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Emerging energy storage systems based on abundant and cost-effective materials are key to overcome the
global energy and climate crisis of the 21st century. Rechargeable Magnesium Batteries (RMB), based on
Earth-abundant magnesium, can provide a cheap and environmentally responsible alternative to the
benchmark Li-ion technology, especially for large energy storage applications. Currently, RMB technology is

Received 22nd December 2022, the subject of intense research efforts at laboratory scale. However, these emerging approaches must be
Accepted 8th March 2023 placed in a real-world perspective to ensure that they satisfy key technological requirements. In an attempt
DOI: 10.1039/d2ee04121a to bridge the gap between laboratory advancements and industrial development demands, herein, we report

the first non-aqueous multilayer RMB pouch cell prototypes and propose a roadmap for a new advanced
rsc.li/ees RMB chemistry. Through this work, we aim to show the great unrealized potential of RMBs.

Broader context

Today Li-ion batteries (LIBs) are considered the battery technology of reference for many current and promising applications such as transport electrification or
renewable energy storage. Despite the good performances of LIBs, they are expected to face resource supply-chain challenges due to the relatively low natural
abundancy of lithium (Li) and the geographically uneven distribution worldwide. Shifting towards fully non-Li rechargeable batteries may open an effective way
to overcome such challenges. Rechargeable magnesium batteries (RMBs) constitute a paradigmatic example of such promising, alternative non-Li energy
storage systems, following pioneering efforts and breakthroughs from world-wide research teams. The potential to use metallic Mg anodes in rechargeable
batteries brings important advantages in terms of energy density, cost, safety, sustainability, and lower material supply risk due to the natural abundancy of Mg.
Despite the important advances in the RMB literature, all the reported studies are still limited to the laboratory scale and coin-cell configuration, where many
practical and industrial aspects of RMB are neglected. In this context, pouch cell configuration is a better platform to optimize components, and it represents a
crucial step towards an application ready battery cell design. Herein, in this paper we present a critical perspective of the most promising materials and cell
components for the development of high-TRL RMBs with competitive performances. The feasibility and great untapped potential of possible advanced RMB
chemistry is highlighted. A roadmap for the development of mature RMBs that can reach an energy density of up to 160 W h kg™ " is outlined.
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1. Introduction

Over the last decade, the growing markets of zero-emission
electromobility, large-scale stationary storage for renewable
energy production, and portable consumer electronics have
increased the demand for Li-ion battery cells exponentially,
and they are forecasted to do so for at least another decade."
This unsustainable growth is predicted to cause cell shortages
due to severe Li-ion battery raw-material bottlenecks, especially
lithium, nickel, and cobalt, owing to their limited amount,
uneven geopolitical distribution (particularly Co), and the lack
of political stability of some of the countries mining the
resources.>® Therefore, even old chemistries with moderate
to poor performance, such as lead-acid batteries, are being
considered as an alternative for stationary applications, to
relieve the pressure on the electromobility market.*

In this context, the emergence of environmentally friendly
battery technologies made of abundant, low-cost materials
incurring low supply risk and exhibiting high energy density
and performance is direly needed to achieve the set climate
change goals.’”” Rechargeable magnesium batteries (RMBs) are
a very promising battery technology candidate on account of
the high specific capacity (2205 mA h g '), high volumetric
capacity (3832 mA h cm®), and low reduction potential
(—2.37 V vs. SHE) of magnesium.®'® Moreover, magnesium is
the 8th most abundant element in the Earth’s crust, is non-
toxic and safe for handling in ambient air, has a low atomic
weight, and is less inclined than other metals to dendrite
formation during plating/stripping reactions,”’™® despite
more recently the electrochemical growth of fractal Mg den-
drites from Grignard reagents has been observed in symmetric
cells." Additionally, in terms of the environmental friendliness
of the entire supply chain, recycling reduces the demand for
primary magnesium by up to 50%, unlike currently impractical
lithium recycling (<1%).">'® Although the feasibility of RMB
was demonstrated at the laboratory scale by Aurbach’s group in
2000," its low technology readiness level (TRL) (1-3)'? is still
one of its major drawbacks, mainly because of challenges
related to the lack of high-TRL electrolyte solutions and inter-
calation compounds. Since then, the scientific community has
been focused on Li-ion battery research, with limited attention
to divalent alternatives. Nowadays, the raised awareness of
the limitations of lithium-ion batteries and growing market
demand have led to an increase in the number of studies and
intellectual property rights (IPR) petitions related to RMB
components among alternative chemistries (Fig. 1). For the
sake of comparison, the number of publications regarding
lithium batteries has been included in the ESIt (Fig. SI1).
Despite these developments, studies have still been limited to
the laboratory scale and based on the coin-cells configuration,
where many practical and industrial aspects of RMB are
neglected. In this context, the pouch cells configuration is a
better platform to optimize components, and it represents a
crucial step towards an application-ready battery. Besides, large
scale Mg-metal batteries have the potential to be integrated
in a simpler battery packs (BP) reducing the cost and their
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Fig. 1 Number of publications per year, including the words “magnesium
batteries” in their title, during the last two decades, based on data taken
from the Web of Science.

production will demand a greener infrastructure. Additionally,
this novel technology could be manufactured using the actual
LIB production lines*®*° The conventional state-of-the-art RMB
model, utilizes a thick (100 pm) pure magnesium metal anode,
a Chevrel-phase (CP) MogSs cathode on a nickel current collector,
and an “all phenyl complex” (APC) electrolyte solution consisting
of phenylmagnesium chloride (C¢HsMgCl), aluminum chloride
(AICl3), and tetrahydrofuran (THF). In this system, the components
are fairly compatible with each other and able to provide practical
capacities of up to 70 mA h g ' in the laboratory-scale coin cell
configuration without side reactions.?* Although this system is
functional, to the best of our knowledge, the technology has never
been adapted to a larger size pouch cell configuration for cell
optimization toward industrial use; this is due to the various
disadvantages of each component, which are not suitable for mass
production or are not economically viable.

Herein, we present a critical perspective of the most promis-
ing materials and cell components for the development of
high-TRL RMB which we have evaluated their potential in
industrial-level battery cells. Xiu et al.?* have reported pre-
viously single layer Mg-based pouch cells, but with the same
format as coin cells. However, in the perspective work
described herein, for the first time, magnesium batteries were
tested in real pouch cell prototypes comprising conventional
pure Mg metal-foil anodes, APC electrolyte solution and CP
cathodes in an effort to demonstrate an RMB at a high TRL. The
differences between pouch cell format and lab-scale coin cell
components were explained, and the impact on energy and
mass was calculated. Finally, the impact of some of the most
novel materials reported in the literature, such as a thin foil
of magnesium alloy AZ31, a Mg[B(hfip),],/DME electrolyte
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solution, and the VS, cathode active material was examined.
The latter may enable RMB having a much higher energy
density than the first generation, which is based on CP
cathodes. The feasibility and great untapped potential of pos-
sible advanced RMB chemistry is highlighted. A roadmap for
the development of mature RMB that can reach an energy
density of up to 150 W h kg™ is outlined.

