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Abstract

Battery technologies based in multivalent charge carriers with ideally two or three electrons
transferred per ion exchanged between the electrodes have large promises in raw performance
numbers, most often expressed as high energy density, and are also ideally based on raw materials
that are widely abundant and less expensive. Yet, these are still globally in their infancy, withrsome
concepts (e.g., Mg metal) being more technologically mature. The challenges to address are derived
on one side from the highly polarizing nature of multivalent ions when compared to single valent
concepts such as Li* or Na* present in Li-ion or Na-ion batteries, and on the other, from,the
difficulties in achieving efficient metal plating/stripping (which remains the holy grail for lithium).
Nonetheless, research performed to date has given some fruits and a clearer view of the challenges
ahead. These include technological topics (production of thin and ductile metalfoil anodes) but also
chemical aspects (electrolytes with high conductivity enabling efficient plating/stripping) or high-
capacity cathodes with suitable kinetics (better inorganic hosts for intercalation'of such highly
polarisable multivalent ions). Dy

This roadmap provides an extensive review by experts in the different technologies, which exhibit
similarities but also striking differences, of the current state of the art in 2023 and the research
directions and strategies currently underway to develop multivalent batteries. The aim is to provide
an opinion with respect to the current challenges, potential bottlenecks, and also emerging
opportunities for their practical deployment.

Contents
Introduction

1. Mg based batteries

e 1.1 Advantages and pitfalls of magnesium metal electrodes

e 1.2 The evolution of non-agqueous electrolyte solutions for rechargeable Mg batteries
e 1.3 Mg based batteries - inorganic cathodes
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e 1.5 Mg based batteries - solid electrolytes
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e 2.1 Ca based batteries-.anodes, liquid electrolytes and interfaces
e 2.2 Cabased batteries - inorganic cathodes
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Introduction
Patrik Johansson

Department of Physics, Chalmers University of Technology, SE-412 96, Gothenburg, Sweden, and
ALISTORE-European Research Institute, CNRS FR 3104, Hub de I'Energie, 80039 Amiens, France

Regardless of whether we use the United Nations Sustainable Development Goals,[1], the EU Green
Deal [2], or some other source of arguments to advocate for the need of a green energy transition, it
is clear that a way to store large quantities of energy with high quality (i.e. exergy) is utmast.needed.
Only this will enable the decarbonisation of our energy ecosystem at the speed necessary toin time
combat the climate changes caused by us humans. Here enters electrochemical energy storage, which
means rechargeable batteries and/or supercapacitors and the former today primarily manifested as
lithium-ion batteries (LIBs) that are adopted in a wide range of usage cases and.applications — most
notably consumer electronics and electromobility. And the industry is now glo?ally vividly building
capacity to meet the rapidly increasing demand for LIBs for a variety 6f sectors [3].

Our prime interest in using batteries in our energy system is to get.the electrons we need to store back
as efficiently as possible and for as many needs as possible — we should be agnostic and not really care
about by what technology/technologies this is accomplished. However, cost, environmental impact,
sustainability, etc. must all be taken seriously into account t@:ensure responsible competitiveness long-
term. Multivalent batteries with ideally two or three electrons transferred per cation moved between
the electrodes have large promises in raw performance humbers,most often expressed as high energy
density, and are also ideally based on raw materials that are widely abundant and less expensive [4].
A notable misconception is that these technologies\will only be suited for large-scale energy storage,
such as grid-coupled or off-grid applications, and that for. these uses weight and volume measures do
not matter — clearly not the full truth when techno-economic analyses are made [5].

The potential is obvious, but the challenges are still more plentiful and hence we have at present many
active research directions. The mudltivalent battery:.chemistry is in addition very diverse, as should be
clear from this Roadmap on MultivalentBatteries that cover magnesium (Mg), calcium (Ca), aluminium
(Al) and to some extent zinc (Zn)/(-ion) batteries. To limit the scope somewhat it only covers non-
aqueous technologies, hence emphﬁ,izing the common strive for medium to high voltage cells.

The Roadmap has contributions fromsa global set of researchers, with an emphasis on European
academic groups. The true purpose of’'the Roadmap is to highlight the active research directions and
areas efficiently and constructively'and where the more urgent needs of progress are to be found, not
the least to guide early=stage researchers, while in contrast the purpose is clearly not to do any
exhaustive review.

“Technology is always limited by the materials available” the adage at Defense Advanced Research
Projects Agency from the 1960’s [6] is still true and not the least for electrochemical energy storage
and explains why battery R&D to a very large extent is battery materials R&D. This is also why battery
Roadmaps often, and a strategy that we adopt also here, are based on sections of anode, cathode,
electrolyte and sometimes other cell components and materials. Here we do this in four separate
themes, onenfor each multivalent battery technology. There are clear similarities that are
acknowledged, but also many differences which are reflected in the way that the research emphases
differ. This has also been the case in the past, leading to the different maturity levels present, often
given as TRLs — even if that is sometimes tricky to speak about for some concepts.

Page 4 of 89
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Picking a few unique features of multivalent batteries that are high-lighted in this Roadmap is not easy,
but surely the rather sluggish nature of both cation transport and charge transfer at the
electrolyte/electrode interfaces/interphases [7] is one. In particular challenges with electrolytes
enabling a reversible plating and striping of multivalent ions [8] on metallic anodes as well as better
intercalation hosts [9] for the multivalent ions are key. As a second, the sometimes largely unknown
(active) charge carrying species in the electrolytes, originating in the rather unconventional chemistries
applied. The third is the prominent role/place of organic cathodes, as compared to the more
conventional and well-known inorganic chemistry based, even if the latter often holddarge promise —
just as for LIBs. All choices of concepts, designs and material should also, but is far too'seldom, be
combined and assessed for (possible) real battery performance, and the latter also beyond the
materials and cell levels — which here is made for a few technologies.

Finally, while the present reality and proven, often rather limited, performance should never hamper
creativity, we stress that a dose of scepticism towards fantastic results [8)@and apring checks vs. true
needs, that can be learnt e.g. by applying a proper LIB industry perspective [9], are nevertheless very
useful. This serves to avoid adding to the hype and ultimately to keep the surrounding society to also
long-term trust that we as scientists carefully do strive to develop more sustainable batteries. This is
especially important when we are at a stage when no commercialization is evident, such as for the
present battery technologies.

[1] https://sdgs.un.org/goals Accessed 2023-07-26 IS

[2] https://commission.europa.eu/strategy-and=policy/priorities-2019-2024/european-green-deal en

Accessed 2023-07-26

[3] https://cicenergigune.com/en/blog/world=map-gigafactories Accessed 2023-07-26

[4] Ponrouch A, Bitenc J, Dominko R, LindahlaN, Johansson P and Palacin M R 2019 Multivalent
rechargeable batteries Energy Storage Materials 20253-262.

[5] Lindahl N and Johansson P 2023 Early-Stage Techno-Economic and Environmental Analysis of
Aluminium Batteries Energy Advances 2 420-429.
N

[6] Tarascon J M 2017 Chemistry of Materials and Energy. Examples and Future of a Millennial Science:
Inaugural Lecture delivered onThursday 23 January 2014 Collége de France.

[7] Forero-Saboya J D, Stoytcheva D S, Johansson P, Palacin M R and Ponrouch A 2022 Interfaces and
interphases in Ca and Mg batteries Advanced Materials Interfaces 9 2101578.

[8] Johansson P, Alvi S;.Ghorbanzade P, Karlsmo M, Loaiza L, Thangavel V, Westman K and Arén F 2021
Ten Ways to Fool the Masses When Presenting Battery Research Batteries & Supercaps 4 1785-1788.

[9] Frith J T, Lacey M J and Ulissi U 2023 A non-academic perspective on the future of lithium-based
batteries‘Nature Communications 14 420.
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1.1 Advantages and pitfalls of magnesium metal electrodes

Robert Dominko

National Institute of Chemistry, Hajdrihova 19, Ljubljana, Slovenia;
FKKT UL, Vecna pot 117, Ljubljana, Slovenia;

Alistore-ERI, CNRS, Amiens, France

Status

As of today, Li-ion batteries continue to dominate the battery market across various sectors. Several
efforts are being made to further improve their energy density by exploring alternatives. One potential
solution involves replacing graphite electrodes with metallic lithium electrodes. This approach,
combined with the use of all solid-state electrolytes, is currently considered the most viable option.
However, the concerns arise from the limited resources of lithium and its uneven geographical
distribution. Efforts are underway to develop and commercialize alternative batt?y chemistries, such
as other types of alkali metal or multivalent batteries, which can potentially offer,comparable or even
improved performance to Li-ion batteries while reducing reliance on lithium.

Magnesium metal batteries are gaining attention as potential next-generation batteries, due to their
high energy density, abundance, and potential low cost. Magnésium metal electrodes are considered
a safer option due to the high melting point of metallic magnesium compared to other possible metal
electrodes used in aprotic electrolytes. Although the magnesium metal combined with 3V oxides
cathodes or with sulphur can deliver values of energy density that.are comparable with today’s state
of the art Li-ion battery technology [1], its commercial use in rechargeable batteries is still under
debate due to several challenges. This short contribution aims'to discuss those challenges while the
reader if needed can access more comprehensive review papers published recently [2-4].

Current and Future Challenges

The use of magnesium metal for batteries does present several significant challenges:

a) Poor reversibility of magnesium deposition and dissolution is one of the main challenges
causing the limited cycling stability. This leads to capacity loss and reduced overall performance of
magnesium batteries.

b) During the charging and discharging cycles of a magnesium-based battery, the deposition and
dissolution of magnesium can be uneven. This uneven growth can lead to the formation of dendrites
or uneven electrode surfaces, which can cause short circuits, reduced capacity, and decreased battery
lifespan.

) Magnesium has.low ductility, which makes it difficult to process thin electrodes required for
high-energy-density batteries. Thin electrodes are desirable to maximize energy density.

d) Magnesiumiishighly reactive, and when exposed to the electrolyte, it forms a passivation layer
that hampers the transport of ions. This passivation layer typically exhibits poor ionic conductivity due
to the high polarizability of magnesium cations, which further affects the battery's performance.
Finding ways'to mitigate the reactivity and improve the formation and properties of the passivation
layer are important research directions for magnesium-ion batteries.

Challenges are to a large extent connected with the choice of electrolyte, additives, and potential
cross-contamination with degradation products from the cathode. Early-stage electrolytes based on
Grinard reagents or chlorine complexes possessed higher reversibility for the stripping and deposition,
however, their drawback was low oxidative stability and incompatibility with some potential cathode
materials. Due to the nature of the passivation layer on the metallic magnesium use of approaches
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known from Li-ion batteries leads to a highly passivated surface with limited electrochemical activity.
New salts based on weakly coordinating salts and the use of additives recently proposed lead to
improvements in the reversibility and enable the use of different cathode materials.

Advances in Science and Technology to Meet Challenges

The poor reversibility of magnesium metal electrodes is evident in the Coulombic efficiency, which falls
significantly below the desired value close to 100%. Currently, this issue is rarely addressed jin
laboratory research, as most results are obtained using thick Mg metal anodes and a substantial excess
of electrolyte. The reversibility of the stripping and deposition process depends on various factors;
with the magnesium-electrolyte interface and impurities being the most criticalélmpurities, such as
native passive film and electrode doping, play a significant role in the reversibility. of the process.
Although the initial generation of electrolytes showed higher Coulombic efficiency, they exhibited
drawbacks such as low oxidative stability and corrosiveness. Efforts have been made to develop weakly
coordinating anions, such as carbaboranes [5] and hexafluoro iso-propyl-based [6}ymagnesium salts,
to address the issues of corrosion and oxidative stability. However, these eléectrolytes often result in
lower reversibility of the stripping and deposition process, especially‘inithe presence of impurities, as
they are unable to act as scavengers. To make further progress, various, additives [7] have been
developed to enable Coulombic efficiency above 99%. Additionallyythe formation of protective layers
that prevent direct contact between magnesium and electrolytéare considered a promising approach
for all metal-based batteries. [8,9]

The uneven growth of magnesium deposits can result in thé formation of uneven deposits or dendrites
which can grow through the separator and eventually cause a short circuit in the cell. Several factors
contribute to the uneven growth of magnesium deposits: These'include variations in the current
density, impurities in the electrolyte, and electrode/electrolyte interface properties. According to
theoretical prediction, the diffusion barrier for the.most stable Mg surface (0001) is high enough to
prevent the formation of dendrites.[10] However, thesmost stable surface is not the one with the
highest area fraction, and that changes with the chemical'environment and kinetics of the deposition
process.[11] Other crystal surfaces have lowerdiffusion barriers and, due to their higher fraction or
higher current densities, the deposition of magnesium can occur in the form of dendrite.[12]

The kinetics of magnesium deposition are often-hindered by the use of metal foil electrodes with a
surface area close to their geometrical surface area. This limitation affects the kinetics, resulting in high
overpotential during the formatioh cycles required for activation amplified with the presence of a
native passivation layer. An alternative approach is to utilize magnesium powder, although this is an
attractive approach it requiresadditional.electrode processing with a solvent and binder that are stable
with highly reactive magnesium particlés.

Another issue with using magnesium metal foil is its ductility. Since batteries typically operate with an
areal capacity per electrode layer of a few mAh/cm?, the thickness of the magnesium metal electrode
is limited to a few tens:ef micrometers (10 um approximately corresponds to 4 mAh/cm?). Alloys such
as AZ31 [13] can be(processed to much thinner dimensions and offer potential solutions for matching
the areal capacities of positive and negative electrodes. The pitfall of introducing alloys is decreased
energy density{1] and thisseffect becomes more pronounced when employing alloys with a higher
ratio of inactive metal i.e. bismuth (Bi) or tin (Sn).[14]

One of the most challenging aspects of batteries is the interface between the metal anode and
electrolyte. It is crucial to understand the electrochemical reactivity of solvents and salts near the
electrode surface to predict and identify stable solvents and salts. One alternative approach to
developing new eélectrolyte components is the creation of an artificial layer that mimics the solid
electrolyte interface. Although a well-designed artificial layer can address the conductivity issues
associated with highly polarizable magnesium cations, it introduces additional non-active mass and
volume, thereby reducing the advantages offered by magnesium metal in batteries.

Concluding Remarks
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Nowadays, it is clear that Li-ion batteries will not be able to cover all needs induced by the
electrification of different sectors. One or several technologies will compete with them and there will
be several winners. Mg metal batteries have several advantages and considering that the majority of
research efforts have started just recently, they can be found in applications in some sectors where the
use of sustainable and cheap materials will be demanded.
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1.2 The evolution of non-aqueous electrolyte solutions for rechargeable Mg batteries
Ben Dlugatch, Doron Aurbach, Bar-llan University, Ramat-Gan, Israel

Status

Extensive work was done in 1957 by Connor et al. ™ about Mg deposition from Grignard‘reagents’
solutions comprising RMgX compounds (R = alkyl groups, X = halide anions like CI°, Br) in ether solvents
(THF, glymes like dimethoxy-ethane, DME). Based on this work Gregory et al. [?! tested severaltypes.of
electrolyte solutions. They realized that Mg(BF,),, and Mg(ClQ,), solutions in THF may Support partially
reversible Mg deposition-dissolution, however their side reactions with Mg form passivationlayer that
blocks the Mg electrodes. Ethereal solutions of Grignard reagents which can allow fully reversible Mg
deposition have a very limited anodic stability, being oxidized below 1.5V vs. Mg, whatimeans that
they are not suitable to any relevant cathodes. In turn, solutions comprising THF, and Mg(BRa), species
(R =aryl or alkyl groups) showed reversible magnesium stripping-plating processe{and anodic stability
approaching 2 V vs. Mg. [2] In 2000, Aurbach et al. reported on the first prototype of rechargeable Mg
batteries. These cells included Mg foil anodes, Mg«MogSs Chevrel phase (CP) cathodes (0 < X < 2) and
0.25 M Mg(AICI,BuEt), in THF electrolyte solution. ! Replacing the organoborate with aluminum-
based Lewis-acid presented higher anodic-stability (2.5 V vs. Mg),‘almost 100% magnesium deposition-
dissolution reversibility, and good Mg?* ions intercalation kineticsiinto CP-cathodes . A further work,
demonstrated a better solution, replacing the alkyl ligand with a phenylgroup. P! The goal of widening
the electrochemical window, and still supporting 100% Mg deposition reversibility, pushed research
groups to develop more organo-halo-aluminates /based elegtrolyte solutions (in ethers) ,
demonstrating anodic stability up to 3.7 V. [¥! Despite the advantages which these solutions have, they
are still problematic due to several issues. The above-describedsolutions contain chlorides. It is known
that chlorides have corrosive nature, preventing  from working with non-noble metals for the
cathode's current collectors and for other cells’ components .. In addition, THF is a very volatile
solvent and tend to form peroxides. ! AGrbachret.al. developed electrolyte solutions based on MgTFSl,
salt, using the less volatile DME solvent. ) MigTFSl, is the only ether-soluble "simple" magnesium salt.
In DME/MgTFSI, solutions, Mg(DME)s;** cluster, cations are formed due to strong DME-Mg?
interactions.’® Because of these strong interactions, processes like Mg deposition or Mg?* ions
intercalation are not reversible. When MgCl.is introduced, the interactions of the CI species with the
Mg ions soften the Mg(DME)s** "clusters leading to the formation of DME solvated cations like
[Mg,Cl(DME)4]?** and [Mg3CI4(DME)h2+ (see figure 1). The formation of such Mg-Cl cations complexes
enables to obtain reversible Mg deposition and reversible Mg cations intercalation (into CP cathodes).
(11 This solution avoidsithé use of THF,but still contains chlorides, what is causing corrosion to the cells'
components. In addition, Attias et al.[12] showed that chlorides have a major role in facilitating Mg
ions intercalation into cathodes like Chevrel phases, via the formation of adsorbed surface layer —
chloride anions interacting with the surface of the cathode material, enabling an easy transfer of Mg
cations from thessolutions’ structures to the intercalation sites on the surface.

In recent years, new classes.of non-corrosive electrolyte solutions for secondary Mg batteries were
intensively investigated. Magnesium borohydride, [Mg(BHa).], was reported as the first inorganic
compound supporting Mg deposition-dissolution in aprotic solutions by Mohtadi et al.™3! However,
this electrolyte shows low anodic stability.

The same group<developed further Mg organo-borate electrolytes that are soluble in ethers. They
demonstrated electrolyte solutions without chloride species, in which Mg electrodes behave reversibly
and their anodic stability may reach values > 3 V vs. Mg. [**! Etheral solutions of these solutions seem
promising for use in rechargeable Mg batteries, but nevertheless, there are not yet reports on
secondary Mg batteries based on these solutions.
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Fichtner et al.* reported on fluorinated alkoxyborate-based electrolytes, Mg[B(HFIP)4], (HFIP —
Hexafluoroisopropanol), synthesized in ethereal solvents, which is capable of reversible Mg deposition
and intercalation without the presence of chloride ions (See figure 2). Aurbach et al *®! showed that
the Mg[B(HFIP)4]o/DME solutions require pre-treatments (denoted as “conditioning” processes) for
improving their performance (see figure 2).

1. 2MgCl, + MgTFSIL, + 5SDME — [MgsCl,](DME)s** + 2TFSI
2. MgCl, + MgTFSI, + 4DME — [Mg,Cl,](DME),** + 2TFSI~

Figure 1: The chemical reactions of MgTFSI, with MgCl, in DME at different.ratios, followed by a refined structure of
MgsCls(DME)s](TFSI),recrystallized from solutions of MgTFSI,/MgCla at a 1:2 molar ratio in DME[1]

Current and Future Challenges

It is important to emphasize that the major advantage of Mg batteries is the possible use of very thin
Mg foils anodes, what may enable to reach high,capacity and high energy density with them. The
formation of fully blocking passivation layers on the Mg anodes surface while being in touch with all
protic solvents and polar aprotic solvents like alkylhcarbonates and esters, forces us to use only ether
solvents like THF, DME and heavier glymes in rechargeable Mg batteries. Mg anodes in touch with
even small traces of protic speciesfoxygen, certain commonly used salt anions like BF4, PFg’, ClO4 etc.,
in ether solvents also develop fully, blocking surface films. Thereby, metallic Mg surface must be
passivation free, with no side reactions. There are only a few electrolyte solutions that support
reversible Mg deposition/dissolution with a decent kinetics at room temperature. Most of them
contains Grignard reagents. High enough reversible Mg deposition and dissolution, which is critical for
rechargeable battery technology, was demonstrated so far mostly with electrolyte solutions with
relatively low anodig'stability (< 3V vs. Mg/Mg?*), That limits the use of high voltage cathodes.!”

The limited electrochemical window prevents us to use high potential cathodes since by using them
we will exceed the'window and oxidize the electrolyte solution.

Most of these/electrolyte solutions contain corrosive chlorides that pose compatibility issues with non-
noble metals, prevents us from using simple, cheap, abundant metals as current collectors and other
components.

Chlorides has two major roles. 1) Form Mg-complexes that facilitates the de-solvation of Mg?* ions ©.,
2) Ferm adsorbed layer on sulphides-based cathodes’ surface that reduces the activation energy of
Mg?* ions dntercalation [?. These roles are crucial for power sources related magnesium
electrochemistry. However, the new class of non-corrosive, Cl-free electrolyte solutions supposed to
provide the solution for the corrosion problem of these systems.[* Although, Cl-free electrolyte
solutions enable reversible Mg deposition-dissolution, the efficiency is much lower, the over-potential
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for magnesium deposition is higher, and in general, these solutions perform better when containing
chlorides.

