 8046 mAh-cm ™2 which is almost four-times the value
for lithium (2061 mAh-cm~3).
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Because Al has a fairly negative standard electrode potential (—1.676V vs. SHE), hy-
drogen evolution occurs prior to aluminum plating from aqueous solutions in the process of
electrochemical reduction. Al metal in batteries also faces the fatal drawback of passivation
layer (Al,Os3) formation, dendrite growth, and corrosion during the charge/discharge
process. Furthermore, the APt has a relatively small ionic radius of 0.54 A and with three
positive charges a high charge density, which dramatically increases the desolvation energy
barrier of AI®* in the electrolyte solution. These problems so far hinder the large-scale ap-
plication of the Al-based battery system. Progress on non-aqueous aluminium-ion batteries
has been reviewed [84], a general review is also available [85]. Positive materials for both
aqueous and non-aqueous electrolyte solutions have been handled in [86].

3. Trends and Developments

Although great developments and achievements have been realized with metal-ion
batteries, several challenges shared mostly by all systems still need to be overcome both
in commercial lithium-ion batteries and non-lithium metal-ion batteries, such as the in-
sufficient specific energy, dendrite growth, and severe electrolyte solution decomposition.
The trends and developments of metal ion batteries are summarized following for some of
these aspects:

3.1. Cathode Materials

The energy density of a battery is affected by both the cathode and the anode, but a
reliable cathode material is in many cases the more important part determining the overall
performance of a battery. Even after decades of exploration, the development of cathode
materials for metal-ion batteries still faces real challenges.

Currently, commercial Li-ion batteries always choose oxidic compounds as cathode
materials, such as lithium cobalt oxide (LCO), lithium manganese oxide (LMO), lithium
iron phosphate (LFP), lithium nickel cobalt aluminum oxide (NCA), and lithium nickel
manganese cobalt oxide (NMC). The high cost and lacking sustainability have become
major hindrances when choosing lithium-ion batteries as the candidate for large-scale
stationary storage. In order to meet the demands of increasing cathode capacity and
lowering the cost, high-voltage LiCoO, and lithium-rich layered oxide materials became
much more appealing in recent years.

The cathode materials used for SIBs and PIBs have fewer options than those for LIBs,
mainly layered structure transition metal oxides, polyanionic compounds, and Prussia Blue
and its analogues appear to be promising. The most recent research in SIBs and PIBs has
been devoted to exploring new and high-performance electrodes for high specific capacity
and excellent cycle ability.

Compared with research on cathode materials for alkali metal-ion batteries, studies
focused on cathode materials for multivalent metal ion batteries are still in their infancy.
Because of their high charge density, the multivalent ions suffer from high migration energy
barriers both in electrolyte solutions and in electrodes. The slow solid-state diffusion and
sluggish desolvation process of the charge carriers are the biggest obstacles impeding
progress. Only few types of material have been identified so far to serve as cathodes for
rapidly and reversibly inserting/extracting the multivalent ions. The candidates are also
metal oxides and metal chalcogenides with layered structures, polyanion frameworks,
carbon materials, and MOF/COFs/Mxenes. Recent studies on cathode materials mainly
focus on the rational design and engineering of structure, morphology, and surface texture
of these cathodes. Particular challenges for electrode materials to be employed in low
temperature batteries have been discussed [87], for general considerations see also [2].
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3.2. Metallic Anodes

In order to meet the huge demand for high-energy storage, the research on pure
metals with high specific capacity has come back to scientists” attention. Most of the metal
anodes suffer from their severe intrinsic drawbacks during cycling: dendrite growth, metal
corrosion, side reactions, and electrolyte decomposition. To solve these problems, design
strategies of metallic anodes generally can be summarized as suppressing dendrite growth,
building passivating films, and rationally designing alloys.