2. Electrolytes

The electrolytes are arguably one of the most important com-
ponents in a battery because of their continuous contact with
all the cell components. An ideal electrolyte solution has high
thermal, chemical, and electrochemical stability, allowing effi-
cient reversible magnesium plating/stripping and ion diffusion.
Importantly, for the Mg electrodes to exhibit a fully reversible
behavior, no side reactions must occur. In contrast to the case
of the Li- and Na-metal anodes, on which surface films formed
by side reactions may behave like solid electrolyte interphases
(the SEI model), any such surface film formed on Mg electrodes
is prone to block the ion flow, leading to their deactivation.
“All phenyl complex” APC electrolyte solutions, developed
more than two decades ago,> are nowadays among the most
widely used solutions in the RMB field. They comprise the
reaction products of Lewis base CcsHsMgCl with Lewis acid
AlCl; in THF; due to the trans-metalation reaction between the
Al and Mg cores, which exchange ligands, complex solutions
containing MgCI(THF);" cations and AICI,(C¢Hs),_,  anions
are formed. These solutions allow the fully reversible deposition/
dissolution of Mg and exhibit wide electrochemical windows
(>3 V) (Fig. 2).

The starting point in the search for suitable Mg electrolytes
were Grignard reagent solutions comprising RMgX (X = Cl, Br)
or MgR, Lewis bases and ethereal solvents like THF. Building
on these foundations, the first milestones on the way to
advanced APC electrolyte solutions were the development of
Mg(BR,), ether solutions containing organo-borate anions by
Gregory et al.>* and the development of organo-chloro-alumi-
nate anions Mg(AICL,R,_,), complexes by Aurbach et al,’
(where R is an organic group, such as methyl, ethyl, and butyl).
The next step was to use ethereal solutions containing products
of reactions between Grignard Lewis bases and Lewis acids,
such as AICl; or AICL,R;_,.>> These electrolyte solutions, con-
taining organo-halo-aluminate Mg salts such as Mg(AICL;R),
and Mg(AICL,RR'),, demonstrate a room-temperature conduc-
tivity comparable to that of Li salts solutions at moderate salt
concentrations (0.3-0.5 M) in THF or polyether solvents. Mixing
Bu,Mg and EtAICl, in THF in a 1:2 molar ratio afforded the
best-performing solution, having an ionic conductivity of
1.4 mS cm ! and anodic stability up to 2.2 V; it was later called
the dichloro complex (DCC)."”*>° However, even the best DCC
electrolyte solution does not satisfy the requirements of high
voltage, high-energy RMB applications for a wide electro-
chemical stability window (>3.5 V), chemical stability, and
safety.”” During studies on advanced Grignard-based electrolyte
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Fig. 2 Summary and evolution of electrolyte solutions.>>°

solutions, it was understood that §-H elimination reaction, that
is, the elimination of a hydrogen attached to a B-carbon (the
second carbon of an alkyl ligand bound to the metal center),
was the cause of the limited electrochemical window. In
advanced Grignard-based electrolyte solutions such as APC,
the organic ligand phenyl is directly bonded to a magnesium
atom (e.g., PhMgCl) and no hydrogen is present on the
a-carbon, thus not susceptible to $-H elimination. This enables
APC solutions to exhibit high anodic stability (>3 V vs. Mg);
they have become a benchmark RMB electrolyte in which most
of the validation and feasibility studies are being carried out,

This journal is © The Royal Society of Chemistry 2023
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including in the first part of this study. Despite the electro-
chemical stability window of the magnesium-metal-anode/APC-
electrolyte pair, which extends to 3.3 V, the low overpotential
for magnesium deposition, and their moderate 2 mS cm™*
ionic conductivity at room temperature, the ability of APC
solutions to provide good performance with high-voltage
transition-metal-oxide cathodes (such as VO, materials) is still
limited.>® Attias et al*® conducted a comprehensive study,
comparing most of previously reported electrolyte solutions.
In their study, the only electrolyte with CE higher than 99% for
Mg deposition dissolution, was found to be DCC (di-chloro
complex solutions comprising the reaction products of Bu,Mg
and EtMgCl, in THF).

Other electrolytes have been proposed as alternatives to
APC. One of them is hexamethyldisilazide magnesium chloride
(HMDS MgCl), a non-nucleophilic Hauser-base-derived electro-
lyte, which was reported by Liebenow et al.>® This work con-
stituted a major milestone in electrolyte solutions development,
demonstrating the oxidative stability of weak Al-R bonds in an all
inorganic salt. Muldoon and coworkers®® extended the anodic
stability of the systems to 3.3 V by adding AICl;. Adding such a
strong Lewis acid induces Lewis acid-base reactions similar to
those discussed above and thus changes the composition and
structure of the ions in solution, forming more stable solution
species, which found particularly wide use in magnesium-sulfur
systems.”®?%*" An electrolyte with a fully inorganic salt that
contains chloride species was proposed by Doe et al., who mixed
common ethereal solutions of AICl; and MgCl, to prepare solu-
tions of magnesium-aluminum-chloride complexes (MACC).*>
Recently, Canepa et al. refined the structural components in this
electrolyte solution and their effect on stability, coulombic effi-
ciency, and aging/conditioning.** They found that aluminum from
the solution is deposited on the magnesium-metal anode in the
early cycles, which reduces coulombic efficiency. However, in
return, this behavior promotes the stabilization of charged species
(MgCl" and AICl, ") dissolved in the electrolyte solutions through a
pre-treatment called “conditioning” (repeated Mg deposition/dis-
solution cycling that cleans the solutions of contaminants) and
leads to a smoother plating/stripping of Mg in consecutive cycles.*®
Nevertheless, despite all the conditioning steps and improvements
in coulombic and plating/stripping efficiencies, the anode remains
unstable above 3.1 V.