Magnesium, in contrast to lithium, is safe in ambient air, but Mg-based electrolyte solutions contain
problematic materials such as THF, chlorides, and Grignard reagents that have high corrosive nature,
air sensitivity, and volatile solvents are used.

The sensitivity to atmospheric components is a critical challenge to address. It is critically important to
demonstrate cycling efficiency of Mg anodes approaching to 100% during prolonged cycling.tests and
to examine compatibility with full cells, comprising Mg foil anodes and high voltage (2 — 3 V'vs=Mg)
cathodes.
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Figure 2: The solution structure of Mg[B(HFIP)4],/DME followed by CV voltammograms before (upper) and after (lower)
'electrochemical conditioning process' of 0.3 M Mg[B(HFIP)4],/DME, using Mg foil as counter and reference electrodes, and
Pt rod as working electrode, at 0.5 mV/s.

Advances in Science and Technology to Meet Challenges

Developing electrolyte solutions for rechargeable batteries are always facing great challenges.
Formation of passivation layers on Mg anodes. restricts the solutions components to ethers and ether
soluble Mg-salts. The main effort.since the nineties was to establish high anodic stability, so it will be
possible to work with high-potential cathode materials. The goal was achieved with electrolyte
solutions stable up to 3.5 V vs..Mg. However, those solutions consist of organohalo-aluminates, which
are corrosive, unstable'in air, highly-nucleophilic, and include volatile solvents. The active species in
the best solutions developed.so far are ether solvated Mg-Cl complex cations with several optional
stoichiometries. The corrosive properties of the chlorides containing solutions are forcing
development of 4@lternative electrolyte solutions. Examples are ethereal solutions based on
Mg(CB11H12)2, [#317and tlater Mg[B(HFIP)4],**). Aurbach et al showed that the electrochemical
performance of DME/Mg[B(HFIP)4]. solution is far from that obtained with solutions comprising Mg -
organohalo-aluminate electrolytes, showing only 96.5% efficiency (compared to almost 100% with the
latter ongs). From preliminary studies it appears that only addition of chloride moieties to the borates-
based solutions can really improve their performance.

To develop furthér non-corrosive, stable, safe, non-hazard electrolyte solutions, we should strengthen
understanding the mechanistic differences between Mg deposition/stripping processes in Cl-free and
Cl-containing solutions. We may decide to concentrate on chlorides containing solutions but develop
compatible cathodes, like redox organic compounds and use cells based on corrosive resistant

11
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components. We will struggle to improve the boron-clusters based electrolyte solutions by most
effective “conditioning” processes.

It is not clear yet whether Mg rechargeable batteries will ever become a practical, competitive post-
lithium batteries technology. We know that the key for such an achievement still depends on. the
availability of most effective electrolyte solutions (to be developed considering the above discussion):

Concluding Remarks

Magnesium seems as an ideal active metal for use as an anode material in high energy density,«cost
effective rechargeable batteries. However, its reactivity and the bivalent nature ofyMg ions are very.
challenging , because any type of side reactions between Mg metal and the environment (reactive
solutions species, atmospheric contaminants) form surface films that fully block»Mg iens transport.
Thereby, it is mandatory to use in secondary Mg batteries only electrolyte solutions in which Mg
anodes are bare, fully passivation free. It is important to emphasize that these systems may be
advantageous only if the anodes are very thin Mg metal foils. Only ether'solventstare compatible with
Mg metal anodes, but they form very strong complexes with Mg?* ions, what slows down their
transport kinetics in all kinds of redox processes. Several families of relevant eléctrolyte solutions for
secondary Mg batteries were developed during the lastsa2 decades)» Most important are
THF/PhMgCI/AICl5, DME/MgTFSI,/MgCl, and DME/Mg[B(HFIP)4),. solutions {reversible Mg deposition,
wide electrochemical window). Their structure is understood thanks to intensive analytical and
theoretical studies. It seems that the best starting point for a further development and improvement
are solutions comprising ultra-pure glyme solvents (like 'DME, but not only) and electrolytes like
Mg[B(HFIP)4].. 4
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1.3 Mg based batteries - inorganic cathodes
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Status ~

Rechargeable batteries with magnesium (Mg) metal anodes offer an opportunity to expand the energy
storage landscape towards safer and more sustainable options. In addition, Mg.metal anode provides
a high theoretical capacity (3833 mAh cm™ and 2206 mAh g™) and a low redox potential (-2.37 V vs
SHE). As a result, the exploration of viable cathode materials for,.Mg batteries could foresee a
significant improvement in energy density even exceeding that of the current Li-ion technology.

In 2000, Aurbach et al. demonstrated the first prototype Mg batteries by reporting a Chevrel phase
MosSs cathode with superior ionic conductivity, which provided aicapacity of ~70 mAh g™! at an average
voltage of ~1.1 V vs. Mg for more than 2000 cycles.[1] The excellent cycling performance and Mg
kinetics of the Chevrel phase structure inspired considerable efforts on the discovery and evaluation
of new compounds that provide redox reactions,at high voltages.[2] However, most of the host
structures, which have been successfully developed inmonovalent systems, did not show comparable
storage capability in Mg batteries, such as layered oxides or polyanionic frameworks.[3] Mg storage in
these materials typically suffers from sluggish ionsmobility, resulting in low reversibility and large
hysteresis. This indicates completely differentiinsertion chemistry of Mg when compared to the
monovalent systems. Further theoretical investigations revealed site preference of the intercalant as a
key factor for lowering diffusion kinetic, barrier: while Li* favors a four-coordination in the host
structure, Mg?* prefers a six-coordination environment.[4] Based on these findings and stepping back
to softer lattice, thiospinel Ti.S; wasdeveloped, providing an energy density of 230 Wh kg™ at material
level, which is twice as high as thedenchmark of the MogSs cathode.[5]

Till now, the development of Mg cathodes is largely restricted to sulfide materials, which can be
charged at an acceptable rate, yetioffering only moderate redox potentials. Some of the transition
metal sulfides (e.g. MoS,.and ViS,) provide energy densities in the region of 300-400 Wh kg™ at material
level, by delivering a high capacity (Figure 1 left).[6, 7] Despite that, their fast capacity fading due to
parasitic conversion processes calls for structural optimization strategies in order to achieve a long-
term cycling stability. In'apractical scenario, the spinel Ti,S4 cathode may reach energy density of ~130
Wh kg™ at cell level (Figure'd right), given a dense cathode, lean electrolyte condition and highly
efficient anede reactions can be realized.[8] Further pushing the energy density to the target of 350
Wh kg™t or 750 Wh L™ requires a well-functioning cathode that operates at 3.1 V vs. Mg and provides
a capacity.of 165 mAh g™* or more.
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Figure 1. Left: experimental performance of representative cathode materials for Mg storage. Reproduced with permission from ref. [7].
Copyright 2020 The Authors. Right: A comparison of specific energy and energy density between lithium ion batteries (LIBs), all solid-
state batteries (ASSBs) and Mg batteries (MIBs) using selected cathode materials. Reproduced with permission from ref. [8]. Copyright
2020 American Chemical Society.

Current and Future Challenges

A major roadblock that impedes the development of high-voltage M’g cathodes is the sluggish diffusion
kinetics of Mg?*. The bivalency and high chargédensity of Mg?* induce a strong interaction with the
host lattice, which builds up a significantly higher kinetic barrier than required for Li* migration.[9]
Worse is that the strong interaction leads to severe structural distortion both crystallographically and
electronically, which often results in gither. parasitic conversion reactions or detrimental phase
transitions along with Mg intercalation. In,case of high-voltage layered oxide (e.g. MnO,), the
undesired conversion reactions can be the dominant process, due to their thermodynamic preference
over intercalation.[10] Even for transition metal sulfides with softer structures, the conversion process
may take place at a similar voltage to Mg?* insertion.[11] Layered sulfides show better structural
stability upon Mg intercalation, ‘without triggering conversion reactions.[12] Nevertheless, they
undergo multistep phase transition,'whichdimits the reversibility of the reaction in long-term cycling.
To enhance the Mg storage performance in layered compounds, structural engineering strategies were
also attempted to tailor the diffusion Kinetics, which however normally have to compromise with the
energy density.[13] Despitevaluable fundamental insights into the charge storage mechanism gained
during the past years;viable host/structures that provide energetically favourable diffusion pathways
for Mg?* are still lacking. In search for cathode materials with high polarizability, the interplay between
crystallographic_geometry and charge compensation (redox reactions) during de-/magnesiation
remains to beexplored.

In addition to 'selid diffusion, interfacial charge transfer and mass transport is a combinatory issue that
disturbs the evaluation of cathode materials, leading to controversial results. This issue relates closely
to solution envirenment of the electrolyte, where Mg?* is in most cases coordinated strongly by the
ligands.(either anions or solvent molecules).[14] Based on theoretical investigations, desolvation
pracess for Mg®* requires to overcome an energy barrier that is more than twice the value for Li* in
common organic solvents, and can be even higher than that for the subsequent solid diffusion.[15]
The desolvation process with large energy barrier in turn may lead to decomposition of electrolyte and
the possible formation of passivation layer on the cathode surface. Furthermore, the decomposition
of even non-aqueous electrolyte could produce proton, which might be (co)-intercalated into the
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cathode due to its faster kinetics than Mg?*, and thereby contributing to the measured capacity, which
may mislead the evaluation of Mg?* storage in the cathode. [16]

Advances in Science and Technology to Meet Challenges

To tackle the abovementioned issues, controlling the Mg**-cathode interaction is a primary geal. This
requires to take into account crystal structures of the host materials for accommodating highly
polarizing Mg?, but also their electronic structures to balance the multi-electron transfer.qn this regard,
cathode materials that support multiple kinetic transition states are desirable, e.g. by providing malti-
electron reactions. As most of the transition metal elements only offer single-electron redox, triggering
anionic redox in addition to cationic redox can be a feasible solution to realize multi-electron redox.
From the crystallographic perspective, most of the well-developed lattice frameworks for monovalent
ions did not show satisfactory Mg storage capability. To unlock their kinetic/limitations, constructing
percolating networks in addition to the existing diffusion channels may open the avenue for fast Mg
mobility in known structures. The percolating networks could be built by intreducing highly ordered
defects with high concentration.[17] On the other hand, a number of studies on co-intercalation have
demonstrated that monovalent ions could act as assisting ions for lowering the diffusion barrier for
Mg?,[18] which calls for further efforts in this research direction. An extreme scenario of co-
intercalation is hybrid Mg batteries where the fast-kinetic monovalent cathode chemistry is coupled
with Mg metal anodes. [19] Under sustainability aspects, the selection of assisting cations for Mg-
based co-intercalation should preferably be made from alkali metal ions beyond Li*.

Beyond intercalation, unique interfacial properties were also.observed in Mg systems, which largely
affect the transport kinetics at cathode-electrolyte interfacés. Tolcifcumvent the desolvation process,
intercalation of solvated Mg?* has demonstrated a clear path towards fast-charging cathode
chemistry.[20] By forming a ternary intercalated compound, Mg-solvent co-intercalation strategy
offers an additional opportunity to design the energeticreaction pathway. Moreover, surface coating
is a promising approach that may enhance:the compatibility between cathode and electrolyte, but also
promotes interfacial charge transfer through,surfaceiregulation. In spite of concerns on the migration
kinetics through the coating layer, this approach.deserves further efforts if a proper selection of the
coating materials (e.g., disordered materials) with a desirable coating thickness can be made. Besides,
as the interfacial processes are accompanied by various side reactions that can contribute largely to
the measured capacity, a careful evaluation of the storage mechanism by combining elemental, redox
and structural analysis is highlysrecommended.[21]

Concluding Remarks

Inorganic cathode materials with rigid crystal structures represent a grand challenge for allowing
sufficient Mg?* mobilityssHowever;the compact structures exhibit the potential of significant gains in
energy density, which could'be further enhanced by coupling with high-capacity Mg metal anodes. The
major issue associated with complex interactions between divalent Mg?* and the polar moieties of the
host materialsineed to be carefully addressed. This requires a robust fundamental understanding of
the storage mechanism, whichienables material developments through combinatory consideration of
crystal structures and-électronic configurations. Cathode materials with either high-voltage or high-
capacity/ provide two pathways towards high-energy density, both of which require unconventional
strategies to unlock the kinetic limitations.
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1.4 Mg based batteries - organic cathodes
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Status

The Mg?*" ion size is quite similar to the size of the Li* ion. However, due to the double charge, its
insertion inside inorganic structures is extremely difficult and is plagued by irreversible conversion
reactions, poor ion mobility and solvent co-intercalation.[1] Hence, researchers are actively
investigating alternative electrode materials such as organic-based ones. Organic cathodes can
accommodate various cations through coordination mechanism due to.their adaptable structures,
which makes them suitable to circumvent the limitations of inorganic_hosts./Additionally, organic
chemistry offers a multitude of possibilities for tuning both the capacity and redox potential of organic
active groups. However, organic materials also have some inherent limitations. Small organic
molecules suffer from dissolution issues while most organic/materials have low conductivity (higher
amounts of carbon black needed in electrode formulation) and low tap density, which might
compromise their volumetric capacity and the energy density of the cells. The low volumetric capacity
of organic cathodes can be effectively compensated by the high velumetric capacity of Mg metal anode.

A significant limitation of the application of organic materialsiin the past was the chemical nature of
Mg electrolytes, which were in the first generation based on organometallic compounds (Grignard
reagents). Organometallics, as strong nucleophiles, can react with certain functional groups (carbonyls,
sulfur groups) within organic materials and lead taiirreversible reactions. The earliest attempt to apply
organic materials into Mg metal anode cell setup was reported in 2007 when different organosulfur
compounds containing S-S bonds ‘Were investigatedras cathodes.[2] However, due to the use of highly
reactive nucleophilic electrolyte, reversibility was quite limited. The reversible electrochemical activity
of conjugated carbonyl compounds upon storing Mg?* ions was observed and confirmed using ex situ
X-ray diffraction (XRD) on the 2,5§dimethoxybenzoquinone in Mg metal passivating electrolyte,
Mg(ClOa); in y-butyrolactone, which meant that 3-electrode setup had to be utilized to achieve
reversible cycling.[3] Significant{rogress was enabled by the advent of non-nucleophilic electrolytes
(absence of organometallic compounds), which allowed broad exploration of organic compounds.[4]
Non-nucleophilic electrolytesienabled good reversibility, and many different organic compounds were
successfully employed in“Mg metal anode-organic cathode setups, displaying several hundreds of
reversible cycles with relatively high rates, opening the path towards practical high-performance Mg-
organic batteries.[5] Among organic compounds, the most promising are n-type compounds, which
become negatively.charged during discharge and can store Mg?*ions, enabling high-energy density Mg
batteries upon pairing with Mg metal anode. Such an example would be the Mg metal-benzoquinone
cathode/which could, on the level of electrode materials, enable a theoretical energy density of 810
Wh/kg. This value is above the theoretical energy density of the graphite-NCA Li-ion cell.[6]

Current and Future Challenges

The electrochemical cell setup in Mg batteries is typically a 2-electrode one, which is transferred from
the Li battery research. However, the overpotential of the Mg metal anode is significantly larger than
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in the case of the Li metal anode, which makes it quite difficult to separate between the metal anode
and working electrode contributions. An alternative option is the use of a 3-electrode cell, but Mg
metal as a reference exhibits unstable potential and is prone to passivation. Hence, different cell setups
have been proposed, such as symmetric cells or alternative setups with capacitive carbon black
electrodes serving as counter electrodes.[7,8]

Among different organic compounds, most of the early studies have focused on anthraquinone (AQ)
type compounds, which exhibit moderate redox potential and specific capacity. Whilesredox potential
(around 1.5 V vs. Mg/Mg?*) fits well into the electrolyte stability window of most. Mg electrolytes,
future research should aim for both higher voltage and capacity compounds tahbe able to achieve
competitive energy densities of full cells. However, when moving towards highervoltage compounds,
the oxidative stability of electrolytes might become an issue. The majority of Mg electrolytes are based
on ether-type solvents (glymes and tetrahydrofuran), whose oxidative stabilitysis limited to around 3
V vs. Mg/Mg?*. This presents a major challenge in targeting higher voltage compounds since operating
voltage windows can easily exceed this limit, especially given the larger overpotential present in Mg
metal anode cells and less favourable kinetics. High amounts of carbon blacks typically used in organic
electrode formulation can also accelerate side reactions.

Another key issue of organic materials is a capacity utilization drop when moving from the Li cells to
Mg cells. Incomplete capacity utilization of active material is not yet well understood and is most likely
connected with aggravated accessibility of electrolyte species.towards electroactive groups of organic
compounds. Additionally, electrolyte speciation in Mg electrolytés is much more complex than in
monovalent electrolytes due to the capability of Mg to form various complexes. Studies of discharged
cathodes have also shown that in certain Mg electrolytes, the dominating Mg species inside discharged
cathodes are not Mg?* ions but cation-anion pairs, MgA*,especially in MgCl,-based electrolytes (Figure
1).[9] While this does not have seriousseonsequences in laboratory testing setups, where flooded
electrolyte setups are utilized, it would seriously limit the energy density of the practical Mg batteries
due to electrolyte participation in the electrochemical mechanism. Additionally, electrochemical
experiments should be supported by theoretical calculations, aiming to understand the effects
coordination with monovalent ionic complexes and multivalent ions have on functional group
rearrangement and interactions with neighbouring molecules.
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Figure 1. Schematic representation of MgCl* and Mg?* ion storage in Mg metal-organic battery and effect of electrolyte amount on the
capacity of the organic cathode for MgCl* (blue) and Mg?* (red) ion storage. Reproduced from reference 9 with permission of Elsevier.

Advances in Science and Technology to Meet Challenges

In recent years, organic compounds that go beyond the energy density of AQ-based compounds were
pursued, with various groups focusing on benzoquinone-based compounds[10,11], polyimides[12]
and hybrid polymers incorporating multiple electroactive groups.[13] The use of organic polymers has
proven to be a good strategy for limiting active material dissolution and achieving long-term cyclability
(Figure 2). However, practical capacity utilization is often quite low. A study on the comparison of linear
polymers with flexible porous polymer has shown an important correlation betw$n practical capacity
utilization and the degree of electrochemical swelling.[14] Additionally, l[argepore volume and flexible
polymer nature were shown to aid swelling. An alternative approach(te. increasedutilization is the use
of solid particles to nanostructure organic compound composites with various carbon supports like
graphene-based materials or carbon nanotubes.[5,15,16] However, it is important to take into account
the capacitance contribution of the carbon support and subtractit properly, as this contribution can
be quite significant.
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Figure 2. Voltage versus measured capacities of some organic polymer compounds (Pl-naphthalene-hydrazine diimide polymer, DMcT-2,5-
dimercapto-1,3,4-thidiazole, PAQS-poly (anthraquinonyl sulfide), PHBQS-poly (hidroquinonyl-benzoquinonyl sulphide), and PSHATN-poly
(hexaazatrinaphthalene sulfide)) in Mg half-cells with percentage of capacity utilization calculated as obtained capacity divided by
theoretical capacity value. Values were obtained from references 2, 4, 10, 12 and 14.