Dendrite growth is a notorious problem occurring on the surface of pure metal elec-
trodes. Normally, growth has two modes, mossy and dendritic growth. The mossy metal
state always forms at the very beginning; serious dendritic growth will follow with uneven
metal ion concentration distribution and non-uniform electric field distribution. After
repeated charge-discharge cycling, the dendrites may even puncture the separator and give
rise to a short circuit. Tremendous research has been committed to finding solutions for
suppressing the formation of dendrites, such as ceramic separators, polymer electrolytes,
protective coating layers and 3D current collectors.

Most metal anodes, no matter whether in organic-based or aqueous-based electrolyte
solutions, always face the challenge of decomposition in a highly reducing environment
during the charge-discharge process. This undesirable reaction will not stop until the
electrolyte solution is consumed. Hence, building a passivating film on the surface of the
metal electrode, which can separate or alleviate the direct contact of the metal with the
unstable electrolyte solution, was proven as an effective method to circumvent this problem
and improve the battery’s lifespan.

An alloy can be defined as a homogenous mix of multiple elements with metallic
bonds. The introduced foreign metal can work as the 3D current collector during the charge-
discharge process, the high electronic conductivity, enlarged electroactive surface, and
even electrical field distribution make the alloy anode remarkably efficient in suppressing
dendrite growth and alleviating the strong hydrogen evolution. Furthermore, the eutectic
alloy anodes also have high corrosion resistance which can further alleviate side reactions
and corrosion of the electrode. Negative alloy electrodes for potassium-ion [88] and for
sodium-ion [89] batteries have been reviewed.

Conventional formation of alloys by metallurgical processes may be too energy-
intensive, electrolytic processes as possible alternatives have been reviewed [90].

3.3. Electrolyte Challenges

The most studied electrolytes used for batteries can be classified into electrolyte
solutions and solid-state electrolytes. All of these electrolytes have the same purpose: to
provide nonflammable and highly efficient electrolytes which can enable batteries with
improved safety and cycle number. General considerations regarding electrolytes for
metal-ion batteries have been reported [91]. Quasi-solid and solid polymer electrolytes for
multivalent metal-ion batteries have been reviewed [92].

The use of water as an electrolyte solvent provides the batteries with the advantages
of low cost, nonflammable, high ionic conductivity, and enhanced kinetics. However,
every coin has two sides, the water molecules which serve as solvent may be consumed
during the charge-discharge process, and the decomposition of water molecules is the
root of undesired side reactions. What is more, the byproducts and corrosion process will
lead to the acceleration of metal anode deterioration in the following cycling. The most
common strategies to improve the batteries” electrochemical performance and suppress the
undesired side reactions derived from the electrolyte are categorized into three approaches:
highly concentrated electrolyte (water-in-salt WiS and deep eutectic solvents DES), hydrogel
electrolytes, and functional additives. Electrolyte options for zinc-ion batteries have been
reviewed [93], and general strategies have been in the focus elsewhere [94].
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Furthermore, investigating solid-state electrolytes (SSEs) is another promising strategy
to alleviate the undesired problems. The SSE can avoid the use of organic electrolytes
and enhance the safety, allow much higher cation transfer numbers, widen the potential
window of stability, and prevent dendrite formation. Many studies have been conducted
to evaluate suitable SSEs for metal ion batteries, which include inorganic solids, polymers,
MOFs and COFs.

Theoretical methods have been applied apparently only infrequently, a first-principles
approach towards magnesium-ion batteries is available [95].

4. Conclusions and Prospects

Expected volumetric and gravimetric energy densities of metal-ion batteries in partic-
ular with di- and trivalent cations suggest their use for stationary applications, given the
rapidly growing demand for large scale energy storage combined with the rising use of
renewable energy sources with their volatile availability this is an economically as well as
ecologically attractive option.

Improvements in terms of storage capabilities, stability (both calendar and cycling)
and rate capability may result in a longer run to establish these batteries as competitors for
lithium-ion batteries.
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