Furthermore, fluorinated alkoxide-based electrolytes pre-
sent solution conductivity of 3.5 mS cm ™" and anodic stability
of 3.2 V vs. Mg>".**

A common denominator among all the electrolyte solutions
mentioned above is the existence of corrosive chloride species,
which limits not only the electrolyte stability but also the choice
of current collectors and cathode active materials.>**® Hence,
RMB electrolyte solutions have been intensively studied to find
chloride-free magnesium salt solutions that exhibit high con-
ductivity and promote fully reversible Mg plating/stripping
processes, enabling the use of high-voltage/capacity transition-
metal-oxide cathodes.*”*°

A class of electrolytes based on magnesium borohydride
Mg(BH,),, the first chloride-free (and halide-free) boron-based

This journal is © The Royal Society of Chemistry 2023
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electrolyte system, was expected to circumvent this incompat-
ibility between the different components.*"**> Although this
electrolyte was proven to promote reversible Mg plating/strip-
ping, its very poor anodic stability (<1.8 V) is not in line with
the energy density requirement of the RMB technology.*"*?
However, this was a steppingstone for the development of non-
nucleophilic family of electrolytes.’>*>** A key breakthrough
was made recently by Fichtner’s group, with the successful
synthesis of magnesium tetrakis(hexafluoroisopropyloxy)borate
Mg[B(hfip),],, which brought new prospects for the cyclability
of RMBs and the selection of current collectors and cathode
active materials.’®*® Indeed, this salt may be used with
dimethoxy ethane (DME)—an ether-based solvent that has high
anodic stability (>4.5 V)—without corrosive Cl component,
and electrolytes based on Mg[B(hfip),], satisfy a variety of
requirements for efficient and practical solutions, such as an
ionic conductivity (~11 mS ecm™"') more than five folds that of
conventional APC electrolyte solutions and excellent long-term
cycling stability with low polarization.'"*#%67*° The uniqueness
of this salt originates from its branched carbon structure,
which allows the weak coordination of Mg cations, while the
presence of proton on the o carbon and the fluorinated
carbon provide oxidative stability (Fig. 2).

As a result, this electrolyte opened up new possibilities to
achieve high energy densities through its compatibility with
lightweight aluminum current collectors and high-specific-
capacity cathode materials, its resistance to side reactions with
Mg-metal anodes, and its high anodic stability, suitable for use
at high voltage. In addition, the demonstrated stability of this
electrolyte toward polysulfide species formed during battery
cycling opened the path for research on rechargeable Mg
metal-sulfur batteries.>®

In principle, solid Mg”*-conducting electrolytes can offer a
number of advantages over liquid electrolytes. All-solid Mg-ion
cells may offer higher level of safety as they do not contain
volatile and flammable components and thus, are not prone to
leakage and ignition; the ease of manufacturing of cells of all
conceivable shapes is also apparent.

To be able to utilize a specific Mg**-conducting material as
solid electrolyte for Mg-ion cells, it should - first and foremost -
hold Mg?" ionic conductivity (ionic) matching the typical ionic
conductivity of liquid Mg”" electrolyte at ambient temperatures.
Conductivities of current liquid Mg**-electrolytes roughly corres-
ponds with Li'-electrolyte conductivities, and are of the order of a
few mS em ;> the best reported Mg>" ipic is 11 mS em ™ *.>*

The other requirements are:

e Low electronic conductivity (regarding solid Li*-electrolyte,
a typical (Gionic/Telectronic) Fatio ~2 x 10°).%2

e Wide electrochemical stability window.

e Satisfactory mechanical properties.

e Being non-corrosive toward common battery components
(cell housing, current collectors, etc.).

e Non-flammability and thermal stability.

e Mg”* ion transference number close to one.

Currently, most materials, which can satisfy the above
requirements, may be divided into three groups:>*>°

Energy Environ. Sci., 2023, 16, 1964-1981 | 1967
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e Metal-organic frameworks - based solid-state electrolytes
(MOFs):>%°8

MOFs present three-dimensional scaffold comprised of
metal ions connected by organic ligands; the void space inside
the scaffold may be filled with a Mg-salt solution, thus featuring
a 3D system of interconnected ionic channels of a few Angstroms
in diameter. These emerging Mg>"-electrolytes look promising
alternatives to the liquid electrolytes, while the best reported
conductivity of such electrolyte is 1.0 mS ecm ™%’

The study of these electrolytes are at an early stage, though,
and the information on Mg”*-transference numbers of MOF-
based electrolytes are scarcely available; the best reported Mg>*
transference number of the electrolyte of this class is just
0.47.>° Also, the electrolytes contain some flammable liquid
solvents, thus the cells with such electrolytes are expected to be
flammable.

e Polymer gel-based solid electrolytes (SGPE) and polymer -
solid filler-based electrolytes:>*°**!

- The polymer-based gel electrolytes are comprised of poly-
mer matrix (such polymers as PEO, PVA, PVDF, PPO -
poly(propylene oxide), PVP - poly(vinyl pyrrolidone)), etc. and
are usually plasticized by liquid electrolyte with a dissolved
Mg>"-salt. This plasticizer/liquid forms an interconnected
channels system within a polymer matrix, and Mg>*-ions are
transporting along these channels.

- The other type of polymer-based gel electrolyte comprised
of SGPE with dispersed nano-sized ceramic fillers, such as SiO,,
TiO,, ZnO, Al,0;, MgO, MgAl,O,, etc.; the composite SGPE -
ceramic electrolyte provide enhanced Mg”**-conductivity trans-
ference number as compared with pure SGPE.

While the best values of gjoni. for SGPE and filled SGPE are
as high as 11 mS ecm ',°? the challenging point is that the
transference numbers of these electrolytes are usually low,
between 0.66 and 0.26.

Low transference number results in a concentration polari-
zation in the electrolyte, which increases cell overpotential;
the problem is aggravated under high current rate conditions.
As the matter of fact, there is an inherent trade-off between
electrolyte conductivity oo, and the cation transference number ¢".
For instance, Li-ion model cells reaches SOC = 0.75 at 2C current
rate and 4.2 V cutoff if 6,0, =4 mS cm ™~ and ¢' = 1, while in the case
of t" = 0.4 a SOC = 0.75 may be reached under the same current rate
and cutoff voltage only if 6;o, = 10 mS em™ %%

The other problematic point of the SGPE and filled SGPE is
their relatively low mechanical strength and thermal stability,
as well as their limited fire safety.

e Ceramic-based solid electrolytes:

Much of these materials are purely cationic conductors
having transference number ¢ close to one and are non-
flammable. Here, we extensively elaborate on this type of
materials and its sub-groups.

16,54

Hydride-based Mg?*-solid electrolytes (Mg(BH,),,
Mg;3(BH,)4(NH,),, etc.)>> >

Hydride-based compounds have hydrogen atoms in the poly-
anions (such as [BH,| ), which facilitates the polyanions
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rotation, thus assisting an effective Mg>" ion transport through
the paddle-wheel mechanism. This circumstance gives all the
grounds to suggest that this type of materials can have high
Oion- HOwever, so far, the studied materials have ambient
temperature conductivity i, just around 107> S cm™", which
is not enough for all-solid Mg>*-ion battery cell applications.