Accordingto ourknowledge, all studies of the electrochemical mechanism through various ex situ and
operando characterization techniques have confirmed that the electrochemical mechanism of organic
materials does not change when moving from Li to Mg electrolytes,[13,15,17] which provides a strong
incentive to further develop organic materials for Mg batteries. At the same time, the development of
Mg electrolytes has been directed into the field of non-corrosive and non-nucleophilic electrolytes,
which should ensure good electrochemical compatibility with different organic compounds. The new
generation of Mg electrolytes is based on salts incorporating weakly coordinating anions (WCA), which
enable simpler dissociation of cation-anion pairs. Indeed, it was shown that the number of ion pairs in
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the case of electrolytes based on WCA salts is lower compared to chloride-containing salts. However,
a certain number of ion pairs was still detected in certain electrolytes,[15] while in other electrolytes
presence of ion pairs in discharged cathodes could not be detected.[9] Another important
consideration is the fact that currently all the electrochemical testing is performed in laboratory half-
cells operating with big excess of Mg metal anode and electrolyte with relatively low areal loadings of
active materials. Thus, future research should also aim to address these challenges by prototype
testing, where the effects of electrolyte amount, areal loading and carbon black ‘in electrode
formulation should be investigated to give some additional guidelines for future battery research:

Concluding Remarks

Organic cathode electrochemical performance in Mg batteries by far surpasses the performance of
inorganic cathode materials and offers an alternative pathway for the, practical’ realization of
rechargeable Mg batteries. However, organic cathodes still suffer from general®Mg electrochemical
issues connected with large electrode overpotentials, Mg metal passivation and limited electrolyte
stability windows. Hence, electrochemical results should be evaluated with sufficient rigor to prevent
misinterpretation. Future research should be directed towards improving, the cation-anion pair
dissociation and achieving both higher voltage and capacity of organie.compounds coupled with good
capacity utilization and long-term cycling stability. This can be successfully achieved only through the
synthesis of new organic compounds as well as tailoring of Mg electrolytes to improve the
performance of organic materials.
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Status

Solid-state electrolytes have attracted ever-increasing research interest owing to the intrinsic safety
merits compared to the flammable organic liquid electrolytes. In addition,.the superior mechanical
properties of the solid electrolyte play a significant role in avoiding dendrite growth and suppressing
the bidirectional crosstalk phenomenon between cathode and anode. Furthermore, inorganic solid
electrolytes are single-ion conductors, and therefore, concentration polarization at high current
densities does not occur. However, the sluggish diffusivity of the Mg?* ion, originating from its high
charge density gives rise to difficulties in designing Mg solid electrolytes (SE) with high ionic
conductivity. Along with this, it is of course difficult to explore the function of potential Mg solid-
state cells. Nevertheless, successful cases have been reported utilizing different types of anion
chemistry. In the 1980s, MgosZr,(P0.); with -Fe,(SO4)s-typestructure was synthesized, which
achieved ionic conductivities of 6.1 - 10 S cm™ and 2/9 - 10 S.ém™* at 800 °C and 400 °C,
respectively, with an activation energy of 0.82 eV [1]. TheMg-ion conduction was validated by a
modified Tubandt method, where the detected mass.transfer during electrolysis through
Mgo.sZr2(PO4)s corroborates the assumption of Mg ion eonduction. Based on the same structure,
replacing Zr* by various aliovalent dopants;.such as Al**, Zn?** and Fe**, to increase the Mg?*
concentration, has been attempted to further enhance the ionic conductivity [2,3]. In recent years,
inspired by the superionic Li* and Na* conductivity. of several phase, mostly the Li-argyrodite and
Na3PS4 phases with face-centered cubic anion arrangement, a Mg-based sulfide was also prepared in
the form of glasses in the quasi-ternary system MgS-P,Ss-Mgl, [4]. The conductivity of as-prepared
glass achieved 2.1 - 1077 S cm™ at 200 °C when'composition is 48MgS-32P,Ss-20Mgl,. However, the
activation energy is unspecified;’anchthe transport mechanism is not yet investigated so that further
optimization is still waiting. Additionally; a series of Mg halides were also successfully synthesized,
with the highest ionic conductivity of 1.3 - 10 S cm™ at 127 °C for MgAl,Cl,Brg [5]. Theoretical work
suggests that the migration barriers of spinel-structured magnesium selenides of the type MgRE,Ses
are relatively small (0:36=0.53 eV)/due to the favorable Mg hopping via the tec-oct-tec path in the
spinel structure [6]. Experimentally, MgSc,Ses has been successfully prepared, with a high room-
temperature ionic conductivity of ~10™ S cm™. However, the relatively high electronic conductivity
(0.04% of the jionic conductivity) is of concern as it is higher than that of common solid electrolytes
(10™-10™%). Moreover, the considerable electronic conductivity makes the reliable identification of
the partialionic conductivity rather challenging. Nevertheless, the encouraging result showing Mg-
ion conductivity atiroom temperature has stimulated more research investigating other phases for
Mg?* conduction. In spite of the lower ionic conductivity compared to lithium counterparts, the
possibility of.using thinner SE layers to increase the conductivity across the pellet in the full cell still
makes them worth of further exploration.

Apart from solid electrolytes (SEs) composed of rigid inorganic anion sublattices, another
category of crystalline candidate comprises the coordination of Mg-ions with more “flexible”

24



Page 25 of 89

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPENERGY-100784.R1

complex functional groups. A typical successful example is magnesium borohydride, in which the
complex hydride structure can be tuned for an energetically more favorable migration pathway for
the Mg* ion [7]. To name a few, Mg(BH.)(NH,) with shorter Mg-Mg distance in the Mg zigzag chain
exhibits an ionic conductivity of 1.0 - 10® S cm™ at 150 °C [8]. Mg(BH4)2(CHsNH,), with a 1D chain-like
structure interconnected by weak dihydrogen bonds, shows a conductivity of 1.5 - 10 S cm-tat
room temperature and an activation energy of 0.6 eV [9]. Moreover, metal-organic frameworks
(MOFs) with an open porous framework and adaptable organic ligands also hold great promise for
multivalent-ion conduction by providing highly-selective ion pathways in the porous structure
[10,11]. Indeed, most MOF materials deliver relatively high room-temperature Mg%hion conductivity,
probably allowing conductivities in the mS/cm range [12,13]. Along this line, encouraged by the
successful application as lithium-ion solid-state separators [14-16], covalent-organic frameworks are
also believed to be feasible as platform to design Mg?* ion solid-state conductors with:high ionic
conductivity.

Current and future challenges

To be a potential candidate as SE for battery cells, ionic conductors need to fulfill certain
requirements (summarized in Figure 1), including, but not limited te high'ionic conductivity, high
electronic resistance, sufficient chemical/electrochemical stability and suitable mechanical
properties. The development of Mg solid electrolytes is stillin‘its.early stage. Among the reported
structure types, there is always a tradeoff between ionic conductivity and the electrochemical
stability window. For materials with high room-temperature conductivity such as borohydrides, the
threshold of the upper cutoff potential is as low as.1.2 V (vs2Mg?*/Mg) [14,15], which raises
challenges for pairing with suitable cathode materials. As for selenides, no study of the
electrochemical window was experimentally reported, although, theoretical studies suggest that the
anodic cutoff potential of ternary spinelsiis.also'below 2.0 V (vs. Mg?*/Mg) [16].
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Figure 1. SUmmary of the crystal structures being used for the design of Mg? solid electrolytes and
the key challenges for the development of Mg solid electrolytes.
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The future R&D of Mg?* SEs still encounters the challenges caused by the specific physical
properties of magnesium: i) the di-valency of the Mg ions. As discussed above, the designing
principle of Li/Na-ion superionic conductors cannot be directly transferred into the exploration of
Mg-ion electrolytes. Just like the finding of the feasible Mg?* conduction in spinel structures, new
structure-property relationships need to be established. Besides, the existing studies could not
differentiate bulk resistance and grain boundary resistance, which are largely dependent on'the
crystal structure and synthesis procedure, respectively, posing additional difficulties in‘understanding
Mg?* migration in solids. ii) the small ionic radius of Mg ions. Compared to typical anions inthe solid
state, the ionic radius of Mg?* is much smaller (0.72 A vs. 1.40 A of 0%, 1.84 A of S®and 1.75 A of
CI?), meaning that the electrons more densely distributed around the atomic aucleus, making their
migration kinetically unfavorable due to the increased Coulomb interaction with the hest anion
lattice. As a consequence, it is of great significance to determine whether'the chqge carrier is Mg?*,
or anions with “relatively” more facile migration capability. In other words, the transportation of
Mg?* in the solid needs to be unequivocally proven, instead of anion€onduction,or electron
conduction in case of the mixed ion-electron conductors. iii) the high Young’s modulus of Mg. The
Young’s modulus of Mg is 44.3 GPa, which is much higher comparedto lithium (4.9 GPa) and sodium
(10 GPa) [17], indicative of poorer contact between SE and magnesium metal anode (MMA) in a
practical solid-state Mg cell. Moreover, the interface between SE and MIMA derived from the
degradation of SE has been rarely studied [18]. An appropriate method to enhance the wettability of
MMA, such as artificial interphases and lattice plane orientation, needs to be addressed to approach
the high volumetric energy density of solid-state Mg batteries.

Advances in science and technology to meet challenges

Due to the limited understanding of the Mg migration behavior, theoretical calculations are
important to predict the properties of new materials, and guide further experimental investigations.
A successful example are the Mg sulfide and selenide spinels, which have been studied systematically
in depth. Grol¥’s group used ASc,Ss@and ASc,Ses spinel compounds as platform to understand the
migration barriers of different cations (including Mg?*) via DFT calculation [19]. From the derived
correlation between activation‘barriersiand the site preference, a descriptor was proposed as a
universal parameter to explore thé Mgimigration behavior in a variety of do-metal-based spinel
chalcogenides, which saves considerable amount of effort in the selection and preparation of SE
materials. Moreover, the stability of the ternary spinel compounds (MgBS4) was investigated by the
same group. It is suggésted. that;if the ionic radius of the B-cation is smaller than 1.1 A, the
compound is supposed to be chemically stable, and thus be able to be synthesized [16]. The stability
of the Mg binary compounds/was also calculated, from which the Mg halides appear to exhibit good
stability against both reduction and oxidation, making them good candidates as coating material.

As for the'identification of the charge carrier, Ikeda et al. used a modified Tubandt method to
verify the Mg-ion conduction in their report of the MgosZr2(POa4)s material [1]. Specifically, a SE pellet
was sandwiched between two Pt foils and electricity was driven through the cell. After electrolysis
for 20 coulombs‘at 800 °C, the electrodes were taken out and weighed to measure the change in
mass. As a result, the weight loss of anode and weight gain of cathode corroborates well with the
theoretical value considering Mg?* as charge carrier, successfully proving the Mg-ion conduction.
Along with the further exploration of new SE materials for Mg, convincing characterization
techniques to identify the Mg?* conduction also needs to be developed.

26



Page 27 of 89

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPENERGY-100784.R1

Concluding remarks

Thanks to the effort in both theoretical study and experimental synthesis, the development of Mg
SEs, although still with grand challenges, is on a solid track, with selenide spinels, borohydrides:and
MOFs showing satisfactory ionic conductivity at room temperature. However, drawbacks such as the
low electronic resistivity and low oxidation stability of the existing SE materials push the field. to
explore optimization strategies and new possible structures to realize practical solid-state Mg cells.
Other than that, better fundamental understanding of the current SE materials needs to be
established, including the ion conduction mechanism and degradation mechanisms. The challenge in
developing the solid state Mg battery (SSMB) technology also lies in the controlof’interfaces
between SE and MMA. Fortunately, the well-developed characterization techniques for lithium
batteries can help to accelerate the establishment of knowledge fundationsiof interfaces in SSMBs.
Last but not least, once the issue of the SE/MMA interface gets solved, suitable'cathode materials
are also called for, with the aim of designing high-energy-density andlong-term-stable SSMB.
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1.6 Challenges and perspectives towards practical rechargeable Mg batteries
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Status

Nowadays, lithium-ion batteries (LIBs) are the main battery technology for many emerging markets
such as electric mobility or stationary storage for renewable energy. However, regardless of the proper
performances of LIBs, they are supposed to deal with resource supply-chain challenges due to lithium
relatively low natural abundancy and its geographical uneven distribution worldvﬁ?:le, especially if LIBs
are used as the only solution for electrochemical energy storage (EES) in both, the mobility and
stationary storage sectors. This concern has led scientists to search for alternative and sustainable
rechargeable battery technologies to overcome these challenges!

In this context, the competitive advantages of rechargeable.magnesiumbatteries (RMB) make it a
promising candidate as a non-Li energy storage system [1]-[3]. The use of metallic Mg as anode leads
to important benefits concerning, safety, cost, sustainability, recyclability, and lower material supply
risk due to the natural abundancy of Mg. Moreover, dué to its:bivalency, Mg presents high volumetric
capacity (3832 mAh/cm?3), high specific capacity (2205 mAh/g), and low reduction potential (-2.37 V vs
SHE) [4].

Despite the potential of RMB, research is still limited. at coin-cell configuration and laboratory scale
neglecting many practical aspects of RMB [5]—[8]. In that respect, pouch cells are an appropriate
configuration to optimize components/andsconstitute a crucial step towards an application-ready
battery. Accordingly, to the best of our knowledge, Blazquez et al. 2023 [9], for the first time have
demonstrated the feasibility of RMB at pouch-cellllevel for cell optimization toward industrial use. This
pouch cell contained the reference state-of-the art materials, a Chevrel phase (CP) MoeSs cathode on
a nickel current collector, thick pure magnesium anode (100 um) and All-Phenyl Complex (APC)
electrolyte. The electrochemical performance was analyzed by galvanostatic cycling at C/10,
demonstrating an specific enefgy of*18-Wh/kg and 100% specific energy retention after 200 cycles.
Although manufacturing the/first RMB{prototype has constituted a breakthrough in the technological
maturity of the technalogy, these specific energy values are still far from reaching accepted industry
standards.

Current and Future Challenges

RMB have suffered.-from low.degree of development with drawbacks that limit their practicability and
commercialization. Some of these challenges consist of low compatibility and durability between the
cell components/(anode, cathode and electrolyte) with the required conditions for a feasible
rechargeable battery-operation. In this regard, the main drawback of RMB is the development of
advanced electrolyte solutions which lead to a fully reversibly Mg plating/stripping behavior, with wide
electrochemical window [10], [11]. In this context, in 2000, Aurbach et al., developed a novel All-Phenyl
Complex (APC) electrolyte which exhibited an impressive anodic stability and a fully reversible Mg
metal.anode behavior [1]. However, the presence of corrosive chloride ions affects the stability and
the compatibility with conventional light aluminum current collectors, requiring the use of heavier
materials that reduce the specific energy of the battery [12]. Therefore, it is necessary to develop
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chloride-free magnesium electrolytes with high conductivity and which promote fully reversible Mg
plating/stripping processes, allowing the use of lighter current collector and the development of high
specific energy cathode materials [5], [13].

On the other hand, another challenge is the poor mechanical properties of pure Mg foils caused by its
limited intrinsic ductility [14], brittleness and mechanical weakness, especially for ultrathin foils.(<100
um) [15]. However, to obtain high specific energy Mg batteries, it is mandatory to use thin Mg metal
foils anodes (15 pum), by means of Mg alloys [15]-[17].

Consequently, novel and suitable anode, cathode and electrolyte materials are needed to achieve a
fully compatible and advanced RMB technology [15], [18].

Advances in Science and Technology to Meet Challenges

Maddegalla et al., (2021) demonstrated the feasibility of processing ultrathin Mg anodes (25 um) by
using the ductile AZ31 Mg alloy (3% Al; 1% Zn). It was found that the Mg plating/stripping process of
AZ31 magnesium alloy is equivalent to that of pure Mg metal anode/ Furthermore, thin AZ31 foil
presents high mechanical stability during processing and cell manufacturing’ while maintaining
comparable electrochemical behavior to that of low ductile pure Mg anodes, even after 500 cycles [15].
The possibility of using ultrathin processable Mg metal anodes is an.important'step in the development
of rechargeable Mg batteries.

In 2017, an important breakthrough was achieved by Zhao-Karger etal., [18], who developed the non-
corrosive magnesium tetrakis(hexafluoroisopropyloxy) borate (Mg[B(hfip)4]2)/glyme based electrolyte.
This novel chlorine free electrolyte fulfils most of the réquirements for RMB such as high oxidative
stability (> 4.5 V on Al), high ionic conductivity (~ 11 mS/cm), high €oulombic efficiency for reversible
Mg deposition and compatibility with conventional lightweight/aluminum current collectors. Besides,
the electrolyte composition was further optimized adding new additives and leading to a reduced Mg
plating/stripping overpotential and enhanced Mg ¢ycling,performance [5].

Above all, the development of this novel.electrolyte has allowed the synthesis of a promising and
compatible cathode material, VS,, for reversible two=electron reaction with synergetic cationic-anionic
contribution. Besides, in terms of electrochemistry, VS, has shown a high specific capacity of 330
mAh/g at 100 mA/g current density, resulting in specific energy greater than 300 Wh/kgyss, three times
higher than reference materials [19]:

As stated above, in order to obtain ashigh specific energy RMB, it is necessary to replace the reference
components by the novel and advanced RMB materials. Accordingly, Blazquez et al., [9] estimated a
RMB composed by an ultrathin/AZ31 Mg alloy anode, an aluminium current collector, a VSs cathode
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Therefore, further research efforts are needed to develop high-energy and high voltage cathodes, as
well as to develop cost-effective synthetic routes of these novel battery components to produce
enough amount of the materials to build high-capacity industrial prototypes.

Concluding Remarks

Rechargeable magnesium batteries are one of the most promising alternatives to the post-lithium
technologies for the future of sustainable stationary energy storage. In fact, the technological
feasibility of the technology has been demonstrated by means of the first non-aqueousimultilayerRMB
pouch cell prototype, constituting a breakthrough in the maturity of the technology. Despite having
obtained robust pouch cells, RMB still present some limitations that need to be improved, such as the
low electrochemical properties in terms of specific energy. In that sense, thesroadmap reveals a
promising RMB based on novel and most advanced materials reported in the literature with the
potential to achieve a competitive specific energy up to 150 Wh/kg, although it.could be even further
enhanced, by means of employing high voltage cathodes. Therefore, more research is needed to go
one step further for the development of cost-effective synthetic, routes of these novel battery
components and to produce enough amount of the best materials to build.high-capacity pre-industrial
cell prototypes and demonstrate the potential of rechargeable magnesium batteries.
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2.1 Ca based batteries - anodes, liquid electrolytes and interfaces
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Status

Among the different post-Li batteries, calcium based technology is the object ‘of growing interest
mostly due to the abundance of raw materials and expectations for outperforming.Li-ion.in terms of
energy density. The latter will solely be possible if Ca metal anode is used [1], owing to the premising
standard redox potential (- 2.87 V vs. SHE) and theoretical specific capacity (1340, mAhg?). Currently,
only a handful of electrolyte formulations have been reported allowing for Ca electrodeposition:
calcium tetrafluoroborate (Ca(BF4).) in a mixture of ethylene carbonate (EC).and propylene carbonate
(PC) [2], calcium borohydride (Ca(BH4);) in tetrahydrofuran (THF)™ [3], calcium
tetrakis(hexafluoroisopropyloxy)borate (Ca[B(hfip).l,) in glymes with or without tetrabutylammonium
chloride (BusNCl) [4,5], calcium monocarborane (Ca(CBiiHi2);) in. a .mixture of THF and
dimethoxyethane (DME) [6], and more recently calcium bis(trifluoromethanesulfonyl)imide (Ca(TFSl);)
in EC:PC with boron functional additives [7,8]. Table 1 summarizes key.electrochemical properties and
comments on the characterization of the deposits and surface layerfor each of these electrolytes.
Although the electrolyte speciation and the interphase formed onto the Ca deposits are sometimes
investigated, the electroactive species and the exact surfacelayer.composition and properties remain
unknown. Accordingly, the Ca electrodeposition mechanism-issp@orly understood and the lack of
reliable electrochemical setups [9] significantly.complicates systematic investigation and comparison
of results from different groups. For instance, assessment of the anodic stability can sometimes be
guestioned when evaluated using a working electrode (WE) previously polarized to negative potential
values (for Ca plating). Indeed, the formation of any kind of passivation layer can result in a significant

overestimation of the anodic stability.

Electrolyte Anodic VH and CE Morphology of Ca Characterization of Comments
stability deposit interphase
0.3-0.5M ~4 V vs. VH ~520mV Compact homogeneous ~80 nm layer: Best Plating/stripping
Ca(BF4)2/ Ca?*/Ca at 0.5 mV/s granular deposit (~15 ~15% CaF;; ~8% kinetics obtained at
EC:PC at and 70% CE nm crystallite size from CaCOs3; ~14% of B 0.45M salt
1002C [2] on' SS WE XRD) in oxygenated concentration
environment; (correlated with
~35% of C including maximum ionic
polymeric species. conductivity ~5.5
[17] mS/cm at 252C).
0.4M ~4 V vs. VH~520 mV Compact homogeneous Similar The composition of
Ca(TFSl)2/ Ca%*/Ca at 0.5 mV/s granular deposit components and the interphase is
EC:PC + and 80% CE thickness as for dependent on the
2wt.% of on SS WE Ca(BF4); based lower cutoff potential
BF3.DE electrolytes. [8] in CV. [8]
(1009C) [7,8]
0.5-1.5M ~2.5.V vsi VH ~250 mV Granular-like Ca deposit. Porous CaHj film CaH; acts as
Ca(BH.),/TH Ca?*/Ca and 90% CE Cracks form upon growing upon passivation layer, not
F at RT Increase of CE cycling [3]. cycling. XRD and a SEl.
[3,10;11] with salt Dendrite at or above 10 | FTIR show no other Extremely low ionic
concentration | mA/cm2with in situ TEM decomposition conductivity: 9x102
[11] flow cell, but at 5 products [3] mS/cm at 1.0 M in
mA/cm? in electrolytic Presence of [11], 0.6 mS/cm at
cell. [10] heterogeneous 1Min [13].
CaO reported. [12]
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Different deposit
morphology with Pt or
Au substrates. [11]

0.25M or Between VH ~ 300 mV, Deposition on Pt CaF; identified Discrepancy.in ienic
0.5M 3.0and 4.8 CE ~80% substrate (0.2 mA/cm?2, | (with EDX and XRD) conductivities
Ca[B(hfip)a]2 V vs. (25mV/s [4]) RT for 20 h): micro-sized Higher anion between [4] (8.3
in DME or Ca%*/Ca VH ~ 500 mV, Ca-agglomerates. [4] decomposition at mS/cm for 0.25M
Diglyme (substrate CE ~90% (80 Au substrate in similar low cycling rates solution) and [5] (3.2
with or dependent, mV/s [5]) condition lead to mS/cm for 0.5M

without 100 Al being
mM BugNCl the best)

dendritic growth. [5] solution or 6.7mS/cm

Best results with 200 mM BusNEl).

with Pt

at RT
[4,5,14] substrate [5]
0.5M ~3.5V vs. VH ~300-400 Globular-like deposit CaH, detected in lohic conductivity
Ca[CB1iH12]2 | Ca?*/Caon | mV (20 mV/s) (~10 pm) not fully XRD. ~4,.00mS/cm.
in DME:THF Au WE and ~88% CE covering the Au WE. No further Solubility of
(1:1 vol) at on Au or Pt Relatively poor characterization of Ca[CB11H12]2
RT [6] WE (after adherence of Ca surface film. . drastically improves
initial deposit. in solvents mixture
conditioning instead of single-
cycles) solvent formulation.