Oxide-based ceramics

The most part of the oxide-based materials exhibits ambient
temperature conductivity markedly below cjonie of liquid
Mg**-electrolyte at ambient temperatures, which is the most
problematic aspect of these materials. Up to now, the highest
reported Gionic Of this type of material is 0.7 mS em™" (for
Mgl,-Mg;(PO,), Mg”>*-solid electrolyte).®’

Chalcogenide-based ceramics

In essence, chalcogenide-based Mg>"-solid ceramic electrolytes
are in many respects similar to oxide-based Mg>*-conductive
ceramics, just having different anionic scaffold, namely S, Se or
Te instead of oxygen. Conductivity is the process of Mg>*-ion
jumping from one locally-equilibrium position into a similar
neighbouring position and the less energy is required for such
a jump (viz. activation energy E.,), the higher conductivity is.
In turn, E,, is inversely proportional to the volume per anion in
the case of isostructural scaffolds, so E,, is decreasing in the
order OO —» S~ — Se” — Te ;% it is therefore reasonable to
expect that chalcogenide ceramic-based Mg**-electrolytes can
have an outstandingly high conductivity.

As a matter of fact, chalcogenide ceramics are very promis-
ing Mg”*-solid state electrolytes; the materials have transfer-
ence number close to one, combining it with high conductivity
and advantageous mechanical properties, the materials are
safe and fire-resistant, and their manufacturing is relatively
simple.> Surprisingly, very few electrochemical studies have
been reported on chalcogenide -based Mg**-solid ceramic
electrolytes; among these, two MgS-P,S;-Mgl, glass-ceramic
systems with low ambient temperature ojon;c>> and MgSc,Se,
with a fair Mg”*-conductivity of ~0.1 mS cm '°®>7°
reported. The problematic aspect was a relatively high electro-
nic conductivity; the (Gjonic/Gelectronic) ratio for MgSc,Se, was
found to be ~2.5 x 10° The feature was attributed to the
inherent property of electronic energy spectra of MgSc,Se,
crystal structure (the material is a semiconductor with ~2.15 eV
bandgap), so was attempted to suppress the electronic conduc-
tivity of the ceramic by variation of selenium content (selenium
deficient and selenium rich MgSc,Se, ceramic), and by aliovalent
substitution of scandium with titanium and cerium. The attempts
were not successful, though, and it was found that Mg>-
conductivity changes in parallel with electronic conductivity in
the case of aliovalent substitutions, namely the decrease of the
electronic conductivity accompanies with the essential decrease of
ionic conductivity.”®

The high electronic conductivity clouds the prospects of
a practical implementation of chalcogenide ceramic-based
Mg™*-solid state electrolytes; this circumstance become a vigor-
ous driving force for in-depth study of the nature of the

were

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (left) Model of Se-rich grain boundaries and associated TEM
analysis and a model of a uniform distribution of Mg, Se, and Sc and
associated TEM analysis (right).

electronic conductivity in ternary spinel chalcogenide MgSc,Se,
by Kundu et al.® Mg-Sc-Se ceramics were prepared by high-
temperature sintering of the elemental (Mg, Sc, and Se) powder
mix, followed by thermal-treatment of the resultant ceramics.
It was reported that the morphology of the ceramic strongly
depends on the sintering and thermal-treatment modes and a
clear correlation between the morphology and electronic con-
ductivity of the ceramic was established.

Particularly, it was found that electron jumping between
nano-sized conductive inclusions, which are distributed inside
the electronically insulating matrix of MgSc,Se,, makes the
major contribution into the electronic transport in the Mg-
Sc-Se ceramic material (the Berthelot mechanism of conduc-
tivity). These electronically conductive areas comprise of a mix
of metallic-type electronic conductors Sc and ScSe, and the
presence and distribution of these inclusions depends on the
Mg-Sc-Se ceramic preparation and thermal-treatment modes
(see Fig. 3).

The authors of the study were able to eliminate the formation
of the above nano-conductive inclusions in the Mg-Sc-Se ceramic
matrix by manipulating preparation and thermal-treatment
modes of the material, reducing the electronic conductivity by
six orders of magnitude; the resulting MgSc,Se, ceramic demon-
strated low electronic conductivity of ~107*> S em™" without
COMPromising gionic of the solid electrolyte having (dionic/Gelectronic)
ratio ~10°.

Thus, this work reveals a synthetic method controlling
the preparation conditions, eliminating the formation of

View Article Online
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nano-conductive inclusions, and restricting electronic conduc-
tivity of the chalcogenide ceramic - based Mg>*-solid electro-
lytes, without compromising their high ;onic.

It should be noted, however, that despite notable progress
the development of the chalcogenide-based Mg>*-solid electro-
Iytes are at an early stage, and there is still much of work to be
conduct on these materials before they can practically be used
in rechargeable Mg-ion cells.

Table 1 provides a summary of the above discussion,
describing the state-of-the-art ionic and electronic conduc-
tivities of the different solid Mg>*-conducting electrolytes
(and related parameters), compared with state-of-the-art liquid
Mg>*-conducting electrolyte.

In summary, as mentioned above the Mg[B(hfip),], electro-
lyte allows the use of lighter current collector and the develop-
ment of high energy density cathode materials, which allow
reversible two-electron redox with synergetic cationic-anionic
contribution in RMB.

3. Anodes

Most RMB studies focus on high-energy cathodes and electro-
Iytes, but anode materials (namely, thin Mg-foil anodes) are
also an important factor in achieving high-energy densities.”>”®
A thin foil of pure magnesium metal is naturally the most desired
anode, as it may be used as a self-standing anode without the
need for an additional current collector.”””® The latter feature
leads to a significantly higher energy density by avoiding the
weight of an additional current collector, which is necessary
with Prussian blue analogues, polyanionic compounds, organic
compounds, spinel oxides, and insertion-type anode materials in
general.*>®" On the other hand, adverse interactions between a
reactive metal like Mg and the electrolyte solution components
can rapidly compromise the reversibility of the electrochemical
system by promoting the formation of passivating/blocking layers
that are not penetrable by the double-charged Mg ions.'"'*8%82
This limitation related to Mg electrochemistry is at odds with the
case of the Li electrochemistry, in which surface films on electro-
des (in most cases) behave as solid electrolyte interphases (SEISs),
and the singly charged Li ions can easily migrate through surface
films comprising ionic Li compounds.®* To avoid the formation of
charge-blocking passivation layers on magnesium, the electrolyte

Table 1 State-of-the-art ionic and electronic conductivities (and related parameters) of different Mg-ion conducting electrolytes

SoA electrolyte system Transfer Nu. RT ionic conductivity [mS cm '] Electronic conductivity [mS cm ] Ref.

Liquids >0.5 >11 NA 51 and 71
Solids

MOF >0.47 >1.0 N/A 57 and 59
Polymers

Polymer gel >0.73 >1.0 N/A 54 and 60
Polymer + filler >0.66 >4.8 N/A 54 and 61
Ceramics

Hydrides >0.95 >1.3 x 102 >3 x 107° 65, 72 and 73
Oxides >1 >0.7 Unspecified low values 16, 67 and 74
Chalcogenides N/A >0.1 >10"" 8

This journal is © The Royal Society of Chemistry 2023
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solution should be based on ether solvents (not reactive to Mg
metal) and may contain chloride ions as a desirable component;
chloride ions in ethereal solvents seem to interfere with the
passivation of Mg anodes and facilitate the transport of Mg ions
from heavily solvated states to the electrode surface (Mg deposi-
tion on the anode side and Mg intercalation on the cathode
side).>>*”#* For this reason, conventional RMB technology—
including the first part of this work—still utilizes the same
combination of Mg-metal anodes and chloride-containing ethe-
real electrolyte solutions as the first publication more than
20 years ago.'”?"%

Besides detrimental passivation phenomena, the mechanical
properties of Mg metal also cause a limitation to its use.'®*"
In order to ensure their high energy density, magnesium
batteries require the use of very thin Mg-metal foil anodes.
The preparation of a desirably thin Mg foil anode is very
difficult because pure Mg metal is not ductile enough; the
hexagonal close-packed (hcp) structure makes it challenging to
process Mg metal mechanically below 200 °C.”° Although the
industrial manufacturing of ultra-thin (<100 um) Mg foils is
possible, it is not economically scalable to the level required for
battery production.”"*>®” Thus, the use of pure-Mg metal
anodes in batteries should be avoided on the account of their
poor mechanical properties. To circumvent this problem, some
researchers investigated binary and ternary Mg alloys that have
better mechanical properties than pure Mg yet exhibit reason-
able electrochemical properties; alloys that have two or more
metal species may provide efficient magnesium hosting while
offering new properties that the pure Mg metal is unable to
provide, including high electronic conductivity, buffering of
volumetric changes, and even the advantage of compatibility
with different types of electrolyte solutions (i.e., lower reactivity
than Mg metal).”®%®

Theoretically, 3A-5A group metals aluminum (Al), gallium
(Ga), indium (In), tin (Sn), bismuth (Bi), lead (Pb) and metal-
loids silicon (Si), germanium (Ge), and antimony (Sb) can create
binary Mg alloys (Mg,M,) with high specific capacities at low
alloying potentials.®® However, depending on the electrolyte
used and the alloying/dealloying reaction of the candidate,
electrochemical activity may be low, which is indeed the case
for magnesium alloys with Ge, Si, and Sb. In the case of Mg
alloys containing Sn, Pb, or In, some of the problems identified
so far are the inevitable side reactions that lead to limited cycle
life, the extreme volumetric expansion, and slow kinetics
caused by the high Mg>" diffusion barrier, along with possible
difficulties in scalability®>®~** Alternatively, binary Mg alloys
Mg;Bi,, Mg,Si, and Mg,Gas; may be directly used as anode
materials without any host.®*%%% Bismuth alloys of magne-
sium metal have attracted some attention owing to their avail-
ability, and their reported theoretical volumetric capacity
(3783 mA h em™?), being comparable to that of the Mg-metal
anode (3833 mA h cm™3), and their high Mg-cation diffusivity,
which make them highly advantageous.®® However, their theo-
retical specific gravimetric capacity (385 mA h g™ ') is similar
to that of the commercial graphite anode (372 mA h g™') in
state-of-the-art Li-ion batteries; therefore, the voltage and low
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capacity of these RMB systems will render the energy density of
the cells too low to be attractive.®® Moreover, these alloys exhibit
extreme volumetric expansion (100-300%), or low electrochemical
drive of formation, making them unattractive as anodes in Mg
cells. Various strategies (such as nanoscaling, nano-/micro-
structuring, and film casting), and morphologies(crystalline
and amorphous) were employed in the last decade to solve
some of these issues, but the challenges remain.’® As for other
alloys, aluminum is the most common addition as a cheap
solution to improve the strength of magnesium, as well as to
lower the corrosion rate and improve the anode utilization
efficiency.®” Other metals, such as zinc (Zn) and gadolinium
(Gd), were also reported to improve the workability of pure
magnesium metal, although more research is needed for their
use in rechargeable magnesium batteries to be considered.*"**%®
Multi-element alloys (>2 metals) have been investigated in
the search for a promising anode candidate that offers a
balance between the electrochemical and mechanical proper-
ties, many different binary alloys having failed to behave
adequately as self-standing RMB anodes.®® It is widely thought
that adding inactive elements as well as electrochemically
active ones might be key to improving electrochemical reversi-
bility and mechanical stability simultaneously.*® In particular,
adjusting the alloy for lower volumetric changes can avoid
the cracking and pulverization effects also seen in Li-metal
alloys.*>®® Because magnesium is a widely used metal, a
plethora of studies and reports have been published on alloying
compounds and their mechanical properties and effects on
corrosion.®! However, a recent computational study focused on
cast alloys, which have good processibility and thus scalability,
reported that only a few of the studied elements were beneficial
for the electrochemical process of plating and stripping.'®®
Besides, Yang et al. collected several studies which reported
the influence of microstructure and composition of Mg alloys
on their mechanical properties, ductility, and strength. These
kinds of properties might profoundly affect the performance of
different alloy anode materials for RMB.®' Among a wide range
of combinations, ternary Mg-Al-Zn alloys are one of the most
studied types, owing to their known properties, production
methods, refinement, and widespread use in the automotive
and aerospace industries.'*>'°> The AZ31 alloy (96% Mg, 3% Al,
1% Zn) in the AZ series has attracted special interest because it
has a much better ductility than pure magnesium metal. The
presence of aluminum and zinc affects the bulk and surface
structure, reduces surface reactivity and corrosion.**°>%4 The
better ductility enables to prepare effectively very thin and
elastic Mg foil anodes (very important for achieving high energy
density). Additionally, AZ Mg alloy anodes were reported to
have high utilization efficiency and excellent discharge capa-
city, increasing the energy density of RMB.”® These benefits are
also due to the total low percentage of dopant (4%) allowing the
electrochemical and mechanical properties to be modified
while maximizing the amount of active magnesium in the alloy
to provide high specific capacities, unlike other AZ series alloys.
In other studies, AZ31 alloy itself was doped with small
amounts of other elements; however, the change in corrosion