Table 1. List of electrolytes reported to allow for Ca electrodeposition and brief description of electrochemical performances, along with
deposit morphology as well as type of passivation layer, when available. Acronyms used in‘thetable: VH = Voltage hysteresis, CE =
Coulombic efficiency, SS = Stainless steel, WE = Working electrode.

Current and Future Challenges

Many of the current and future challenges are linked to thexdevelopment of calcium metal anode able
of long-term cycling with 99.99% coulombic efficiency. Success'for industrial application of calcium
rechargeable batteries would require either (i) exceptional electrolyte reductive stability or (ii)
engineering of stable and fully covering solid electrolyte interphase (SEl), either ex-situ or operando,
supporting Ca?* transport while being electronically insulating. The low standard potential of the Ca
metal in conjunction with the facile reduction.of the €Ca?* solvation shell due to strong coordination to
the divalent cation, explain why route (i) isarduous and'no such electrolyte has been reported to date.
Indeed, all liquid electrolytes reported to support.Ca plating undergo parasitic reactions, leading to
formation of surface layers of different.composition on the Ca anode prior to the plating reaction -
reported compounds detected on the Ca surface are listed in “Characterization of interphase” in Table
1. On the cathode side, the current understanding of anodic stability of different electrolytes remains
limited. While anodic stability of/;ﬁove 4V vs. Ca’*/Ca is often reported (see Table 1), it is worth
stressing that such values are obtained using linear sweep voltammetry on inert and low surface area
electrodes. Such conditions are far-from being representative in realistic battery conditions, with
composite electrodes_potentially including components catalyzing electrolyte oxidation. Additional
factor for applicability is establishment of a standard for current collectors. Pt is currently the best
option for Ca plating, but Ca batteries will only remain a laboratory curiosity if an electrolyte
compatible with a less expensive current collector is not identified.

From a fundamental viewpoint; achieving highly reversible Ca electrodeposition requires a fine control
of several processes: tfansport of cation species to the electrode, cation desolvation from its shell,
cation transport through the surface layer, adsorption and surface diffusion of the adatoms, charge
transfer and nucleation. Each step is associated with an activation energy barrier [15] and it is still not
clear which process is the main limiting step during electrodeposition and how it changes with
electrolyte composition. Thus, methodical determination of two key properties is required:

(i) Cationispecies in solution and its(their) transport properties, presently not completely characterized.
For instance, in Ca(BHa4)>/THF electrolyte rather weak cation-anion interactions were suggested even
at 1M, Ca*" being mainly surrounded by solvent molecules [11], opposite to formation of neutral
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aggregates, [Ca(BH4)]" and [Ca(BH.)s]™ in [13]. The extremely low ionic conductivity measured (0.09 to
0.6 mS cm™, see table 1) points at significant degree of CIP formation and/or poor ions mobility. In
fact, it is surprising that Ca electrodeposition is achievable in such low ionic conductivity electrolyte.
The cation solvation shell in Ca[CB11H12]2 based electrolytes is even less studied. It is notable that use
of a solvent mixture (DME:THF), instead of single solvent, has a dramatic positive impact on-the salt
solubility and ionic conductivity (see table 1). [6] For Ca[B(hfip)s]. based electrolytes, using diglyme [14]
instead of THF or DME seemingly improves the current density and coulombic efficiency-as.less CaF;
precipitated, possibly due to fewer contact ion pairs (CIPs). Yet, triglyme based electrolytes, where'no
CIPs are present, were reported to not enable reversible electrodeposition [16], likely because of high
desolvation energy barrier or passivation.

Another facet relates to the transport properties in electrolytes and at interfacejibut Ca transference
numbers are unexplored, partly due to lack of a reliable experimental evaluation  technique.
Nonetheless, extremely low cation transference numbers are expecteds(well below 0.2) as Ca*
complexes are much bulkier compared to monovalent cations [15,17]. Thus, consistent experimental
method for evaluating transference numbers, and a modelling approach to rationalize results are
much needed.

(ii) The composition and properties of the surface layer formed onte.Ca metal. For instance, while the
presence of CaH, has clearly been identified in XRD of Ca deposits. from:Ca(BH4),/THF in the original
work [3], recent findings [12] demonstrated that CaH, .s rather present as inclusions between
electrodeposited Ca metal grains, its participation in the surfacelayer not being clearly identified. The
Ca surface layer resemble a heterogeneous film, mainly composed of CaO mixt with B-compounds,
carbonate and traces of Na* containing species. Regarding the Ca[B(hfip)s]. in DME or diglyme
electrolytes, CaF, was reported as part of the surface layer,sbut the presence of other components
(amorphous and/or organic) was not investigated. For:Ca(BF), based electrolytes, although several
characterization techniques were combined to fully:assess the composition and morphology of the SEI
and presence of borate based cross-linked)polymers was identified as the potential Ca** conducting
species [18], the exact structure of such polymerremains to be ascertained.

Advances in Science and Technology to Meet Challenges

Complete characterization of Ca'species in solution should be routinely performed by combining
several techniques, given the complexity of the Ca®* solvation. Associating conductivity and viscosity
measurements with vibrational, mass and NMR spectroscopies could provide a basis for understanding
the electrolyte physicochemicalproperties. An effective approach to complement such analysis would
integrate insight from modelling realistic systems, with salt concentration being always considered.
The most adequate andwusednmethod presently is based on classical Molecular Dynamics (MD)
simulations, however it is lessiaccurate compared to Density Functional Theory (DFT) and also suffers
from limited availability of force fields adapted to the Ca electrolytes. Ab initio MD studies can
circumvent these issues to the expense of computational time, or Machine Learning (ML) approaches
could be applied, but are currently underused with liquid electrolytes.
Regardingstransport.properties, combining experimental and modelling methods to investigate Ca
transference number appears as a crucial step forward. MD simulations previously applied to Li
polymer electrolytes [19] could be valuable for Ca electrolytes, but also in the exploration of promising
polymeric compounds for Ca SEl. Indeed, DFT calculations of several Ca-inorganic phases [18,20,21]
demonstrated generally very high barriers for Ca?* diffusion. Focus should thus be placed on the Ca?
transportrin organic compounds and the possibility of engineering composite SEI (synergy between
components) for optimal Ca?* mobility.

2+
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Finally, this brings the need for comprehensive characterization of the interphase, and techniques
allowing to decipher the organic components are of particular interest, such as: X-ray photoelectron
spectroscopy (XPS), IR spectroscopies and time-of-flight secondary ion mass spectrometry (TOF-SIMS)
[18]. Although challenging for the study of thin interphases, the use of NMR would also be very
informative. Besides, the nature of such layers can be affected by impurities and/or they could-evolve
upon cycling, various conditions (including temperature) having a significant influence. Also in some
cases they can evolve during preparation for characterization, interfering with a reliable*analysis and
highlighting the importance of operando measurements whenever it is feasible.

Concluding Remarks

The Ca metal anode battery is still in its infancy. While many challenges areyslowing down the
development of each individual component (anode, cathode and electrolyte), the major difficulty will
most likely originate from uncertain compatibility between them. With respect to the metal anode,
the reversibility of Ca electrodeposition is closely related to the composition of the electrolyte and in
particular to the nature of the cation solvation shell. The latter determining the mobility of the cation
species, the formation of surface layer and its properties (cation and electroniec’conductivities). None
of the electrolyte formulations designed during the last decade, albeit a handful, allow for highly
reversible electrodeposition and, in most cases, the use of Pt currenticollector is required. While the
realization of a practical Ca battery is an intricate journey, current research efforts already identified
promising strategies, such as the engineering of the cation solvation shell and the exploration of
organic based SEI components to favour Ca?* transport.
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2.2 Ca based batteries - inorganic cathodes
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Status

Ca reversible intercalation (extraction) has been attempted in several materials chemistries[1]. Figure
1 surveys the Ca-host materials investigated as potential positive electrode materials in terms of two
main figures of merits: (/) the x-axis shows the Ca-ion migration barrier (derivéd from first-principles
simulations), and (ii) the y-axis reports the estimated specific energy of these materials.
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Figure 1. Computed migration barriers (in meV) vs. energy densities (in Wh kg) of potential host chemistries. Two limits of maximum
tolerable barrier are indicated by vertical lines,4.e., 525 and 895 meV.at two specific (dis)charge conditions (including rate, temperature
of operation and particle size). Adapted from Ref. [5]. . Copyright 2021 American Chemical Society.

The research team led by Palacin/ tested experimentally the possibility of reversible Ca insertion in
“compact” oxide materials. Preliminary theoretical work suggested low migration barriers (E, ~ 200
meV) for Ca intercalation in 5—V205,}nd prohibitively high barriers (En ~1800 meV) for Ca intercalation
in the a-polymorph of V,0s [2]./An in-depth experimental analysis demonstrated the absence of
electrochemical and chemical Ca extraction (oxidation) from a-V,0s [3]. Cabello et al. [4] reported Ca
insertion into the hydrated layered a-MoQs; with a gravimetric capacity of ~100 mAh/g at a low voltage
of ~1.3 V vs. Ca/Ca?{The team of Arroyo-de Dompablo investigated extensively Ca®* intercalation and
mobilities in oxides, such as'CaMn,04, Ca;Mn,0s, CaMn;0s, CazFe;0s, CasFes017, CasCo409, and
C83C020s.

Simultaneously, Black and Lu [5], [6], identified experimentally and computationally the post-
spinel CaV,04as.a fast Ca-ion conductor (with a computed migration barrier as low as ~654 meV),
deliveringa reversible capacity of ~ 60 Ah/g and an average voltage of 2.36 V vs. Ca/Ca* when cycled
at 50 °C. Note that the extracted capacity accounts for 60% of the theoretical capacity of the post-
spineliCaV>04. Aside from the observed polarization [6], the high operation potential coupled to a its
high theoretical capacity (260 mAh/g considering operation involving V(11)/V(IV) redox couple) makes
this.compact oxide a very promising positive electrode for Ca batteries. Lu et al. predicted another
promising oxide-based Ca-positive electrode [5], namely CaNb,Oa, which is a layered framework with
Ca occupying prismatic sites.
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The electrochemical properties of Ca insertion and its mobility were investigated
computationally in mixed anion and polyanion host materials, including CaFeSO, CaCoSO, CaNiN,
CasMnNs, CayFe(Si,07), CaM(P,07) with M =V, Cr, Mn Fe and Co, CaV,(P,05),, Ca(VO)2(PO4),, and a-
VOPO,. Considering the polyanion chemical space, Kim et al. demonstrated reversible Ca?* extraction
from a sodium-containing “NaSICON”-NaV,(PQ,)s, delivering a gravimetric capacity of ~81 mAh/g at
~3.2 V vs. Ca/Ca?" [7]. Notwithstanding the shear complexity of NaSICON-based materials, Tekliye et
al. [8] recently performed an extensive screening study with first-principles computations covering the
wide chemical space of NaSICONs, with a chemical formula of CayM>(Z04); (where M,= Ti, V, Cr;:Mn,
Fe, Co, or Ni and Z = Si, P, or S) as Ca electrodes. This extensive survey indicatedythat CaxV2(POa)3;
CaxMn5(S04)3, and CaxFe,(S04); Ca-NaSICONSs are promising as positive electrodestin Ca batteries.

Albeit the lower reversible capacity (72 mAh/g) and voltage (~2.9:V vs.nCa/Ca?), Ref.
[1021/acsenergylett.0c01663] claimed partial reversible Ca?* insertion in olivine-FePQa. Recently, the
research team of Kang reported Ca intercalation in the high-voltage (~3.2:V vs. Ca/Ca*) vanadium
fluorophosphate, with formula CaxNaosVPO4sFo7 with a reversible capacity of 87 mAh/g and 90%
capacity retention over 500 cycles. Both polyanion materials, thatrare CayNaosVPOassFo7; and
CaxNaV,(PO4)s (see previous paragraphs) include Na* ions, which appears ansimportant feature for
these electrodes [7], [9]. While the presence of auxiliary active ions, such'assNa* may stabilize these
polyanion frameworks, currents monitored in electrochemical.experiments may also originate from
the extraction of these auxiliary species.

Current and Future Challenges y

Besides challenges associated with designing electrolytes with high cathodic and anodic stabilities [1],
understanding and optimizing the Ca-stripping and plating mechanisms at the metal negative
electrode [1], [10], [11], and preventing spurious processes that can contribute to perceived
electrochemical performance such as current-collector corrosion [12], identifying positive electrode
materials with facile Ca transport represents the most pressing challenge in the development of Ca-
batteries. The perceived poor mobility of Ca’>"as.compared to monovalent ions such as Li* or Na*, has
precluded the exploration and development of a"wide variety of material chemistries for positive
electrodes, similar to the case of Li<ion orNa-ion batteries. A good positive electrode material for Ca
batteries should also guarantee high specific capacities, intercalation voltage vs. Ca/Ca?*, and be
thermodynamically stable (both® bulk, electrode and interface with electrolyte), thus providing
competitive energy densities, ease'of synthesis, and possibly long cycle life. However, the optimization
of energy density becomes of secondary importance in the absence of optimal Ca?* mobility.

Good positive electrode materials for Ca batteries must display low migration barriers, En, for Ca**,
which entails good Ca®stransporti Therefore, it is important to demarcate the tolerable limits of Ey,
that make candidate materials viable Ca-ion conductors. A practical Ca®* positive electrode operating
at room temperaturerand a moderate discharge rate of C/2, must display migration barriers En, ~525
meV or lower for micron-sized particles and 650 meV for nano-sized particles [13]. Higher values of
Ca?* migration barfiers become acceptable if the rate of charge is decreased and/or the temperature
of the experimentiis_increased. As an example, if the particles of the candidate materials are as small
as 10 nm and arefcycled at ~60 °C at a rate of C/10 (10 h of discharge) the upper limit on En, can be
increased up to ~985 meV [14].

Besides Ca-mobility, another factor that crucially determines the utility of any potential Ca-
cathode is its thermodynamic stability and its resistance toward detrimental conversion reactions. In
particular;several chalcogenide chemistries are susceptible to irreversible conversion reactions when
reduced with Ca, which often leads to the formation of binary Ca-compounds (such as CaO, CaS, etc.),
trapping the Ca and, in turn, prevents a reversible electrochemical process to occur [15]. Additionally,
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estimating thermodynamic stability, especially using first-principles calculations is often difficult for
polyanionic compounds since the chemical space (quaternary or higher) is significantly larger
compared to simpler chalcogenides. This is certainly a challenge worth pursuing as there are large
polyanionic chemical spaces that have not been explored yet as Ca-intercalation electrodes.

Advances in Science and Technology to Meet Challenges

In terms of discovering new electrodes (and possible solid/liquid electrolytes) for ‘Ca-batteries,
computational techniques have been of great utility, especially high-throughput first-principles-based
screening approaches. One way the discovery of new materials can be acceleratedseven further is by
the adoption of machine learning techniques, both at the computational screening level and at the
experimental automation level. However, using machine learning along with materials science datasets
must be done with care since dataset’ sizes are often too small (few 100s-1000s)s Furthermore,
significant human supervision is often required for training reliable models:

One of the limitations in high-throughput screening approaches/is the.ease with which E,, can
be predicted in novel materials. The state-of-the-art in calculating En is either using density functional
theory-based nudged elastic band calculations or ab initio molecular dynamics:simulations, with both
approaches suffering from significant computational costs and/or. convergence difficulties [16], [17].
Finding good Ca-conductors becomes easier if there are ‘design rules’ and descriptors that can be
followed to identify candidate structures. While Lu et al. [5] adaptedito calcium chemistry, the design
rules originally postulated by Rong et al. [13] for multivalent ions, these rules may need further
refinement and/or validation. Formulating accurate criteriarfor designing facile Ca-conductors can
accelerate enormously the discovery and implementation of new Materials.

The evaluation of the stability of an electrode-electrolyte interface and designing coating
materials for unstable/metastable interfaces computationally'is a significant challenge as well, similar
to En, predictions. Constructing representative models ofiinterfaces that meaningfully capture surface
irregularities still appears an untreatablesproblem to approach with first-principles methods. One
computational pathway to study interfacesiis to construct machine-learned interatomic potentials
(MLIPs), including some accuracy of first-principles calculations yet is computationally as inexpensive
as classical force fields. MLIPs have been used for the construction and study of large-scale interfacial
models before [18]. However, creating andyvalidating MLIPs is still significantly human-time-intensive,
and processes to automate MLIP creation and/or theoretical frameworks that are naturally simple to
train [19], [20]are advances that canshelp.in the study of interfaces.

Finally, standardization of/testing cells and protocols, particularly for Ca-mobility evaluation is
an important experimental advance that is required for the testing and validation of new materials,
such as Ca-electrodes and/or electrolytes. From identifying reliable blocking electrodes for
electrochemical impedance spectroscopy measurements to standardizing galvanostatic intermittent
titration technique setups, and cell construction to minimize side reactions, significant advances need
to be implemented to.experimentally study positive electrodes for Ca batteries with the appropriate
accuracy [10],411].

Concluding Remarks

The last ten years©f intense research in complementary battery technologies to the lithium-ion battery
platform spearheaded enormous progress in Calcium-ion batteries. While prototypes of Ca full cells
are'currently. unavailable due to intrinsic limitations of the existing electrolytes, here we surveyed the
state-of-the-art positive electrode materials for this technology. We demonstrated that the discovery
of host materials, with adequate topologies enabling sufficient ion transport for Ca-reversible
extraction, could only be achieved by combining experimental and theoretical efforts. There are still
several limiting factors in the search for positive electrode materials for Ca batteries, and multivalent
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batteries, in general. These limitations range from fundamental aspects, including the lack of accurate
design rules facilitating ion transport in host materials to the availability of rigorous electrochemical
protocols.
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Status

High charge density and increased size of calcium cation in comparison with.Li=ion leads to difficult
insertion into inorganic hosts. Organic electrodes have recently emerged as viable alternatives, owing
to their weak intermolecular forces that result in more flexible structures enabling better
electrochemical accessibility than more rigid inorganic structures. On top of-that, the potential and
specific capacity of organic materials can be tuned by the addition, of different functional groups,
allowing for tailoring the electrode materials for the particular application and better fitting in the
operating window of the electrolyte.[1] Despite the apparent advantages, simple redox-active organics
suffer from several drawbacks. The most prominent ones are, highnsolubility in common aprotic
solvents, low tap density, and low intrinsic conductivity. Dissolution can be mitigated by polymerization,
which often comes with the penalty of a slight reduction in‘capacity owing to the increased mass due
to inactive linkers.[2] On the cell level, low tap density can beialleviated by pairing organic electrodes
with an energy-dense Ca metal anode. The low electronic conduct?vity implies the addition of a high
amount of carbon black during electrode preparation or synthesis of hybrid polymers containing
carbon fillers.[3]

To this date, one of the main challengésuin.the field of Ca-metal batteries is the lack of suitable
electrolytes that enable room-temperature and reversible plating and stripping. While Ca(BH.),in THF
enabled room temperature Ca plating/stripping, the chemical reactivity of the salt combined with low
oxidative stability hamper its application in cells with organic electrode materials.[4] Therefore,
investigation of organic electrodes in hon-agqueous electrolytes is very limited to electrolytes based on
tetrakis (hexafluoroisopropyloxy) borate (Ca[B(hfip)a]2).[5,6] Considering substantial issues present on
the Ca metal anode side, upsto new;.only a handful of organic cathodes have been reported in
conjunction with organic electrolytes: Similar to Mg metal-organic batteries, reports are mainly
focused on n-type carbonyl-based /compounds that undergo reduction upon discharge with
subsequent charge balancing with cationic species. The combination of n-type cathodes and Ca metal
has the potential to enable highienergy density due to the shuttle of Ca?*ions.[7-9] In theory, Ca metal
anode organic cell employing benzoquinone electroactive compound enables a theoretical density of
940 Wh/kg. Currently,the majority of the examples are focused on anthraquinone-based compounds,
poly(anthraquinonyl sulfide) (PAQS)[7] and 1,4 poly(anthraquinone) (14PAQ)[8] in state-of-the-art
Ca[B(hfip)s].-based electrolyte: However, a p-type cathode, polytriphenylamine (PTPAn), was also
investigated in a dual-ion battery configuration.[10]

Current and Future Challenges

In a typical two-electrode setup, where the Ca metal anode serves as both counter and reference
electrode, the reversible operation of the cell is limited by the processes occurring on the surface of
the Ca-metal anode. In this arrangement, the stability of the organic materials cannot be fairly assessed,

43



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPENERGY-100784.R1

as cell failure due to the passivation of metal anode occurs after a few charge/discharge cycles (Figure
1).[7,8,11] Additionally, investigation of the organic cathode performance at higher current densities
is also precluded by the large overpotential of metal anode.[12] For this reason, devising an
electrochemical setup that would allow proper electrochemical benchmarking of novel organic
materials is a necessity. Recently, 14PAQ was tested versus Ca,Sn alloy as a counter electrode that
enabled long-term reversibility.[8] For the first time, the cycling stability of organic polymer was
assessed in non-aqueous electrolyte over 5000 cycles, demonstrating that organics can undergo long-
term cycling with good capacity retention in Ca-based cells. However, certain stability issues were
observed at the beginning of cycling and could not be unambiguously assigned to theianodeor cathode
degradation. To clearly distinguish between organic cathode and metal anode c¢ontributions'to the
phenomena observed in electrochemical experiments, the use of three-electrode setups or two-
electrode symmetric setups is necessary. This way, organic materials and their/interactions with organic
electrolytes can be assessed without limitations imposed by the anode/electrolyte interface. However,
even three-electrode setups might experience certain limitations due to the<nstability of Ca metal
reference.[12]

Another challenge organic materials face in Ca-based batteries is,a sharp decrease in active material
utilization compared to the values obtained in Li half-cells.[13].Focusiin the field of organic cathodes
has thus far been on the design of new materials that can offer high.capacities and voltages, but it is
necessary to gain a fundamental understanding of organic material interactions with Ca?* ions so main
culprits for the inferior performance can be identified and potential changes in material or electrode

design can be made. y
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Figure 1. Organic electrode (1,4-poly anthraquinone) performance versus Ca metal anode (a) and Ca-Sn alloy (b) demonstrating the
importance of counter electrodé consideration.when performing electrochemical characterization of organic electrodes in Ca-based
batteries. Reproduced from reference 8 under CC BY 4.0 licence.