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 SEM images of the surface of pristine (a) Mg alloy AZ31 thin film,
and (b) cross-section SEM image of ultrathin AZ31 foil.>

potential was less than 0.04 V.°” Recent studies shown the
electrochemical and surface chemistry behavior of AZ31 Mg
alloy thin foil anodes during Mg dissolution and deposition
process is comparable to that of pure Mg foil anodes.>' There-
fore, AZ31 Mg alloy is considered one of the most promising
self-standing magnesium-alloy anodes, demonstrating superior
electrochemical stability and mechanical processibility for the
large production of ultrathin layers, and it is expected to
accelerate the maturation of the next-generation high energy
density RMB technology.>* It is important to note that the
electrochemical behavior of thin foil electrodes made of AZ31
Mg alloy, is expected to be very similar to that of pure Mg foils
(thus ensuring an optimal energy density for the resulting Mg
batteries). The combination of performance and processability
makes AZ31 Mg alloy the anode material of choice for Mg
battery cells (Fig. 4).

4. Cathodes

The conventional state-of-the-art RMB, which was developed
two decades ago, uses a CP MogSg cathode prepared through
the high-temperature synthesis of CuMo;S, followed by the

This journal is © The Royal Society of Chemistry 2023
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electrochemical removal or chemical leaching of copper.'” The
CP contains three-dimensional channels facilitating Mg**
transport and a unique metallic electronic structure providing
easy accommodation of electrons.'®'°® The charge of the
magnesium cations is balanced by sulfur atoms in the struc-
ture, with a screening cloud that enables weak electrostatic
interactions and 2+ charge shielding, leading to a low migra-
tion barrier (570 meV) and fast diffusion (10™** ecm?® s %) at
room temperature in comparison with other materials.”>”®
However, its low average working voltage of 1.1 V (an upper
intercalation voltage range at 1.3-1.1 V into the CP “inner
ring”, and an intercalation plateau at around 1.05 V into its
“outer ring” accommodation sites) in combination with its low
theoretical (129 mA h g™") and practical capacity (approximately
70-80 mA h g ' vs. Mg/Mg™, ~112 mA h g ' vs. Li/Li*, measured
in a coin cell configuration) makes it a non-competitive
cathode."””'%"'* Consequently, in this study, a CP cathode is
only utilized to establish an electrochemical performance refer-
ence of the current conventional RMB technology; for a cell to
reach the desired high energy density, the CP cathode should be
replaced with a high working-voltage/capacity alternative.
Among all the cathode materials proposed, only a few
groups of candidates demonstrate adequate properties
(Fig. 5), and further study is needed to find a suitable cathode
for practical RMB."'*'"* So far, transition metal oxides and
sulfides (TMOs and TMSs), layered transition metal chalcogen-
ides (TMCs), layered and spinel oxides, Prussian blue analo-
gues (PBAs), vanadates, silicates, polyanionic phosphates,
and even organic compounds have been studied as potential
secondary magnesium battery cathodes,'!!>1%:16:24,25,43,112-118
TMOs (i.e., C0304, Mn,03, Mn;0,, etc.) constitute one of the
most studied groups in state-of-the-art Li-ion batteries on
account of the high capacities they can provide due to the
crystal lattices which contains tunnels and pathways for
intercalation.'*® In RMBs, according to early studies, TMOs
can generate relatively high capacity and working voltages,

2.0
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Fig. 5 Voltage (vs. Mg/Mg?*) and energy density (calculated based on the
cathode parameters only) of several cathode materials that may be
relevant to RMBs. 1!
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although reversibility is hampered by the interaction of the
double charge of magnesium with the crystal lattice.'>*"*!
Moreover, while conventional APC solutions—containing
chlorides—present compatibility problems with these materials,
new high-stability boron-based electrolytes might spark a new
research avenue for the use of TMOs in RMB.**"*

On the other hand, chalcogenides have better properties,
thanks to S*~ and Se*” having a larger ionic size than O®, thus
providing wider channels."* Additionally, the weak coulombic
interactions in the sulfur layers of their structure ease the ionic
mobility of doubly charged magnesium ions and the Mg>*
desolvation in electrode/electrolyte interfaces.”®”> For cathodes
such as TiS,, TiS;, or Ti,S,, the working voltages are in fact
lower than in CP cathodes, although the theoretical capacities
and energy densities they can provide are slightly higher.”®
Another molybdenum chalcogenide alternative to MogSg is
MoS,. It has a higher working voltage (1.9 V) than most
cathodes and has a theoretical capacity of 223 mA h g
However, its cyclability is inferior to that of CP.”’

Promising studies have explored selenides, such as WSe,,
which can provide high working voltages (1.5 V) and high
specific discharge capacities (203 mA h g~ ')."°® However, this
material loses ~20% of its initial capacity after a mere 50 cycles.
Therefore, despite their many advantages, the cyclability of
chalcogenides needs to be improved for them to be used in
practical RMBs.**'*?

PBAs, with a formula of A,M,[Mg(CN)e]-zH,O (A is an alkali
metal, M, and My are transition metals), are the subject of a
vast body of literature, in particular studying the intercalation
of different valency cations and of some small molecule solvents
in their open framework with 3D diffusion channels.*>*>'** The
reason for the successful insertion of a wide variety of cations into
PBAs lies in the coordination of triple-bonded cyanide groups
(CN7) with the metal ions and the opening of the structure caused
by the increase in the separation between transition metal ions
(Ni, Cu, Fe, etc.).**'** Nickel hexacyanoferrate (NiHCF) has been
shown to intercalate Mg>" ions successfully, although at low
capacities and in the presence of a cell with flooded electrolyte.
Moreover, the structural crystal water in PBAs and the capacity
contribution originating from the inserted electrolyte solvent
molecules prevent a full understanding of the working
mechanism of these cathodes.">"*®

Among the many different cathode materials used for
intercalation, polyanionic compounds are some of the most
studied.*®”® These compounds are mostly sought after because
of their stable 3D network structure, high voltage, and weak
electrostatic interaction with the mobile cation, a set of properties
that, in principle, make them good RMB cathode candidates.”®'%¢
In particular, olivine-type silicates (MgMSiO,, M = Fe, Mn, Co) can
intercalate magnesium at a high working voltage and capacity
(Mg .0sMn 675i0,: ~1.6 V vs. Mg/Mg>", ~210 mA h g~ ') and have
a structural ability to ease volumetric expansion.'®® NASICON-
structured phosphates (NASICON = Na super ionic conductor),
such as Mg, sTi,(PO4); and MgZr,(PO,)s, were also studied.'** The
first composition, Mgy sTi,(PO,)s, was only studied for its magne-
sium intercalation, and though it has Mg in its structure, it is
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probable that it cannot be used in a full magnesium battery
because of the initial oxidation state of titanium (Ti*")."** As for
MgZr,(PO,)s, it is only promising at high temperatures (~ 800 °C),
where its ionic conductivity is high (6.9 x 107> S cm™*) because of
the formation of a secondary phase that decreases the grain
boundary resistance."”>

Vanadium and vanadates provide an important advantage
due to their flexible oxidation states, keeping local electro-
neutrality and lowering the Mg®>* diffusion barriers.”®"*?
V,0s, VS,, and VS, are among many compositions that have
been studied for RMB.”®'>'*> One of the motivations for the
extensive study of V,05 polymorphs is their theoretical energy
density of 660 W h kg, which depends on the V**/V** redox
couple.'* Specifically, a-V,05 was reported to reversibly inter-
calate magnesium into its structure with a specific capacity of
280 mA h g~ '.*” A recent computational study was carried out
to clarify the intercalation mechanism of Mg”" in 0-V,05 under
equilibrium conditions; it concluded that the intercalation
through the formation of 3-Mg,V,05 (0 < x < 1) is hindered
kinetically, while a metastable insertion path of Mg in a-V,Os,
leads to an &-Mg,5V,0s5 phase, that is more consistent with
experimental data.'*®"*° Other studies have confirmed that the
phase transformation rearranges the a-axis layer stacking,
changing the cation coordination for intercalation sites.'*’
Moreover, the Mg>" migration is calculated to be faster and
energetically more favorable in the § phase, so methods for the
solid-state synthesis of 6-MgV,0s and its electrochemical
demagnesiation have been seen as a way to enhance the
sluggish kinetics and low performance of V,0;."**

As one of the most promising cathode materials, VS, has
attracted a lot of attention for its one-dimensional chain-like
crystal structure along the c-axis composed of V** and sulfur
dimers (S37) bound by weak van der Waals forces.”*>"*" The
weak forces of interaction within the material and the repeating
chain distance (5.83 A, (110) plane for monoclinic VS,), which is
much larger than the diameter of Mg** cations (1.44 A), allow
easy Mg-ion transportation through the open channels and
support good electrochemical performance.”>"'"3>'33 Addi-
tionally, the VS, structure was previously reported to present
a Peierl distortion (dimerizations) due to its one-dimensional
chain structure; in such structures, a perfect crystal is electro-
nically unstable and goes through a natural lattice periodicity
reordering to allow the electrons to sit at lower energy.'™ This
lattice distortion also introduces new bandgaps with a smaller
energy difference (~1.0 eV in case of VS,) that provides high
electronic conductivity."***** In terms of electrochemistry, VS,
has been shown to exhibit an initial capacity of 250 mA h g~ * at
C/12, while a VS,/rGO composite has shown an extraordinarily
high specific capacity of approximately 330 mA h g™" at a
100 mA g~ ' current density, with an initial specific capacity
of 408 mA h g '™ Besides, in another recent study,
VS, nanodendrites have demonstrated a specific capacity of
74 mA h g ' at a high current density of 500 mA g~ ' after
800 cycles.”” Overall, these results show promising rate cap-
ability and cyclability, and most importantly, a near 5-fold
improvement in practical energy density in VS, cells in

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Molecular structure of material VS4/rGO and SEM image with a
higher magnification.!*

comparison to CP cells. Indeed, the minimum acceptable
specific capacity and working voltage established by Gregory
et al. is 230 mA h g ' at 1.5 V, corresponding to a specific
capacity of ~315 mA h g~ " at 1.1 V, which is very similar to the
experimental results with VS,.>*1%>1*

As stated previously, VS, (Fig. 6) presents competent electro-
chemical performance, such as its high specific capacity and is
a model material for reversible two-electron redox reaction with
synergetic cationic-anionic contribution. Therefore, in this
study, VS, was chosen as the most promising cathode material
for competitive advanced RMB pouch cell prototypes to be used
in commercial storage applications in the near future.

5. Experimental section

High-purity Mg metal foil (99.9%, 100 um) was provided by
Gelon LIB group and Chevrel Phase (CP) Mo4Sg by the American
NEI Corp. (1 kg). Pouch cell cathodes were processed in a pilot
plant line using CP/carbon black (C45)/PVDF (90:5:5) at an
11.8 mgcp cm™ 2 loading (1.6 mA h cm™2) on both sides of a
nickel current collector (Gelon LIB group, 20 um), while coin
cell cathodes on nickel current collectors were produced in our
laboratory by the doctor blade technique at a 3.5 mgcp cm™>
loading.

Pouch cell prototypes consisted of five pure-magnesium
metal-foil anodes (44 x 61 mm) and four double-sided cath-
odes (43 x 60 mm) stacked with a double-layer polyolefin-based
separator in between, unless indicated otherwise.

The 2025-type coin cells consisted of one layer of a magne-
sium metal foil anode, a single-side coated cathode, and a layer
of Whatman glass fiber (GF/F) in between the electrodes. The
assembly of coin cells was done in a high-purity (99.999%)
Ar-filled glovebox (MBraun, Germany) under ideal conditions
(0O, < 1 ppm, H,O < 1 ppm), whereas pouch cells were
assembled in a dry room (dew point —50 °C) using standard
pouch cell packaging foil (Targray) and nickel tabs (Gelon LIB
group). The assembly technique of the scaled-up conventional
RMB pouch cells was the same used for conventional lithium-
ion batteries.

The pouch cells were sealed under vacuum conditions in
the above-mentioned glovebox. APC electrolyte solutions were
prepared following procedures described elsewhere.'”*®

This journal is © The Royal Society of Chemistry 2023
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The amounts of electrolyte solution used were 100 pL in each
coin cell and 3 mL in each pouch cell. Prior to each cycle life
test,10 activation cycles were applied.

The calculation spreadsheets for the energy density and
mass distribution values given in Table 2 of the article are in
the ESL¥

6. Design and properties

Materials research experiments for energy storage applications
are habitually performed in a coin cell setup, an economical
small-scale configuration that necessitates only small amounts
of active material and is adapted to the materials discovery,
characterization, and performance-testing stage. However, the
testing parameters and results thus obtained do not always
accurately reflect the working parameters of practical cells, and
the cells may show differences in the ratio of active materials
in the electrode formulation and in active material loading,
positive/negative electrode balancing, efficient components
selection, electrolyte amount, and other aspects of an industrial
battery design.