Another issue common to several multivalent electrolytes (Ca, Mg, Al) is the tendency of Ca to form
ion pairs and difficult cation"and anion dissociation. In a case study of PAQS, energy-dispersive X-ray
spectroscopy ((EDS) analysis showed that around 25% of coordinating ions are monovalent cationic
complexes_and not Ca® ions. [7] Similar ratios are observed in Mg-based organic batteries.[14]
Although at the laboratory stage of research monovalent coordination does not represent a major
concern, the issue needs to be addressed in the future through electrolyte design, as the presence of
cation-anion pairs can severely affect the final cell energy density due to electrolyte utilization.

Advances in Science and Technology to Meet Challenges
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Certain issues like accessibility of the organic active sites are not yet properly understood as these
phenomena are strongly affected by the complex interplay of various factors such as solvent swelling
and solid-liquid interfaces. For the future development of Ca-organic batteries, a deeper
understanding of these factors is essential. Understanding the processes involved in charge transfer
and ion transport will require advanced electrochemical investigation of organic materials and,also a
combination of electrochemical analysis with other characterization techniques. New insight into the
performance of organic cathodes was already obtained by the use of symmetrical cells.and the
application of electrochemical impedance spectroscopy (EIS). Symmetrical cell cycling has showngood
long-term capacity retention in the case of PAQS and significantly smaller resistance contribution for
charge storage of Ca species in comparison with Mg species in electrolytes basedion [B(hfip)s]” anion
in dimethoxyethane solvent (Figure 2). These findings point to the fact that Ca-erganic batteries might
enable less impeded ion storage within organic materials than Mg-organic batteries. The combination
of EIS with tracking of chemical and morphological changes in materials both,post-mortem and during
cycling could bring a fundamental understanding of processes limiting thé charge transfer reaction and
guide the future synthesis of organic materials.

On the organic cathode side, new materials with higher voltages arebeing introduced. A recent report
on polytriphenylamine (PTPAn, p-type material) composite cathodes withran average operating voltage
of around 3.5 V and energy density of about 300 Wh kg™ (on a material level, not taking into account
salt anion utilization) paved the way for the further exploration of higher voltage cathodes for Ca
batteries. [10] After solving fundamental issues on a material level, considerations such as electrode
design should be taken into account, including increasing the areal loading of active material, moving
away from flooded electrolyte conditions, etc.[15]
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Figure 2. Schematics of symmetric organic cells preparation (a). Cycling stability and Coulombic efficiency of symmetric PAQS(+)-PAQS-
M(-) cells,with lithium (orange), magnesium (green), and calcium (red) displaying much better capacity retention of organic cathode in Ca
electrolyte than'in Mg. (b). Electrochemical impedance spectroscopy was obtained on symmetric Li, Mg, and Ca cells at 0.5 SOC (c).
Reproduced from reference 11 under CC BY 4.0.
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Concluding Remarks

The field of Ca-organic batteries is still very young, and only a handful of organic materials have been
explored so far. Future research should move in the direction of higher voltage and capacity
compounds, enabling competitive energy densities with other novel battery systems. At the same time,
joint electrolyte and organic cathode material research should be directed at increasing the active
material utilization and improving the kinetics while ensuring the utilization of Ca?* cations in the
charge storage mechanism. These efforts should be accelerated by a preceding investigation ofthe
governing parameters decreasing the performance of organic electrodes upon switching from Li-
organic batteries to Ca-organic ones. Development of Ca organic batteries will also benefit from the
knowledge and experience obtained in the application of organic cathodes in Mgibatteries and other
monovalent batteries, providing a boost to the research efforts in the field.
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2.4 Calcium-conducting polymer electrolytes
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Status

C.Pillot [1] forecasts a huge increase of the worldwide Li-ion battery market from 230 GWh in 2020 to
1.3 TWh in 2030. This is mainly ascribable to the market expansion from the 4 Cmarket to the
electromobility and energy storage growing markets. From the battery fanufacturer to the end-user,
safety is both, the keyword and the main concern. Safety: 1) regarding,the societal acceptance of
electric vehicles and the concomitant banning of ICE-powered cars; 2) regarding the hazards e.g.,
flaming, explosion and toxicity; 3) regarding the supply of key materials (cobalt, lithium). The
development of calcium-rechargeable batteries based on polymer.electrolytes is at the confluence of
two safety concerns, i.e., the highly flammable and toxic liquid organic.electrolytes and the mid to
long term scarcity of lithium resources. Regarding the latter, during the last decade a growing interest
has arisen in post-Li batteries based on abundant alkaline metals (I\La, K) and on alkaline-earth metals
(Mg, Ca). All are, indeed, realistic alternatives to the relative scarcity of lithium resources. Owing to
1) the high abundance of calcium ores e.g., in limestone and gypsum, 2) its redox potential (close to
Li/Li+) and 3) its volume capacity, equal to the lithium.one and 4) its markedly higher melting point
(Tm=8429C) when compared to alkaline metals and.magnesium, it has been prioritized as a post-
lithium technology. Indeed, E.Peled et al. reported, roughly forty years ago, the high performance of
a non-rechargeable calcium battery but also the cycling issues of calcium metal, Ca0 [2, 3]. Regarding
safety hazards, All- Solid- State Batteries, ASSB, based on inorganic materials e.g. ceramic
electrolytes, are not flammable and safer than current Li-ion batteries. Nonetheless, while alkaline-
based ceramic electrodes exist and often exhibit a high cationic conductivity, the very low mobility of
divalent cations in alkaline-earth based ceramic electrolytes hinders the development of magnesium
or calcium based ASSB. Whether solid inerganic calcium electrolytes are unsuitable, a rechargeable
calcium battery based on solvent-free ¢alcium conducting polymer electrolytes meets most of the
safety requirements ofia State of Art ASSB. Calcium ionomers is an option and can be considered [4]
as both polymer electrolyte:and binder of composite positive electrodes. Endowed with high Flash
Point and a T+ (cationic transport'number) equal to 1, the calcium ionomers should avoid the
formation of salt concentration gradients during the battery operation and, possibly, the formation of
dendrites when mechanical properties are promoted.

Current and futurechallenges

The first proof of CaO'cycling was reported using an ethylene carbonate-propylene

carbonate solution of Ca(BF4)2 [4]. Then, a tetrahydrofuran solution of Ca(BH4)2 allowed cycling
Ca0_over 50:¢cycles [5], forming CaH2 both at the surface and in the bulk of the Ca0 electrode. A
bulky calcium salt Ca[B(hfip)4]2 was found to significantly increase the anodic stability vs Ca(BH4)2,
whilexallowing Ca0 cycling [6]. Despite allowing a promising Ca0 cycling, Ca(BH4)2 and
Ca[B(hfip)4]2 utilization in batteries remains questionable. In this sense, if an efficient SEl is one of
theroutes to reversibly cycle Ca0, another route is the design of a stable electrolyte. Although
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intrinsically stable in reduction, halides salts are poorly conductive. About anions having dative
bonds e.g. BF4- or PF6- that disproportionate in BF3 or PF5, prone to chain breakings, they are
unsuitable in polymer electrolytes. Remain triflate or imide calcium salts intrinsically

unstable vs metal anodes but whose anodic stability matches with most cathodes. Figure 1 compares
liquid electrolytes (Ca-LE), solvent-free polymer electrolytes (Ca-SFPE) and networked ionomer:
electrolytes (Ca-NIONO) [7].
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(o)

\@\' Ca Ca @ Ca
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Solvents and perfluorinated anions of Ca-LE are intrinsically unstable vs Ca0,their continuous
renewal on Ca0 contributing to electrode degradation. In case of Ca=SFPE, the low or inexistent
reptation of entangled chains impedes chain renewal on Ca0;the mainsource of degradation lying in
anion renewal. Regarding Ca-NIONIO, the renewal of infinite chains andof the anions is impossible,
minimizing the impact of the ionomer electrolyte on the.electrode. Moving from liquid to polymer
and ionomer therefore improves the electrolyte cathodic stability vs alkaline-earth metals. Host
polymers [8] to be selected have heteroatoms as polysulfides, polyamines or polyethers. The first
two have a limited anodic stability. Main Ca-PE challenges are(i) to allow cycling reversibly over
hundreds cycles, currently, then over thousands cycles'€a0 (ii) to provide high cationic conductivities
and (iii) to guarantee their thermomechanical stability thanks to crosslinking. Nonetheless, if
electrolyte stability is a pledge of safety, it does not,guarantee a reversible cycling of Ca0. Therefore,
a synergic effect resulting from highly stable electrolytes and the incorporation of additives forming a
stable and efficient SEI might be an option. A Ca-SFPE battery imposes to use it as a binder of the
cathode, endowing it with ionic conductivity and mechanical integrity in view of increasing its
thickness and, therefore, its areal capacity. Thanks to the polyether anodic stability Ca-vanadates and
sulphur cathodes can be considered.\

Advances in science and technology tofmeet challenges

Vincent [9] compared the mobility'of Mg2+, Li+ and Ca2+ in SFPE based on oligo(oxyethylene), PEG,
and poly(oxyethylene),.POE, concluding that Mg2+, conversely to Li+, does not move in entangled
SFPE. DC polarization, performed on Mg and Ca-based amalgam electrodes, confirmed the lack of
mobility of Mg2+ (rapid current drop) and concluded to Ca2+mobility (current flowing after 20
hours). Prior tosselect a host polymer for SFPEs, obtaining stable macromolecular solutions is
indispensable as, for instancej; poly(oxypropylene), although similar to POE, leads to microphase
separations,[10]. The phase diagram of POE/Ca(CF3S03)2 revealed salt precipitation [11]. Using
300,000/.M-1 POE, without unentangled oligomers, we confirmed a salt precipitation starting at
2709C [12-14]. However, on the one hand, this precipitation occurs well beyond the operating
temperature of'a Ca polymer battery and, on the other hand, X-ray mapping (EDS) demonstrates a
homogeneous distribution of calcium salts (iodide, triflate, TFSI). Figure 2a compares the Arrhenius
plots ofvarious G4/Ca(TFSI)2 [15], G4, tetraglyme that mimics POE chains. The conductivity drop
from roughly 552C, mitigated for concentrations exceeding 0.5 M.I-1, is also observed with
Mg(TFSI)2 but not with LiTFSI. Figure 2b reveals a different behaviour of Ca-POE electrolytes,
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whatever the salt, doubling conductivity of POE/Ca(TFSI)2 from 70 to 902C. We hypothesize a higher
solvating ability of POE: a higher DN. This means G4 is not a model oligomer of POE.
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Figure 2. a) Arrhenius plots of various G4/Ca(TFSI)2 (reproduced with{permission/{15]); b) lonic
conductivity as a function of temperature and O/Ca ratio for POE-Cal2 and POE-Ca(TFSI)2
electrolytes. O means the oxyethylene repeat unit.

Among the few contributions on Ca-SFPE, we can cite networked poly(oxytetramethylene) poly(THF)
[16], poly(oxyethylene-methacrylate) POEM [17] and miscible blends of poly(vinyl alcohol) and
poly(vinyl pyrrolidone), PVA/PVP [18] hosting CaCl2. PVA/PVP/CaCI2 conductivities are surprisingly
high but as the films were cast in water, we suspect remaining watér plasticizing the high Tg blends.
Even though LiTFSI in a POE network presents aiten times/higher ionic conductivity when compared
with cross-linked PTHF [19] in the form of Ca-SFPE, it.could be an attractive alternative if stable
solutions are obtained. Indeed, the lower solvating ability. of PTHF vs POE, should favour

Ca2 mobility. However, the reported Ca-PTHF conductivities are not conclusive, as the electrolyte is
rich in unstable alcohol groups, i.e. OH concentration ™4 M.kg-1, knowing that OH groups strongly
interact with anions. Due to the questionable plating onto Ca0 in Ca/SFPE/Ca cells and the no-
response of calcium in NMR, the main.concern in the understanding of Ca2+ conduction mechanisms
is obtaining indisputable T+. Beyondrcalcium electrolytes, vanadate electrodes based on Ca-SFPE
binders are currently evaluated [20].

Concluding remarks and prospects >

At this stage, the interest of a'rechargeable calcium battery lies in the use of calcium metal, Ca0, as
negative electrode. This supposes reversibly cycling (with low overpotential) Ca0 electrode over
hundreds or even thousands oficycles. Nevertheless, the difficult plating/stripping on Ca0 requires
focusing on two research lines 1) the design and preparation of stable calcium ionomer-based
electrolytes and 2) the selection of additives able to form an efficient SEI that allows the

Cao0 reversiblecycling. Despite both approaches seem competitive, they can be carried out
concomitantly and, therefore, a synergy between them seems necessary. From now on, several
calcium polymer electrolytes can be shaped into membranes by green elaboration processes i.e.
either by extrusion or by film casting from aqueous solutions. The recent comparison of conductivity
data [21] between Calcium polymer electrolytes and Calcium ionomers shows a significant gap with
regard for instance to their lithium analogues. This suggests a complex conduction mechanism.
Swelling the Ca ionomers with various solvent showed that a tremendous increase of conductivity is
only obtained with highly polar solvents e.g. EC, suggesting that the low conductivities of the Ca-
ionomers has to be mainly ascribed to the insufficient ion-pair dissociation.
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3.1 Introduction to Al dual-ion batteries
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Status

Aluminum dual-ion batteries (ADIBs) are currently gaining attention as an emerging stationary energy
storage concept due to their relatively high theoretical gravimetric/volumetric.energy densities of up
to ca. 60 Wh kg™2/100 Wh L, long cycle life, high energy efficienéy, and thepotential to be
manufactured at low cost.[1-3] They operate by the reversible insertion/de-insertion of AlCl;"ions into
the positive electrode with a concomitant aluminum electroplating/stripping reaction at the Al
negative electrode (Figure 1a). The very first reports on ADIBs date back to the 1970s, when Fouletier
et al.[4] demonstrated the intercalation of AICl;™ ions into graphite from malten LiCI/AICI; salts (at ca.
140°C). In 1988, Gifford et al.[5] extended the research on“ADIBs bysréplacing molten salts with
imidazolium-based room-temperature ionic liquids (RTILs). /More recently, in 2015, ADIBs received
renewed attention after the publication of Dai et al.[6] who demonstrated an ADIBs composed of a
pyrolytic graphite foil cathode, an Al foil anode, and an ienichliquid electrolyte [AICIs/1-ethyl-3-
methylimidazolium chloride (EMIMCI)]. Dai's battery exhibited high reversibility of the
intercalation/de-intercalation of AICl;"ions intospyrolytic graphite, delivering cathodic capacities up to
67 mAh g* over thousands of cycles. Following the.publication of Dai et al.,[6] the past decade has
seen extensive research on ADIBs, including the discovery of other active materials capable of
reversibly accommodating AICl;™ ions,[7].the investigation of the electrochemical properties of ionic
liquid electrolytes,[8] and the elucidation of the mechanisms of intercalation and diffusion of the AICl,~
ions into the cathode materials,[9] the degree of cathode volume expansion,[10-12] and so on.

Current and Future Challenges

The primary challenge of ADIBs_is. directly related to the fact that the composition and volume of the
aluminum electrolyte changes during charge/discharge. This is because the electrolyte in dual-ion
batteries not only acts as acarrier of the ions, but also contributes to the electrochemical energy
storage and can therefore be called anolyte. For this reason, the practical energy and power densities
that can be achieved in dualzion batteries are linked to the initial concentration of the " energy-storage"
ions in the electrolyte.[13]In the‘case of ADIBs, considering the fact that the electrodeposition of Al
occurs only in acidic compositions (in the presence of Al,Cl;~, but not AICl,~ ions),[14, 15] specifically
the concentration of AlL,Cl;~ defines the charge storage capacity of the anolyte, since the charging of
ADIBs proceeds through the depletion of Al,Cl;~ according to the following reaction:

44L,Cl; +3e~ o TAICL; + Al

Charging stops when only AICl,~ anions remain in the anolyte (Figure 1b). Considering that the
concentration of Al;Cl;~ ions in an ionic liquid anolyte is determined by the AICl; (Lewis acid): ACl (Lewis
base) molarratio (r), the anolytes with low and high ratios have different capacities. For example, at r
= 1.3 and r = 2, the volumetric and gravimetric capacities of AICI3:EMIMCI are 24 Ah L™, 19 mAh g
and 63,Ah 1!, 48 mAh g%, respectively.[16] In this context, the cell-level charge storage capacity of
ADIBs is severely limited by the low acidity and therefore low anolyte capacity, resulting in low energy
density:values of ADIBs. Importantly, the highest molar ratio (r) between AICl; and Lewis base chlorides
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at which an ionic liquid will still form at room temperature is ca. 2:1. Higher molar ratios result in the
formation of aluminum chloride precipitate.[17] It should be noted that completely different
considerations apply to aluminum-ion batteries (AlBs), where the volumetric/gravimetric capacities of
the Al anode (8046 mAh cm=/2980 mAh g™?), but not the Al electrolytes, are used to evaluate the
charge-storage capacity of AlBs.[18] This is because the chloroaluminate ionic liquid melt in AlBsacts
solely as a carrier of the AI** ions and therefore does not contribute to the energy storage.

Advances in Science and Technology to Meet Challenges

Following the above considerations regarding anolyte as an "active" charge-storage electrolyte
medium, it is clear that the amount of anolyte must be at matched to the charge ofthe cathode active
material (in mAh). For example, given capacities of graphite and anolyte of 100 mAh g-band 48 mAh
g7, respectively, a graphite electrode with a mass loading of 10 mg cm™ must be coupled with an
anolyte with a volume loading of 15 pL cm™. The excess of anolyte has a drastic negative effect on the
energy densities of ADIBs. For example, the use of 50 wt% excess AlCls:EMIMGlanolyte (r = 2) leads to
a sharp decrease in energy density of ADIBs to 30.4 Wh kg™%/55.1 Wh [T (for a ¥ mAh cm™ graphite
cathode). Doubling the amount of anolyte (r = 2) results in almost 40% lower values of gravimetric and
volumetric energy densities (24.5 Wh kg™ and 43.1 Wh L™) of ADIBs. Theseiconsiderations indicate
that research efforts should be focused on minimizing the excessamount of anolyte (relative to
theoretical) while maintaining the high rate capability of ADIBs. To date, the issue of cell charge
balancing has not been addressed. Reports on ADIBs present results obtained with highly unbalanced
cells, typically with a large excess of anolyte. Such measurements are well suited for accessing the
performance of novel cathode materials, but do not allow estimation of the achievable performance
of ADIBs in respect to maximized energy and power density.

In addition to charge balancing the cells, furtheradvances are needed to eventually commercialize this
technology. These are associated with drastic ‘fluctuations in electrolyte volume during battery
operation. For example, in the case of an,AlCIs:EMIMCI anolyte with r = 2.0, its volume can decrease
by up to 26%, corresponding to a complete depletion of AlCl;™ ions from the anolyte, to reach
neutrality (r = 1). The higher the molarity or acidity of the electrolyte, the greater the volume change.
In addition, in contrast to the rather.small volume increase of insertion-type active materials used in
Li-ion batteries upon intercalation of Lifsions (up to 10%), the volume of the most common cathode
material of ADIBs, graphite, can expand by up.to 41% upon intercalation of AICl,~ anions. Although the
volume changes of the graphite cathode and the anolyte may partially overcompensate each other
during the operation of ADIBs; the totalcell volume changes significantly by up to 10 vol% (Figure 1c).
Therefore, radically new battery design, very different from that used in commercial Li-ion batteries,
would be required to selve this issue.

Concluding Remarks

While the literature on ADIBs has blossomed over the past few years, the development of
commercially competitive prototypes has lagged considerably behind. This technology still requires
further advancesiniseveral afeas related to both the performance (energy and power densities, energy
efficiency, and cyclé stability) and overall cost competitiveness of ADIBs batteries. These are: (1)
finding a battery.design that can mitigate drastic volume fluctuations of the anolyte, cathode active
materialsyand cell during cycling, (2) optimization of amount of anolyte to maximize the energy density
of ADIBs while maintaining their high power density, (3) increase the areal capacity of the cathodes to
at least.thellevel of 1 mAh cm™, (4) development of inexpensive and less corrosive anolytes that have
high gravimetric/volumetric capacity, support non-dendritic plating of Al, and have a wide
electrochemical voltage window of up to 0-2.5 V vs. AI**/Al, (5) search for low-cost cathode current

collectors;which are oxidatively stable up to 2.5 V vs. AI**/Al. Research on ADIBs is therefore continuing.

However, given the current technological immaturity of ADIBs, it is difficult to predict whether ADIBs
will realize their low-cost potential and undergo a large-scale deployment in the near future.
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Figure 1. (a) Schematic of the charging process of ADIBs. (b) Fractions of CI~, AICl,~ and Al,Cl;" ions in
room-temperature chloroaluminate melts as a function of their acidity (Reproduced with
permission. Copyright 1985,[19] The American Chemical Society). (c) Volumetric distribution of the
different battery componentsgin graphite based ADIBs vs. state of charge (Reproduced with
permission. Copyright 2023,[20] The American Chemical Society).

References

(1]
(2]
(3]
(4]
(5]
(6]

Elia G A, Kravchyk KV, Kovalenko M V, Chacén J, Holland A and Wills R G A 2021 An overview
and prospective on Al and Al-ion battery technologies J. Power Sources 481 228870

Ng K L, Amrithraj.B«and Azimi G 2022 Nonaqueous rechargeable aluminum batteries Joule 6
134-70

Faegh'E;Ng B, Hayman D and Mustain W E 2021 Practical assessment of the performance of
aluminium battery technologies Nat. Energy 6 21-9

Fouletier'M and Armand M 1979 Electrochemical method for characterization of graphite-
aluminium chloride intercalation compounds Carbon 17 427-9

Gifford P R and Palmisano J B 1988 An aluminum/chlorine rechargeable cell employing a room
temperature molten salt electrolyte J. Electrochem. Soc. 135 650

Lin'M-C, Gong M, Lu B, Wu Y, Wang D-Y, Guan M, Angell M, Chen C, Yang J, Hwang B-J and Dai
H 2015 An ultrafast rechargeable aluminium-ion battery Nature 520 324-8

55



oNOYTULT D WN =

(7]

(8]

(9]
(10]

(11]

(12]

(13]
(14]
[15]
[16]
(17]
(18]
(19]

(20]

AUTHOR SUBMITTED MANUSCRIPT - JPENERGY-100784.R1

Tu J, Song W-L, Lei H, Yu Z, Chen L-L, Wang M and Jiao S 2021 Nonaqueous rechargeable
aluminum batteries: progresses, challenges, and perspectives Chem. Rev. 121 4903-61
Manna S S, Bhauriyal P and Pathak B 2020 Identifying suitable ionic liquid electrolytes for Al
dual-ion batteries: role of electrochemical window, conductivity and voltage Mater. Adv. 1
1354-63

Wu M S, Xu B, Chen L Q and Ouyang CY 2016 Geometry and fast diffusion of AICl, cluster
intercalated in graphite Electrochim. Acta 195 158-65

Bhauriyal P, Mahata A and Pathak B 2017 The staging mechanism of AlClz intercalation in a
graphite electrode for an aluminium-ion battery Phys. Chem. Chem. Phys. 197980-9

Pan C-J, Yuan C, Zhu G, Zhang Q, Huang C-J, Lin M-C, Angell M, Hwang B-J, KaghazchiiP and Dai
H 2018 An operando X-ray diffraction study of chloroaluminate anion-graphite intercalation
in aluminum batteries Proc. Natl. Acad. Sci. U.S.A. 115 5670-5

Elia G A, Hasa |, Greco G, Diemant T, Marquardt K, Hoeppner K, Behm R J, Hoell A, Passerini S
and Hahn R 2017 Insights into the reversibility of aluminum graphite:batteries J. Mater. Chem.
A 59682-90 ~

Placke T, Heckmann A, Schmuch R, Meister P, Beltrop K and Wintér M 2018 Perspective on
performance, cost, and technical challenges for practical dual-ion batteries Joule 2 2528-50
Zhao Y and VanderNoot T J 1997 Electrodeposition of aluminium from nonaqueous organic
electrolytic systems and room temperature molten salts Electrochim. Acta 42 3-13

Carlin R T and Osteryoung R A 1989 Aluminum anodization in abasic Ambient temperature
molten salt J. Electrochem. Soc. 136 1409

Kravchyk K V and Kovalenko M V 2020 Aluminum ‘electrolytes for Al dual-ion batteries
Commun. Chem. 3 120 .

Wang S, Kovalenko M V and Kravchyk K V 2021 AlCls-saturated ionic liquid anolyte with an
excess of AICI; for Al-graphite dual-ion‘batteries Batter. Supercaps 4 929-33

Kravchyk K V and Kovalenko M V 2020 The pitfalls in‘nonaqueous electrochemistry of Al-ion
and Al dual-ion batteries Adv. Energy Mater. 102002151

Davis L P, Dymek CJ, Jr., Stewartdd.P, Clark H P and Lauderdale W J 1985 MNDO calculations
of ions in chloroaluminate moltensalts J. Am. Chem. Soc. 107 5041-6

Kravchyk K V and Kovalenko M V 2023 On achievable gravimetric and volumetric energy
densities of Al dual-ion batteries ACS Energy Lett. 8 1266-9

56

Page 56 of 89



Page 57 of 89

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPENERGY-100784.R1

3.2 Dual-ion Al batteries - electrolytes
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Status

The most widely used electrolytes for aluminium dual-ion batteries are room temperature ionic liquids
(RTILs), which are of interest in a variety of fields as a green alternative to conventional solvents. RTILs
consist of a Lewis acidic metal salt and a Lewis basic organic salt which mix to fofm weakly.coordinated
complex ions that become liquid at room temperature. Typically, the RTILs for this application are made
of AICI; and an organic halide salt, often imidazolium chlorides. RTILs were first used in aluminium
batteries in the form of AICI>-MEImCI [1], but since 2011 AICI3-EMImCI has become the most reported
electrolyte, ahead of other imidazolium- and amine-based RTILs [2-6]:

The operating principle of aluminium dual-ion batteries relies onélectroplating of metallic aluminium
from Al Cl; at the anode and storage of AlICl, at the cathode. Both required aluminium anion species
are present in RTILs in acidic conditions, at 1 < r < 2, where r is the melar ratio of AlCl; to organic salt
(Figure 1a). Kravchyk et al. [7] highlighted that, in the dual<ion configuration, the electrolyte acts as
the anolyte to the cathode such that the capacity of the'cell depends on both the quantity of cathode
active material and electrolyte volume and acidity. It is therefore im’portant to balance the electrolyte-
cathode ratio to maximise the energy density. Assignificant benefit to these electrolytes is their wide
liguidus range (-90 - 300 °C for AICls-EMImCI) and negligible vapour pressure [8], resulting in low
flammability and hence improved safety. However, only a small fraction of possible material
combinations have been studied (Figurendb), leaving significant parameter space for further
investigation.

Other materials, including deep eutectic solvents (DESs), inorganic molten salts (IMS), organic
solutions, and aqueous solutions (2022 Roadmap on aqueous batteries [9]), have also been employed
in aluminium batteries to varying'degrees of success. DESs (such as AlCls-urea) are analogues to ILs,
utilising a metal salt and a hydregendonordigand to form a liquid with negligible vapour pressure, with
lower cost than RTILs but with higher viscosity and lower ionic conductivity. IMSs typically consist of
AICl; with up to three other metal chloride salts, allowing effective aluminium plating/stripping but
requiring elevated temperatures (¥90°C) to be in the liquid state [10]. Whilst aluminium plating is
achievable from organic selutions [11], their toxicity and flammability has discouraged their use in
aluminium batteries. However, limitations of Cl-based melts have recently motivated research into Cl-
free organic electrolytes.
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Figure 1. a) The anion speciation diagram of AICI>—~EMImCI at room temperature (data based on,Shi et al. [12]) illustrating the electrolyte
compositions at r = 0.5, 1.0, and 1.5, and b) the fraction of different electrolyte’ materials reported for room temperature full cell
aluminium-graphite dual-ion batteries in 2015-2021, including EMImCI (1-ethyl-3-methylimidazolium chloride), TEAHCI (triethylamine
hydrochloride), Ur (urea), PMImCI (1-propyl-3-methylimidazolium chloride), BMImCI (1-butyl-3-methylimidazolium chloride), ImHCI
(imidazole hydrochloride), TMAHCI (trimethylamine hydrochloride), TEBAC (benzyltriethylammonium chloride), MeUr (N-methyl urea),
EtUr (N-ethyl urea), and EPy (4-ethyl pyridine). /S

Current and Future Challenges

Despite their advantages of fast, reversible,.and relatively safe charging, using chloroaluminate RTILs
introduces several challenges (Figure 2). Mostucritically, the acidic conditions required for
electrodeposition result in high corrosivity. Thexconcentration of Al,Cl;” anions in acidic RTILs, DESs,
and molten salts is known to negatively affect the stability of both electrodes, as well as other battery
components, which can lead to cellsfailure [13]. This limits the potential of aluminium batteries as a
drop-in technology in its current(state, and significantly impacts cycle and shelf life. Consequently,
research is required to adapt_cell designs.to withstand electrolyte corrosion, and/or to modify the
electrolyte to allow aluminium electrodeposition without degradation of cell components. Several
materials have been studied to understand electrode corrosion and to identify suitable current
collectors (see Section 3.3), with preliminary efforts also directed towards alternative separator and
cell casing materials. However, there is currently a lack of understanding of the fundamental corrosion
mechanisms, the effect of passible solid electrolyte interphases, and their impact on cell performance.

Additional challenges of RTILs include their hygroscopic nature, high cost, and high viscosity, leading
to low ionic conductivity [14]./An aspect that is often overlooked when discussing the safety of these
electrolytesris their exothermic reaction with moisture, which is reported to form hydrochloric acid
[15]. Other potential gas emissions, which would be expected from thermal and electrochemical
decomposition of the electrolyte, also need further investigation to design appropriate safeguards. In
addressing the cost of RTILs, DESs offer a cheaper alternative, with high coulombic efficiency, but their
comparatively low conductivity at room temperature severely reduces the achievable discharge
capacity=Research into organic solvent additives, such as dichloromethane [16], for both RTILs and
DESs, has shown improved conductivity and reversible capacity.
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Cl-free electrolytes are a potential solution to the instability of aluminium battery components.
Experimental and computational approaches are being employed to select promising salt-solvent
combinations. For example, trifluoromethanesulfonate in diglyme has allowed aluminium
electrodeposition but has shown poor reversible capacity with copper hexacyanoferrate cathodes [17].
However, careful consideration is required of the overall benefit of the improved corrosion resistance;
compared to the increased safety hazard that accompanies organic solvents, as well as the additional
factor of performance gain/loss. It is imperative to balance the development of any higher
performance electrolytes, especially Cl-free electrolytes and electrolyte additives, with.considerations
for the effect on device lifetime, safety, and the overall environmental impact.
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Figure 2. An overview of the challenges associated with the use of chloroaluminate based electrolytes in aluminium dual-ion batteries.

N

Advances in Science and Technology to Meet Challenges

While the properties of aluminium electrolytes are well studied in isolation, in a battery system the
electrolyte is most importantly understood in relation to its behaviour at the interface with other
components. Significant progress has been made within the last decade in understanding solid-liquid
interfaces and theirimpact on overall battery performance. There has been increased attention to the
effect of IL acidity on both energy density [7] and component stability [13], as well as the impact of
the cationic species on reversible intercalation and electrodeposition [4]. Future progress should focus
heavily on ‘interdisciplinary understanding to best address the challenges of intercalation,
electrodeposition, ionic conductivity, corrosion, and interphase formation through study of the solid-
liquidiinterfaces.under in situ conditions.

Advances in operando characterisation techniques, such as liquid cell transmission electron

microscopy and operando X-ray absorption spectroscopy, as well as cryo- techniques, such as cryogenic
atomyprobe tomography and electron microscopy, are expected to significantly advance studies of
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solid-electrolyte interfaces by visualising and assessing the reactions in real-time or by better
preserving the system in the state of interest. However, the corrosivity of the electrolyte poses various
challenges in adapting these techniques, in addition to the complexity of the methods themselves.
Computational methods, such as classical, ab initio, and machine learning molecular dynamics, are
also continuously improved to screen for suitable materials by expanding understanding-of. their
properties [18] to diversify feasible electrolytes, while a variety of modelling approaches employed for
other battery technologies [18] will provide invaluable insight into advancing understanding the
electrochemical interfaces in aluminium systems. Similarly, a combination of automatedrhigh
throughput methods and material databases, as seen for more established battery,chemistries [20],
particularly auto-generated ones [21], are expected to significantly aid new material discovery and
general understanding of the system.

Concluding Remarks

~
Significant progress has been made in developing and understandingr€électrolytes for reversible
aluminium energy storage. Chloroaluminate RTILs and DESs have proventhe most reliable material to
facilitate electrodeposition and intercalation of aluminium species at room temperature, but there is
extensive potential for future progress to address their limitations.»Advances in experimental and
computational methods are accelerating the exploration /and tuning of electrolyte materials to
optimise energy density and battery lifetime.
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3.3 Al dual-ion batteries (ADIBs) — current collector and anode corrosion issues
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Status

ADIBs have attracted increasing attention in the battery research community because of the use of
earth-abundant metal with high theoretical volumetric and gravimetric energy,density and improved
safety.[1] ADIBs with aluminum (Al) metal anodes have the potential to deliver breakthroughs in energy
density besides the current established Lithium (Li)-lon Batteries (LIBs) fof specific applications like
stationary energy storage systems. One main challenge of ADIBs s the<electrode/electrolyte
interface/interphase reactions, where poor ion-conducting passivation layers,and slow ion solvation
may significantly affect the ion kinetics.[2] Since the native-formed aluminum oxide (Al,03) passivation
layer is an insulator and is very stable, removing this film by using harsh and aggressive chemicals is
fundamental. Indeed, the commonly used AlCls-based ionicdigquid electrolytes (see Section 3.2) are very
acidic and can remove the Al,O3 layer, but as a drawbacksthey are,also extremely sensitive to moisture
and corrosive against metallic cell parts. Corrosion and/re-passivation of the Al metal anode during the
charging/discharging process cause unwanted side reactions (with the formation of hydrogen (H,)) and
consequent decay of capacity. These side reactions are mainly'related to Al electrodes and other metals
being susceptible to corrosion by chloride ions (ClF) orchloride-based complexes, like Al;Cl;. Recently,
it was shown that corrosion of the Al metal anode results'in an uneven distribution of the current on
the electrode and an inhomogeneous amount of AlCls™ at the interface.[3] In addition, metallic current
collectors and cell-body parts suffer from severe corrosion when in contact with electrolyte anolytes.[1]
Figure 1 presents a statistic of the current collectormaterials used before 2018 [4] and from 2018 until
today; many of these materials aredncompatible with the electrolyte, which could bring a misleading
interpretation of the results (Eqg. 1:3). As a result, considering corrosion, passivation and side reactions,
ADIBs are not yet ready for practical@pplications and commercialization. This section of the multivalent
batteries’ roadmap reviews the current challenges in developing ADIBs and describes possible routes to
overcome the mentioned reactivity and corrosion issues. Finally, a summary and future perspectives on
ADIBs research are given.
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Current Collector (CC) (a) before 2018; percentage [%] (b) from 2018 till present; percentage [%]

Glassy Carbon (GC)
Tantalum (Ta)

T R S I R
T R R L S

INickeI': xNiZ* + 4(1 — x)Al,Cl; + (3 — x)e~ = NiAl_, + 7(1 — x)Alel; Y Eq. 1

-
Stainless Steel®: 44lCl; + Fe = 2Al,Cl; + FeCl, +2e™ | Eq. 2
4AICL; + Cr = 2A1;Cl5 + CrCl; + 2e™ JEq. 3
Figure 1 Statistic of current collectors used so far for Aluminum Dual-lon Batteries (ADIBS) with corresponding

side reactions of Nickel (Ni) and Iron (Fe) / Chrome (Cr) from stainless steel (SS), in‘contact with AICIz:EMImCl ionic
liquid electrolyte before (a) 2018 and (b) starting from 2018 till present.

&
Current and Future Challenges

Two methods are reported to remove the insulating Al,Os layer: electropolishing and surface etching.
Electropolished foil results in higher specific energy.compared to the etching method.[3] Due to the
inhomogeneity of the oxide film, the electrochemical reaction is localized in a small area and the Al-Cl|
complex, Al,Cl7, has difficulties reachingtheAlanode surface.[5] Therefore, the current will be localized
and result in an increased impedance. It should be mentioned that the effectiveness of the Al,Os layer
depends on the thickness and on the microstructure of the Al-foil. For example, a thin oxide film with a
porous structure may be beneficial for the metallic anode.[5] Several activation cycles are necessary for
the electrochemical reduction of the oxiderayer and for achieving reversible plating and stripping.[5]
With a thicker AlLOs layer, the current density peak is smaller. In addition, the reduction peak shifts to
more negative potentials, while theoxidation peak shifts to a more positive potential, as shown in
Figure 2. This indicates that thefoxide film thickness influences the electrochemical activity and
polarization.[5] Apart fromythe problems with the metallic Al-anode, there are complications with the
metallic current collectors.nln LIBs and Sodium-lon Batteries (SIBs), aluminum foil is considered an
established current collector metal for the positive electrode. In the case of ADIBs, it is impossible to
use Al metal because of its lowsanodic stability.[1] Besides Al, many other metals get corroded by Lewis
acidic chloroaluminateelectrolytes, like stainless steel (SS) and titanium (Ti).[6] The use of stable metals
as current collgctorsis essential for producing reliable results. For example, it is shown that the stainless
steel current collector and SS coin cell housing are responsible for the redox activity of Al/V,0s cell,
which canfbe attributed to the dissolution and shuttling effect of the iron (Fe) and chromium (Cr) ions
contained in the stainless steel.[7] In addition, it was demonstrated that choosing an unstable current
collector materialican generate false discharge capacities.[8] Despite these findings, researchers are still
using unstable metals as current collectors (Figure 1). Instead, anodically stable conductive materials
suchias Tungsten (W) and Tantalum (Ta) should be utilized. However, the high cost of those stable metals
and theirvery high intrinsic density are huge disadvantages, the latter resulting in a high ratio of non-
active.and active components, leading to lower specific energy of the system.[9]
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Advances in Science and Technology to Meet Challenges

For material screening and correct electrochemical assessment, coin-type cells made of stainless steel
should be replaced by inert body parts, or experiments must be conducted in glass cells. For example,
inert body cell parts can be made of Inconel alloy and polytetrafluoroethylene (PTFE). It is alsopessible
to wrap unstable parts with Celgard.[4] The use of corrosion inhibitors like benzyl sulfoxide'(C14H140S)
[4] or 1-octyl-3-methylimidazoliumhydrogen sulfate [10] is also a recommended strategy to reduce
corrosion. Probably, the most straightforward way to avoid unwanted side reactions between electrolyte
anolytes and metallic parts is to find new types of electrolytes. Ideally, Chloride (Cl") based components
should be avoided since Cl-anions (and their complexes such as Al,Cl;") contribute immensely to the
corrosion of metals.[11,12] However, developing chloride-free electrolytes is verydifficultdue to various
challenges, like poor stability associated with H; evolution.[13] A similar way to positively influence the
ADIBS performance can be done via alloying the negative Al electrode. By this, it could be possible to
modulate the formation of the Solid Electrolyte Interphase (SEI) layer and/or influence the polarization
or control the interfacial reaction on the anode surface.[4] Therefore, alloys'of Al-Ga, Al-Ti, Al-Mo, and
Al-Zr [14] were applied with promising results. The presence of a secondimetalicould create an oxide
layer with more defect sites, providing more pathways for the electrolyte to reach the fresh Al surface
and enable dissolution/deposition of Al.[15] One way to minimize or reduce the oxide layer is surface
pre-treatment of Al metal using procedures such as mechanical palishing, electrochemical polishing,
and chemical etching, as mentioned in the “Current and Future Challenges” section. However, Al metal
is quickly re-passivated in contact with oxygen. Note that it.is net urgent to remove the oxide film
completely. It is more important to reconstruct the oxide strdcturet® improve the ion/electron transfer
during the charge/discharge process.[15] Lastabut not least, cheap current collector materials like
stainless steel can be sputtered with inert substrates, like titanium nitride (TiN) or chromium nitride
(CrzN).[16] Kovalenko and co-workers [16] proposed a current collector fabricated by sputtering TiN on
stainless steel or flexible polyimide (Kapten).substrates by using low-cost, rapid, scalable methods such
as magnetron sputtering. TiN is highly corrosion resistant and allows a high anodic operation voltage
limit [6]. Besides corrosion and side reaction issues, new and at the moment unexplored engineering
challenges will occur on the way to fully realize metallic current collectors and anodes for ADIBs, such
as the optimization of cathode-anodé"mass,balance to build full cell systems.

A S
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Figure 2 Cyclic voltammogram (CV) showing the\ influence of Al203 passivation layer on the Al
dissolution / deposition in AlCls/EMImCI (1.5:1.0) ionic liquid electrolyte at 20 mV s scan rate.

Concluding Remarks

The development of ADIBs is still at.an infantile stage and faces at least one huge challenge: Namely, an
insufficient plating/stripping of Al because the available electrolytes usually cause the corrosion of
current collectors/metallic anode/céll partsiand result in the formation of an inactive surface layer and
“dead-metal”. We emphasize the importance of current collector selection for ADIBs and explain several
possibilities to modify metal-based anode! Unwanted electrochemical side reactions of the current
collectors, cell-body, and anodes!could lead to misinterpretation of the electrochemical reactions
occurring on a given aterial. Indeed, the electrochemical oxidation of unstable metals leads to
significant false discharge capacities from 150 mAh g to 400 mAh g.[8] The findings of Shi et al.[8]
indicate that the stability of thescurrent collector is quite sensitive to experimental conditions. We
suggest that researchers always test “blank” current collector discs in the working system and avoid
contact between.the Lewis acidic ionic liquid electrolyte with unstable metals like stainless steel (Fe, Cr-
based compounds),Ni, platinum (Pt), Ti, etc.[8]
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3.4 Al = Organic batteries
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Status

Driven by the extensive knowledge developed in the fields of Li- and post-Li technelogies, most of the
cathode materials investigated in rechargeable aluminum batteries (RAB) are traditionally inoerganic
compounds.[1] Although aluminum (Al) is considered a safe and sustainable anodg, typical.inorganic
intercalation and conversion cathodes hardly meet sustainability criteria. Moreover, one essential
obstacle of RABs is the sluggish diffusion of Al ions within the inorganic cathode and the structural
deformation that occurs during (de)intercalation of high charge-dense cations, which result in
performance limitations such as insufficient rate and cycle stability«in cation-type RAB.[1][2]
Interestingly, graphitic materials have demonstrated the ability to (de)intercalate AICl;” anions with
enhanced cyclability and rate performance, thus introducing 4a ‘new type of intercalation
electrochemistry known as anion-type RAB (also known as dual-ion batteries).[3] However, their
practicability is still questionable because of lower capacities (compared to cation-type cathodes) and
low energy density (< 70 Wh kg?) and, sustainability.[4]

In contrast, organic electrode materials (OEMs) /may provide an advanced and more
sustainable storage solution because of their greater naturalabundance, high resource availability and
less toxicity. Furthermore, organic (macro)molecular/engineering not only gives access to great
structural diversity but also enables structure-property-performance paradigms, essential for the
design of advanced OEMs with superior performances. In general, OEMs can be small molecular
compounds with flexible crystal structures, linear, polymers forming soft structures, or porous
polymers with tunable porosity (Fig. 1a). Thanks'te theirunique redox ion-coordination mechanism
and compatible topologies, the OEMs canraccommadate high charge dense cations or bulky anions
without much spatial hindrance. This guarantees high structural stability during battery operation and
hence anticipates improved cyclability and enhanced performance.[5] Moreover, Fig. 1b illustrates the
versatility of OEMs which can exhibit two distinct electrochemical storage mechanisms. One is
characterized by anion charge compensation in p-type cathodes (e.g., pyrene, PANI, etc.), resulting in
anion-type RABs, and the other is characterized by cation compensation in n-type cathodes (e.g.,
quinone, imide, etc.), resultingin cation-type RABs.

As depicted in Fig. 1a, the first OEM assessment in RAB dates back to 1984,[6] and it was
dedicated to the electrochemical characterization of polypyrrole in the AICI;:BuPyCl electrolyte in a
half-cell. Then 1984-2018 was a dark period for the development of organic-RABs due to the mere
incremental performancesimprovements and superiority of lithium chemistry that occurred at the
same time, curtailing further development until recently. During the last years, despite the fact that
significant progress has been made in the development of organic-RABs, their performance is still far
from being competitive.
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Figure 1. (a) Timeline of major developments of RABs. (b).Electrechemical discharge mechanism of anion-type RABs

with p-type OEMs and cation-type RABs with'n-type OEMS. (c) Research prospects in future work on RABs.

Current and Future Challenges

Table 1 compiles the electrochemical performance of selected organic-RABs reported in the literature.

Noticeably, the examples reportedin the last'5. years are mostly anion-type RABs (with p-type cathodes)
that deliver enhanced overall performance with high voltage output (as high as 1.7 V), good cyclability,

and fast kinetics, but limited capacities (typically below 150 mAh g!). Generally, the cyclability was not

an issue in this battery configuration. For example, TpBpy COF (#4 in Table 1),[7] PVBPX (#2)[8] and

polythiophene (#3)[9] ‘retained impressive capacities of 99%, 98%, and 76% over 13000, 50000 and

100000 cycles, respectively. ©On the contrary, cation-type RABs (with n-type cathodes) featured higher

capacities (100-240 mAh g 1) but moderate cyclability and kinetics, and lower voltage output (below

1.35V).

Despite.the extensive investigations of n-type OEMs in various battery technologies, there are
still many challenges associated with their use in RABs. For instance, the large radius of Al-Clx
complexes sometimes induces sluggish kinetics and poor utilization of redox-active sites, causing
decreased cyclability and capacity values. Furthermore, the solubility of small molecules mostly leads
to poor capacity retention. For example, the phenanthraquinone reported by Bitenc et al.[5] manifests
an extremely fast capacity loss with only 20% retention after 20 cycles. Polymerization can limit the
dissolution issue commonly encountered with small molecules. For example, the cycle stability of
quinone-based linear polymers, PAQS (#5)[10] and pPQ (#6)[5] that retained 60% and 93% initial
capacities after 500 cycles, respectively, has definitely improved compared to their related small
molecules. However, linear polymers still lack the chemical robustness required for prolonged
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cyclability and/or high-rate output. To date, PANI(H')@SWCNT (#7)[11] not only delivered the best
cyclability for an n-type polymer, maintaining 88% capacity over 8000 cycles, but also the best rate
capability, maintaining 45 mAh g* at 40 A g. Phenanthraquinone-based polymer (pPQ) (#6)[5] and
macrocycle (#8)[12] attained the highest voltage output around 1.35 V, and PYTQ-CNT (#9)[13]
delivered the highest specific capacity of 295 mAh g™. Interestingly, very recently Feng et al. reported
a bipolar covalent organic framework (COF) by combining n-type with p-type moieties, and applied as
cathode in RABs for the first time.[14] Based on the unique redox-bipolar reaction involving.both the
anion and the cation coordination, the polyimide-triazine COF showed high capacity utilization
(80.5 %), a specific capacity of 132 mAh g™ and impressive cycling stability overs4000 cycles (with
0.0007 % decay per cycle). However, a challenge remains the moderate dischargefvoltage of 1.3 V.

Despite notable achievements, a critical challenge remains: advancing the electrochemical
performance of organic RABs specifically with n-type cathodes, simultaneausly enhancing voltage,
capacity, rate, and cycling performances using a single class of OEM.

~

Table 1. A non-exhaustive list comprising the electrochemical performance of organic-RABs.

p-type organic cathodes
#1 #2 #3 #4
Poly(nitropyrene- PVBPX Polythiophene TpBpy COF [7]
co-pyrene) [8] (9] E Cpi%%
Polymer structure [15] % s s %I %r
N — ¢ :‘V
so¥e s S B
SSLASS N “ Ko
Capacity (mAh g')/current
density (A g?) 100/0.2 133/0.2 180/2 245/0.1
Capacity/current density /N2 of| 85/0.2/1000/70 133/0.2/50000/98 106/10/100000/75.5 150/2/13000/99
cycle/capacity retention (%)
Average voltage output (V)? 1.7 1.2 1.4 1.3
. h-type organic cathodes
#5 #6 #7 #8 #9 #10 #11
PAQS/MWCNT pPQ PANI(H*)@SWC PQ-A PYTQ-CNT HATN- PI-MOF
[10] [5] NT [12] [13] HHTP@CNT [17]
[11] ) (40%) [16]
LT | Pedea o [E8R55]
N [ O—=C- oy Y 4 D | S B
O‘O ) F e |- D¢ b
0
190/~0.13 168/~0.13 200/1 110/0.1 295/0.1 128/0.01 83/1
150/~0.13/500/60|160/~0:13/500/60({100/10/8000/87.6| 94/~2/5000/59 | 114/4000/1/77 |110/0.5/350/80 | 83/1/1800/87
1.1 1.35 1 1.35 1.1 0.75 1.1

2Due to the considerable sloping nature of the charge-discharge voltage profiles, the average voltage output of the
cell is approximately taken as the voltage value at 50% discharge capacity.

Moreover, from practicability aspects, it is first essential to carefully assess the corrosivity, cost
and.compatibility between conventionally used ionic liquid electrolytes and OEM. Then, strategies
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should be developed to maximize the OEM content and mass loading of the cathode to ensure optimal
overall performance, as described in the next section.

Advances in Science and Technology to Meet Challenges

Performance: Efforts must be focused on (macro)molecular engineering, preferably driven by
simulation, modeling, and machine learning, in order to design OEMs presenting enhanced overall
performance. For instance, by introducing electron-withdrawing chloride groups, the discharge voltage
of base naphthoquinone was significantly boosted from 1.1 to record 1.5 V.[18] Inranother example,
the self-adaptive re-organization mechanism from a-poly(thiophene) to B-poly(thiophene) (#3) during
cycling, rendered superb rate and cyclability up to 100000 cycles.[9]

Furthermore, OEMs with advanced topologies, such as macrocycles, with layered
superstructures (#8)[12], COF (#4)[7], MOF (#11)[17] and hybrid COF (#10)[16] have been shown to
significantly boost the overall electrochemical performance.

Hybridization of OEMs with carbon additives (e.g., carbon nanotubes) throven to enhance
material utilization and kinetics, owing to the improved interactions between the electrode
components.[11]

Mechanism: A better understanding of the charge storage mechanisms is crucial since electrochemical
reactions are much more complicated in this technology which contains a high number of ion-
complexes in the electrolyte. Ex-situ ATR, Raman, and XPS‘of charged/discharged electrodes are
commonly used for this purpose, but obtaining mechanistic.information,is challenging as the samples
often degrade rapidly, especially in the discharge state. Furthermore, ex-situ SEM-EDS, XPS and TOF-
SIMS are also helpful to qualitatively assess the nature of the.charge carrier. Therefore, in-situ and
operando techniques have been proposed recently for tracking all the electrochemical reactions. For
instance, Bitenc et al. used operando { FTIR to ‘evaluate reversible reactions between
poly(anthraquinone) and AICI* complexes.[5][10] Wang et al. assessed the radical mechanism of
triphenylamine cathodes using in-situ ESR,[19] and. multidimensional solid-state NMR spectroscopy
was employed by Gordon et al. to ‘unveil“the.reversible enolization/AICl,* electrochemistry in
indanthrone quinone.[20]

Practicability: n-type cathodes ableito operate at high voltages are preferred over p-type because they
have the potential to store multivalent cations. While most of the reported n-type cathodes have been
demonstrated to store monovalent AICI,",'some compounds such as tetradiketone macrocycles store
divalent AICI** owing to the presence.of adjacent carbonyl groups. These groups form a stable chelate
with AICI?*, as confirmed by both experiments and DFT calculations, guaranteeing high capacity (350
mAh g1).[21] Indeed, the ability/to store multivalent cations not only increases the capacity/energy
density of the RAB, butfalso makes'them more practical as they would require less quantity of
electrolyte.

Urea-based deep eutectic electrolytes (AICl;:Urea), proposed as a cost-effective and less-toxic
electrolyte, have been also tested in organic-RABs.[13] Recently, a heterocyclic conjugated polymer
cathode (#9) delivered an impressive high capacity of 295 mAh g* with reasonable stability over 4000
cycles using this electrolyte.[13] Unfortunately, the lower performance of the anodic reaction in this
electrolyte limits.the current/power density of the battery.

Concluding Remarks

Although organic-RABs are still in their infancy, unlike inorganic materials, OEMs have demonstrated
high versatility in storing both Al-Cl, cations and anions. Moreover, they exhibit competitive or even
better electrochemical performance compared to their inorganic counterparts. Further effort should
focus ‘oenran integrated approach of i) computer-driven molecular engineering to design advanced
organic cathodes, ii) in-situ and operando advanced characterization techniques for an in-depth
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understanding of charge storage mechanism and, iii) electrolyte optimization to further elevate the
potential of Al-organic batteries (as prospected in Fig. 1c).

For practicability, n-type cathodes are credible candidates for achieving the touted energy
density of RABs, as they are projected to store multivalent cations in non-flooded electrolyte systems.
However, identifying such innovative OEMs is still an ongoing challenge. Furthermore, urea-based
solvents, which have been shown to be cost-effective and less toxic electrolytes, present a limited
electrochemical stability window and ionic conductivity, hindering the performance of the RABs. Finally,
the cost-performance analysis of organic-RABs should be done to evaluate their competitiveness. Since
the specific areal capacity has a tremendous impact on battery cost, RAB will become viable only if
practical level areal capacities (> 3 mAh cm™) are achieved. Therefore, strategies to maximize OEM
content and its mass loading in the cathode should be adapted, since they are currently typically below
70 wt% and 2 mg cm?, respectively.
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Status

Research on Zn ion batteries (ZIBs) anodes has been a topic of significant interest due to the potential
of ZIBs as large-scale energy storage devices [1]. The unique merits of ZIBs, such as intrinsic safety, low
cost, and relatively high theoretical energy density, have positioned them as promising alternatives to
lithium-ion batteries (LIBs) for energy storage applications [2]. However, the development of ZIB
anodes has been accompanied by several challenges that have hindered their commercialization. One
of the primary challenges is the uncontrollable growth of Zn dendrites'on thé'anode surface, which
can lead to internal short circuits and reduced battery performance f3]."Additionally, the occurrence
of the hydrogen evolution reaction (HER) and side reactions on the Zn anodes‘has been identified as a
significant issue that deteriorates the Coulombic efficiency (CE) ahd.overall performance of ZIBs [4].

To address these challenges, extensive research has been conductedto understand the fundamental
processes involved in Zn deposition and to develop rational strategies for improving the performance
of ZIB anodes. Fundamental insights into Zn deposition, including.nucleation, electro-crystallization,
and growth of the Zn nucleus, have been systematically clarified to provide a solid foundation for
further research [5-8]. In the quest for high-pérformance ZIB/anodes, critical factors influencing Zn
plating have been investigated. These factors include,the utilization of Zn, dendrite growth, repeated
plating/stripping processes, and the impact of Zn'powderversus Zn flake anodes [9]. For example, Zn
powder has been identified as having moretindustrialapplication prospects compared to Zn flake due
to its adjustable loading quality and diversified processing technology, which can potentially address
the challenges associated with Zn anodes [10].

Furthermore, rational strategies emphasizing coating structural design and interface engineering have
been proposed to improve the performance of ZIB anodes. These strategies include the use of coatings
on the Zn anode surface to inhibit HER and-corrosion, as well as the development of advanced interface
modification techniques to guide uniform Zn deposition and prevent dendrite formation [11-13].
Despite the progress iniZIBranode research, there are still challenges that need to be addressed for the
practical application of ZIBs: These challenges include modulating the relationship between the depth
of discharge (DOD) and CE of the Zn anode, selecting suitable types of Zn anodes for ZIBs, and
improving the stability of Zn'anodes under extreme operating conditions [14-16].

Current and Future Challenges

The widespread utilization of ZIBs (Figure 4.1a) faces significant challenges arising from the interplay
of Zn dendrites, theshydrogen evolution reaction (HER), and corrosion. Specifically, the first current
challenge comes to the uncontrollable growth of Zn dendrites on the anode surface, which can lead to
internalyshort circuits and reduced battery performance [13]. The non-uniform distribution of the
electric fieldiand Zn?* induces uneven Zn deposition and dendrite growth. Due to weak adhesion to
the Zn anode, these dendrites easily detach, leading to the issue of "dead Zn." Dendrite growth is a
complex phenomenon that is influenced by several factors, including the electrolyte composition,
current density, and anode morphology [17]. While several strategies have been proposed to mitigate
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dendrite growth, such as the use of additives in the electrolyte and the development of advanced
interface modification techniques on anodes, there is still a need for further research to fully
understand the mechanisms underlying dendrite growth and to develop effective strategies to prevent
it.

Another challenge is the occurrence of the hydrogen evolution reaction (HER) and side reactions on
the Zn anodes, which deteriorate the Coulombic efficiency and overall performance of ZIBs. HER is a
parasitic reaction that occurs when the overpotential for Zn deposition is too low; leading torthe
evolution of hydrogen gas [18]. From a thermodynamic standpoint, the inevitablesoccurrence of the
HER elevates local OH™ concentrations, promoting corrosion and generating inert by-products, such as
Zn4S04(0OH)e-xH20 (ZHS) [19]. This exacerbates interfacial concentration polarization and fosters Zn
dendrite growth. Side reactions, such as the formation of ZnO and Zn(OH)z, can also occur on the
anode surface, reducing the capacity and stability of the ZIBs [20].
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Figure 4.1 Scheme of the mechanism of dendrite growth, HER, and side reactions for the Zn anode
[10].

Anticipated future challenges in this domainiencompass the imperative to enhance not only high-rate
performance but also CE and overall stability, especially when confronted with extreme operating
conditions. Addressing these’challenges’is pivotal for advancing the efficacy and reliability of the
systems involved, propelling the field towards greater efficiency and resilience in the face of
demanding operational/{scenarios.The pursuit of heightened high-rate performance involves
optimizing the system's ability. to deliver and absorb energy rapidly, responding effectively to dynamic
requirements. Simultaneously, elevating CE remains a key objective, aiming to maximize the utilization
of charge and discharge cycles with minimal losses, thereby contributing to the overall efficiency of
the energy storageior conversion process [21]. Additionally, ensuring stability under extreme operating
conditions entails fortifying the system against factors such as temperature fluctuations, mechanical
stress, and other external variables that may adversely affect its performance. Another future
challenge is the need to improve the energy density and cost-effectiveness of ZIBs. While ZIBs have a
relatively high theoretical energy density compared to other battery technologies, such as lead-acid
batteries, theirpractical energy density is still lower than that of lithium-ion batteries. Additionally, the
cost of ZIBsfieeds to be reduced to make them more competitive with other battery technologies. To
address these challenges, there is a need for further research to develop advanced manufacturing
processes to reduce the cost of ZIBs.
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Advances in Science and Technology to Meet Challenges

To meet the challenges facing ZIBs anode research, significant advances in science and technology have
been made in recent years. These advances have focused on developing new coating materials,
optimizing manufacturing processes, and improving the understanding of fundamental processes
involved in Zn deposition.

One of the key advances in ZIB anode research has been the development of advanced coating
materials, such as Zn anodes with improved morphology [22]. For example, He et al. proposed an
anionic polyelectrolyte alginate acid (SA) coating on Zn anodes to initiate the in-situ,formation of the
high-performance solid electrolyte interphase (SEIl) layer inspired by biomass seaweed plants{23]. This
interface modification well inhibits the irregular growth of Zn dendrites andrassists. the uniform
deposition of Zn on anodes, as shown in Figure 4.2a. The scanning electron microscopy.(SEM) images
presented in Figure 4.2b provide additional support for the observation that the anionic
polyelectrolyte-coated Zn anode demonstrates a consistently uniform and dendrite-free morphology;,
in contrast to the irregular and bumpy surface observed on the bare Zn anode. Additionally, the use of
metal coatings on the Zn anode surface has been shown to inhibit HER and corfosion, improving the
stability and performance of ZIBs.
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Figure 4.2 (a) Optical microscope inﬁges captured in situ depict the Zn?* plating process on both the
SA-coated Zn electrode and the uncoated Zn electrode, conducted at a current density of 10 mA cm™,
(b) SEM images presenticross-sectional and horizontal views of the Zn anode, showcasing both bare
and SA-coated configurations after undergoing 50 cycles at 0.5 mAcm™ with a capacity of 0.5
mAh cm™ [23].

Substituting the planar Znfoil with 3D porous electrodes offers a significant enhancement in charge
distribution andinterfacial electric field uniformity, resulting in an anode free from dendrite formation
[24]. The scientific community has made notable strides in Zn anode development, introducing
hierarchical porous structures that guide consistent Zn deposition, effectively inhibiting dendrite
growth [25-27]..Another notable advancement in ZIB anode research involves refining manufacturing
processes to lower costs and enhance overall performance. Examples of this are the creation of a
scalable and cost-efficient method for producing Zn anodes through a straightforward electroplating
process, roll-to-roll processing and 3D printing [2, 28, 29]. Furthermore, the integration of advanced
characterization techniques, such as in situ microscopy and spectroscopy, has empowered researchers
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to deepen their understanding of the fundamental processes related to Zn deposition [30-32]. This
knowledge has paved the way for more effective strategies aimed at improving the performance of
ZIBs.

Concluding Remarks

While significant progress has been made in ZIB anode research, there are still several challenges that
need to be addressed for the practical application of ZIBs in large-scale energy storage systems. These
challenges include dendrite growth, HER and side reactions, stability under extreme operating
conditions, energy density, and cost-effectiveness. Addressing these challenges will require further
research and development of advanced strategies and materials to improve the performance and
competitiveness of ZIBs. Advances in science and technology have played a criticalbrole in meeting the
challenges facing ZIBs anode research. These advances have focused on developing new coating
materials, optimizing manufacturing processes, and improving the understanding of fundamental
processes involved in Zn deposition. While significant progress has been/made;there is still a need for
further research and development of advanced strategies and materials to'improve the performance
and competitiveness of ZIBs.
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Status

The development of cathode materials for zinc-ion batteries (ZIBs) has been a subject of intense
research in recent years, driven by the need for cost-effective and environmentally friendly energy
storage solutions [1-3]. Current research progress in cathode research for ZIBs has,focused on
addressing the challenges associated with these materials, including low energy density, limited
understanding of charge storage chemistry, dissolution of active materialS, Unsatisfactory electronic
conductivity, and practical challenges associated with manufacturing and integraﬁ‘on [4-8].

One of the key areas of research progress in cathode research for ZIBs is.the development of new
materials with improved electrochemical performance [9]. Researchers have been exploring a wide
range of cathode materials, as shown in Figure 4.3, including Mn-based.oxides, V-based compounds,
Prussian Blue Analogues (PBAs), organic compounds, layered chalcogenides, and polyanions, to
identify materials that exhibit enhanced stability, higher capacity, and improved charge transfer
kinetics. Zn?*, H*, active material dissolution/deposition, and conversion reactions are considered to
be the energy storage mechanisms of cathode materials, which:makes the energy storage mechanism
of aqueous ZIBs complex [10-12]. Recent research has also focused on the development of cathode
materials based on transition metal dichalcogenides(TMDs), which exhibit high theoretical capacity,
excellent stability, and fast charge transfer kinetics.»These materials have shown promising
electrochemical performance, making themattractive candidates for practical application in ZIBs [13].
Another area of research progress in cathode research for ZIBs is the advancement of understanding
of the charge storage chemistry and mechanisms of cathode materials. In-situ spectroscopy, operando
X-ray diffraction, and computationalymodelling, etc. have been employed to study the cathode
structure [14-16]. This improved understanding has facilitated the rational design of new materials

with tailored properties to meet the specific requirements of ZIBs.
N
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Figure 4.3 Scheme of the storage mechanism for commonly used cathode materials in aqueous ZIBs
[12].
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Advances in the electronic conductivity of cathode materials have also been a focus of research
progress in cathode research for ZIBs [9]. Researchers have explored various strategies to enhance the
electronic conductivity of cathode materials, including,the incorporation of conductive additives,
nano-structuring, and the developmentsof hybrid ‘materials [17]. For example, recent research has
focused on the development of cathode materials’based on carbon nanotubes (CNTs), which exhibit
excellent electronic conductivity and high “surface area, leading to improved electrochemical
performance [10]. In the realm of manufacturing and scale-up, research progress has focused on the
development of cost-effective and_scalable production methods for ZIBs cathodes [18]. Advances in
electrode fabrication techniques, such as roll-to-roll processing, inkjet printing, and spray coating, have
enabled the production of ZIB«cathodes with tailored microstructures and compositions [4]. These
advancements have paved the way for the integration of cathode materials into practical battery
systems, bringing ZIBs closer to.commercialization.

Current research statusyin cathode research for ZIBs has focused on addressing the challenges
associated with these materials, including low energy density, limited understanding of charge storage
chemistry, dissolution of active materials, unsatisfactory electronic conductivity, and practical
challenges associated with-manufacturing and integration [19]. Advances in the development of new
materials, understanding of charge storage chemistry, enhancement of electronic conductivity,
electrolytesdesign; and manufacturing methods have collectively propelled ZIBs towards practical
viability./Continued research and innovation in these areas will further accelerate the development
and commercialization of ZIBs for diverse energy storage applications.

Current and Future Challenges

Cathodenymaterials are a critical component of ZIBs and play a crucial role in determining the
electrochemical performance and practical viability of these batteries. While significant progress has
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been made in the development of cathode materials for ZIBs, several current and future challenges
must be addressed to enable their widespread commercialization and practical application.

One of the primary challenges facing cathode materials for ZIBs is the low energy density compared to
LIBs [20]. The theoretical capacity of cathode materials for ZIBs is lower than that of lithium-ion
batteries, which limits the amount of energy that can be stored in a given volume or weight of the
battery. This limitation is particularly significant for applications that require high energy‘density, such
as electric vehicles and portable electronics [21]. Another challenge is the limited understanding of
the charge storage chemistry and critical factors that control electrochemical reactivitynin cathode
materials [22]. The complex redox chemistry of cathode materials for ZIBs makes. it challenging to
determine the genuine storage mechanism, including the inserted ions, inserted sequence, and
structural changes [23]. A better understanding of the fundamental mechanisms of cathode materials
is essential for the rational design of new materials with improved electrochemical performance.

~
Dissolution of active materials, especially Mn-based and V based. cathode materials, is another
significant challenge for cathode materials in ZIBs [12]. The mild-acid aqueous eléctrolytes used in ZIBs
can degrade the electrochemical and chemical stability of cathodeimaterials, leading to the dissolution
of active materials into the electrolyte [24]. This can result in_structural degradation and collapse of
the cathode material, limiting the lifespan of the battery. Developingcathode materials with improved
stability and resistance to dissolution is crucial for the practical application of ZIBs.

Enhancing the electronic conductivity of cathode materials is imperative for advancing ZIBs. Many
cathode materials exhibit suboptimal electronie.conductivity, necessitating the inclusion of numerous
conductive species, albeit at the expense of active:mass loading [25]. Developing cathode materials
with improved electronic conductivity becomes, essential to bolster the overall efficiency and
performance of ZIBs. The critical role ofractive material loading in ZIB cathodes directly influences
energy storage capacity and overall battery. performance. Optimization not only boosts individual
battery energy density but also enhances economic efficiency. Strategies like roll-to-roll coating and
self-supporting approaches aim tohincrease cathode active material mass loading [10, 26-28].
Overcoming practical challenges «in" scalable synthesis, efficient manufacturing, and seamless
integration into battery systems necessitates collaborative efforts from researchers, manufacturers,
and policymakers. This multifacetedsapproach aims to create new materials, optimize processes, and
establish performance and safety standards for ZIBs.

Advances in Science and Technology to Meet Challenges

In response to the challenges facing cathode materials for ZIBs, significant advances in science and
technology have beens-made to,address these issues and pave the way for the practical application of
ZIBs.

One of the key areas of advancement is the development of new cathode materials with improved
electrochemical performance.yResearchers have been exploring a wide range of cathode materials,
including Mn=based oxides, V-based compounds, PBAs, organic compounds, layered chalcogenides,
and polyanions, to identify materials that exhibit enhanced stability, higher capacity, and improved
charge _transfer kinetics [26-28]. These efforts have led to the discovery of novel cathode materials
with promising electrochemical properties, bringing ZIBs closer to practical viability. Advances in
understanding the charge storage chemistry and mechanisms of cathode materials have also been
instrumental in addressing the challenges associated with ZIBs. Researchers have employed advanced
characterization techniques, such as in situ spectroscopy, operando X-ray diffraction, and
computational modelling, to gain insights into the redox processes, structural changes, and ion
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insertion/extraction mechanisms in cathode materials [14]. This improved understanding has
facilitated the rational design of new materials with tailored properties to meet the specific
requirements of ZIBs. In the quest to enhance the electronic conductivity of cathode materials,
significant progress has been made through the incorporation of conductive additives, nano-
structuring, and the development of hybrid materials [29]. These advancements have ledsto the
improvement of the overall electronic conductivity of cathode materials, reducing the need for a large
number of conductive species and enabling higher active mass loading in the cathode electrode.
Additionally, the use of advanced manufacturing techniques, such as electrodeposition and chemical
vapor deposition, has enabled the precise control of the microstructure and morphology.of cathode
materials to optimize their electronic conductivity.

On the other hand, research on cathode materials also aims to inhibit the dissolution of active
materials by addressing the underlying mechanisms and employing varioussstrategies to enhance the
stability and integrity of the cathode [30]. Several approaches have béen explored to mitigate the
dissolution of cathode materials in ZIBs, including electrolyte modification, new cathode material
development and surface modification techniques [31]. By optimizing the. composition and pH of the
electrolyte, researchers aim to minimize the corrosive impactson the cathode materials, thereby
reducing the dissolution of active species into the electrolyte [32]. Additionally, the exploration of new
electrolyte additives and the optimization of electrolyte compositions have contributed to enhancing
the compatibility between cathode materials and the electrolyte, thereby improving the overall
stability of ZIBs [33]. Advances in new cathode material development have played a crucial role in
inhibiting the dissolution of cathode materials. Researchers have been exploring new cathode
materials with enhanced chemical and structural stability to minimize the dissolution of active species.
For example, the development of cathode materials,based on TMDs has shown promise in inhibiting
dissolution due to their excellent stability and resistance,to chemical degradation [13]. By identifying
materials that are less prone to dissolution,and degradation, researchers aim to improve the long-term
stability and cycling performance of ZIBcathodes. Surface modification techniques have been
employed to create protective layers or coatings,on the cathode materials, inhibiting the dissolution
of active species [34]. For instance, the application of thin film coatings, such as polymer coatings or
inorganic protective layers, has been investigated to create barriers that prevent the dissolution of
active materials into the electrolyte [35]. These surface modification techniques aim to enhance the
chemical and structural stabilityrof the cathode materials, thereby reducing the propensity for
dissolution and improving the overall performance of ZIBs.

Concluding Remarks

Cathode materials forZIBs faceiseveral current and future challenges that must be addressed to enable
their widespread commercialization and practical application. These challenges include low energy
density, limited ‘understanding of charge storage chemistry, dissolution of active materials,
unsatisfactory glectronic conductivity, and practical challenges associated with manufacturing and
integration. Addressing these challenges requires a collaborative effort from researchers,
manufacturers, and_policymakers to develop new materials, optimize manufacturing processes, and
establish standards for the performance and safety of ZIBs. The development of new cathode materials,
improved ‘understanding of charge storage chemistry, enhancement of electronic conductivity,
electrolyte design, and manufacturing advancements have collectively propelled ZIBs towards practical
viability. Continued research and innovation in these areas will further accelerate the development
and commercialization of ZIBs for diverse energy storage applications.
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4.3 Zn based batteries - electrolytes
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Status

One of the key components that significantly impacts the performance of ZIBs is the electralyte, which
plays a critical role in facilitating the transport of ions between the cathode and anode, thus influencing
the battery's electrochemical performance, safety, and overall efficiency [1].«The battery's capacity,
power capability, cycle life, safety, and stability, are markedly determined by the key properties of the
electrolyte, such as ionic conductivity, electrochemical stability window,«Viscosity, and compatibility
with other battery components [2]. Low ionic conductivity of electrolytes can limit the rate of charge
and discharge, leading to reduced power capability [3]. Electrolytes with narrow electrochemical
stability windows may limit the battery's operating voltage range, reducing the capacity and overall
energy density [4]. Moreover, safety concerns such as electrolyteddecomposition or formation of solid-
electrolyte interphases (SEls) can compromise the battery's safety.and stability [5].

To overcome these challenges and improve the performance,of ZIBs, there is an essential need to
develop novel electrolytes with favourable properties..Commonly.used electrolytes for ZIBs include
aqueous and non-aqueous solutions of zinc salts suchias zinc sulphate, zinc chloride, zinc triflate, etc.
Traditional electrolytes used in ZIBs suffer fromilimitations such as limited voltage stability, low ionic
conductivity, and safety concerns. Therefore, there.is a growing interest in exploring electrolyte
strategies that can address these issues and enhance the performance of ZIBs.

Current and Future Challenges

In ZIBs, aqueous electrolyte challenges,encompass water decomposition, Zn dendrites, and corrosion
(self-discharge) [6]. Water decomp@sition in.aqueous media involves oxygen evolution reaction (OER)
and hydrogen evolution reaction(HER), each requiring specific electron transfers [7]. The reaction
pathway is influenced by electfolytéspH.and electrode surface structure. An ideal electrolyte solvent
should possess a wide stable electrochemical window (EW). Commonly, the energy level difference
between the lowest unoceupied molécular orbital (LUMO) and highest occupied molecular orbital
(HOMO) is used to estimate,.EW [8]. Various methods, including thermodynamic cycles, are employed
for more accurate estimates. The inherent thermodynamic oxidation potential (OER) and reduction
potential (HER) with a voltage window of 1.23 V between them, and its narrow EW limits the operating
voltage, resulting.in-a lower energy density, as shown in Figure 4.4 [5]. OH" formation during reactions
degrades electrolyte and.forms by-products on electrodes, diminishing battery performance.
Suppressing water splitting and expanding the operating voltage window are vital for aqueous battery
development. Strategies like water-in-salt, pH control, isotope effects, SEI modification, electrolyte
additives, artificial protective layers, polymer coatings, and ionic liquids aim to broaden the stable EW,
ensuring stable and extended output voltage in aqueous batteries [9-12].

85



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPENERGY-100784.R1

Water-in-salt 23V
Pure water 1.23V
Hydrate melt ~3V
Salt-in-water <2V
Water-in-bisalt 2545V
—
LUMO Potential
Energy ov vo:
HOMO Normal Hydrogen Electrode
T —
Dilute Concentrated

Figure 4.4 lllustration of output voltage extension from the standpoint of overpotential using water-
in-salt or hydrate-melt electrolytes. Traditional aqueous electrolyte is referred to as the salt-in-water
electrolyte [5].
~

Zn dendrite formation is another side reaction that can occur in ZIBs..Zn metal is/relatively abundant
and can be directly used as anodes, which is one of the reasons why aqueous ZIBs have attracted much
attention. But repeated deposition/stripping can also cause uneven deposition, resulting in dendrites
[13-15]. Dendrites are small, flower-like structures that form on,the surface of the Zn anode during
battery operation. These structures can pierce the separator and cause a short circuit, leading to
reduced battery performance and safety. The strategies of inhibiting Zn"dendrites from the electrolyte
perspective have the following aspects: adding inert components, pH buffer, Zn deposition aid, etc. to
the aqueous electrolyte solution. Side reactions such as corrosion and passivation while charging and
discharging have a strong relationship with CE and cycle stability [16]. Furthermore, corrosion, or self-
discharge, is a side reaction that occurs in strong acid, or strong alkaline aqueous solutions, which not
only affects the CE but also causes irreversible water eonsumption and electrolyte concentration
changes, often at the electrode-electrolytesinterface [17]. Hence, limiting the chemical interaction at
the electrode-electrolyte interface is essential.for preventing electrode corrosion. Addition of inorganic
or organic corrosion inhibitors to electrodes or electrolytes is the most often described strategy for
reducing the corrosion rate of electrode materials at this time [18].

Future challenges in ZIBs electralytes will centre on the strategic development of cost-effective
formulations. This involves the intsicatetask of designing electrolytes that not only meet the
demanding performance criteria but also do so in an economically efficient manner. Researchers and
engineers will need to sexplofe innovative approaches, such as optimizing the selection and

combination of electrolyte components, to strike a balance between performance, cost, and scalability.

Additionally, addressing the challenges associated with large-scale production and ensuring the
stability and safety of these cost-effective electrolyte formulations will be pivotal for the widespread
adoption and success of ZIBs/in various applications.

Advances in Science and Technology to Meet Challenges

The influence of side‘reactions and Zn dendrites on battery performance and safety cannot be
understated, which further reflects the importance of electrolyte strategy [19]. Both HER and OER
divert_electrons that could otherwise contribute to charging the battery, resulting in decreased
performance. Furthermore, the production of hydrogen gas and hydroxide ions can lead to battery
swelling and rupture, posing safety concerns [5]. Various strategies have been devised to mitigate
these siderfeactions, including the use of additives in the electrolyte to suppress water decomposition
and.dendrite formation. However, the incorporation of additives may introduce new challenges such
as decreased battery performance or increased costs, which can vary depending on concentration [20].
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Additives play a crucial role in stabilizing electrolytes by suppressing unwanted side reactions or
forming a passivation layer on the electrode surface. For instance, organic additives like sorbitol have
been employed to curb undesired effects in the electrolyte. Some pH stabilizers effectively alleviate
uneven Zn deposition on anodes. In 2023, He et al. introduced NH4H,PO4 (NHP) to stabilize pH.during
ZIBs cycling, suppressing dendrite generation and side reactions, thus enhancing battery performance
[12]. NH4" forms a protective layer on the Zn surface, preventing direct contact with water, while the
combination of NHs* and H,PO,~ maintains a favourable pH at the electrode-electrolyte interface,
facilitating highly reversible galvanization and stripping processes in ZIBs. The interface between the
electrolyte and electrode significantly impacts battery performance and stability/Protective coatings
like carbon, metal oxides, or polymers applied to the electrode surface enhanceradhesion, reducing
crack or gap formation that may trigger unwanted reactions. Another approach involves modifying the
electrolyte, with gel polymer electrolytes (GPEs) inhibiting Zn dendritesformation /and mitigating
parasitic reactions by restricting ion migration and water content [21]. Wang et al. introduced a
chemical welding approach that uses in-situ creation of a gel electrolyte,allowing ZIBs to achieve an
ultralong life and reversibility [22]. The resulting well-bonded and water-poor-interface between the
electrode and electrolyte, achieved through the direct inclusion of the Znyanode in the chemical
production of the gel electrolyte, reduces side reactions and.facilitates preferential Zn deposition,
resulting in an in-situ symmetric cell with an extremely long lifetime of 5100 h and a hybrid capacitor
operating smoothly for over 40,000 cycles at 20 A g™

An effective strategy for improving battery performance invblves optimizing the electrolyte
composition, as it plays a crucial role in contrelling ion transport, chemical reactions, and thermal
properties, thereby influencing overall battery stability [23-25]. For instance, the addition of salts like
Zn(TFSI); enhances electrolyte conductivity and stability’by promoting the dissociation of Zn?* [26-28].
Parameters subject to optimization include the choice of solvent, salt concentration, pH, and the
inclusion of additives [14, 29, 30]. In 2023, Gao et al.lintroduced the electrochemical effect of isotopes
(EEI) of water into ZIB electrolytes, mitigating severe side reactions and extensive gas generation [4].
The use of D,0 results in a larger electrochemical window, reduced pH changes, and diminished zinc
hydroxide sulphate (ZHS) generation"due to the low diffusion coefficient and high ion coordination in
D,0. In H,0 system, as the cycle proceeds and the electrolyte is consumed, the local concentration
distribution of water moleculesiatitheiinterface between the electrode and the electrolyte is uneven,
thus forming a mixed phase of Zn;(OH),SO4-4H,0 and Zn,(OH),SO4-5H,0 is produced during the
second discharge. However, dué to the strong coordination and low diffusion brought by D,O, D,O-
based electrolytes can keep the local concentration at a low level during charging and discharging.
Therefore, for all D,O=based full cells, it is difficult to find Zn,(OH),S0O4-5H,0 on the cathode. D,0-
based electrolytes (exhibit stable wide electrochemical windows and minimal gas generation,
showcasing enhanced'stability in full cells after 1,000 cycles over a wide voltage range of 0.8-2.0 V and
3,000 cycles over a typical voltage window of 0.8-1.9 V at a current density of 2 Ag™, displaying
approximately 100% reversibleefficiency.
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Figure 4.5 Scheme of the effect of D,0-based and H,0O-based electrolytes on theformation of ZHS on
the cathode surface based on the differences in local concentration [4].

Concluding Remarks

Aqueous electrolyte in ZIBs have gained considerable attention due to their affordability, safety, and
the abundant availability of resources. However, the performance of ZIBs faces limitations due to side
reactions like water decomposition, Zn dendrites, and corrosion occurring/during electrochemical
processes. These reactions induce irreversible changes in electrades, reducing capacity and lifespan.
Effective strategies to mitigate side reactions in ZIBs involve thesuse of.additives, modification of the
electrolyte-electrode interface, and optimization of electrolyte "composition, enhancing their
commercial viability. It's essential to recognize that these strategies are not mutually exclusive, and a
combination may be necessary for optimal ZIBs performance. Despite notable progress, continuous
research is needed to enhance ZIBs commercial viability, particularly’in understanding the mechanisms
behind side reactions. Identifying specific chemical reactions during electrochemical processes can
guide the design of improved electrolytes and electrode materials. Additionally, comprehending the
impact of various operating conditions, including temperature, current density, and cycling rates, is
crucial for optimizing ZIB performance. "Another ‘research focus is developing cost-effective and
scalable manufacturing processes for ZIBs, considering available electrolyte materials like Zn triflate.
Despite Zn's low cost and abundant availability;, large-scale ZIBs production remains challenging.
Advancements in manufacturing processes for ZIBs can reduce production costs and enhance
commercial viability. Continued researchhin this area is vital for improving ZIB performance and
competitiveness with lithium-ion batteries (LIBs), especially in grid energy storage applications.
Ongoing research may also unveil ‘materials and electrolytes less prone to side reactions, further
enhancing ZIB performance and viability.
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