In this section, the differences between coin cells and pouch
cells are highlighted, and further impacts of the pouch cell
modifications with novel materials on energy density, mass
distribution, and battery design are estimated.

6.1. Conventional RMB based on a CP cathode/standard APC
electrolyte solution/pure Mg metal anode

6.1.1. Coin cells. Coin cells built with hard upper and
bottom shell cases prevent volumetric changes; spacers create
a reliable physical support against bending for the electrodes,
and a spring ensures a good contact of all the components with
each other, which provides an ideal environment for the
electrochemical characterization of the materials. Additionally,
other cell components are used that are particularly unrealistic
in terms of industrial applications. Glass fiber (GF) separators
are thick (250 pm) and highly porous and thus need signifi-
cantly more electrolyte solution than polyolefin (PO) separators
to be fully wetted—and the electrodes can be wetted only when
the separator is completely wet. Therefore, the use of GF leads
to an excessive amount of electrolyte, or “flooding”, which also
changes the kinetics within the coin cells as the abundance of
some species affects magnesium plating/stripping.'*® Further-
more, the properties of GF are very different from those of thin,
PO-based separators used in state-of-the-art batteries.”*®
Because of their relatively poor surface affinity and low porosity,
PO-based separators hold less electrolyte and allow a higher
proportion of the electrolyte to be used by the electrodes.
On the other hand, the wettability of GF, resulting from its
hydrophilic SiO, surface and air permeability (Gurley number
of 2.2-19 /100 mL in~?), also varies greatly in comparison
with that of PO-based separators (200-800 s/100 mL in~?)."*¢
Thus, the use of GF separators makes it difficult to assess the
industrial relevance of some active materials and electrolytes,
especially where the size of the shuttling species is large (Table 2).
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Table 2 Summary of cell components, properties, and energy densities in conventional RMB coin cells, modified pouch cells (first generation), and
higher generation RMBs in pouch cell configurations (green: experimental values, blue: estimated values)

Coin Cell Pouch Cell
Conventional 1:t Generation 2=d Generation 3rd Generation 4:1(-;Fe:’esl;a:mn
RMB Conventional Al CC + Borate Al CC+ VS, + AZ31
RMB Electrolyte Opt. Electrolyte
+Electrolyte
Pure Mg Foil Pure Mg Foil Pure Mg Foil Pure Mg Foil AZ31 Alloy
(100 um) (100 um) (100 um) (25 um) (25 um)
214-fold excess 33-fold excess 33-fold excess 7-fold excess 1.7-fold excess
Nickel Nickel Aluminium Aluminium Aluminium
(20 pm) (20 um) (12 pm) (12 pm) (12 pm)
CP CP CP VS, VS,
(3.5 mg/em?) (11.8 mg/cm?) (11.8 mg/cm?) (11.8 mg/cm?) (11.8 mg/cm?)
single side double side double side double side double side
Glass Fiber PO-based PO-based PO-based PO-based
(250 um, 1 layer) | (50 pum, 2 layers) (50 pum, 2 layers) (50 pm, 2 layers) (25 um, 1 layer)
APC APC Borate-based Borate-based Borate-based
AICl:;/PhMgClin | AICL/PhMgClin  Mg[B(hfip)s]; in Mg[B(hfip)s]; in Mg[B(hfip)s]; in
THF THF DME DME DME
(220 uL/mAh) (19 uL/mAh) (19 uL/mAh) (2.65 uL/mAh) (2.65 uL/mAh)
2 Wh/Kg, . 18 Wh/ kg 20 Wh/ kg i 118 Wh/ kg..» 157 Wh/ Kg..n
17.8% 18.2% % 1% ey 101% 3% o 1%
28.7%
49%
27.2%
15.1% “ “ 0
44.9% 27.3% 5.4% 29.4% 29 33.8% 44.9% 3.6%
O Separator @ Anode < Cathode @ Current Collector ¢ Electrolyte

This affects the battery in two ways, impacting both the electrolyte-
volume/capacity ratio and anode/cathode balancing, causing
disproportionality.'*® Coin cells use cathodes with a low load-
ing of active material (3.5 mgcp cm ™ %) coated on a single side of
the current collector. The electrolyte-volume/capacity ratio is
already affected by the excessive amount of electrolyte solution
made necessary by the GF separator, and the low loading
of active material and limited area coverage aggravate it.
In this work, the electrolyte-volume/capacity ratio for the coin
cells was 214 uL mA™" h™"' (see calculations in the ESIY),
more than 100 fold that used in industrial Li-ion batteries
(2-4 pL mA™" h™1)."¥713% Additionally, the structural parts of a
coin cell, such as the spacers and springs that hold the battery
active materials in place and in continuous contact, create a
so-called “dead volume”, which adds to that in the pores of a
GF separator.'*® Although dead volume also exists at the edges
of pouch cells, it can be resolved by increasing the number of
layers in the pouch cell to decrease the ratio between the dead
volume and the volume of active components.'*® In the coin-
cell configuration, anode/cathode balancing is also impaired by

1974 | Energy Environ. Sci.,, 2023, 16, 1964-1981

the excessive use of magnesium metal, the anode having a
typical thickness of 100 um. Consequently, the anode/cathode
capacity ratio is dramatically unbalanced, going up to 214-fold
without the benefit of increased performance, whereas in
industrial Li-ion batteries, the capacity of the anode is approxi-
mately 10% higher than that of the cathode to account for the
losses due to the formation of surface films during the first
charging process of the cell."**

The cathode current collector accounts for a large portion of
the final weight of the battery. It is well established in the
literature that aluminum current collectors are a standard for
high-voltage cathodes in Li-ion batteries because of their light-
ness (densityy = 2.7 g ecm ) and the already established
methods to produce thin foils (12 pum)."** The compatibility
between the electrolyte solution and the current collector is also
essential for the reversibility and good cycle life of rechargeable
batteries.*®

As mentioned earlier, aluminum cannot be utilized in con-
ventional RMBs because of corrosive chloride species in APC
electrolyte solutions; thus, nickel current collectors are used for

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Conventional RMB-chemistry coin cell: (a) galvanostatic cycling performance at C/5, and (b) voltage profile.

electrochemical stability reasons, although they are thicker and
intrinsically heavier (20 pm, densityy; = 8.9 g cm™?).%°

When all these components, their properties, and amounts
are factored in, they cumulatively generate very poorly opti-
mized coin cells with flooded electrolyte solutions, poor anode/
cathode balancing, and weight inefficiencies, leading to a poor
energy density (2 W h kg™ "); this is despite the fact that RMBs
assembled in coin cells show comparable specific capacities to
those reported in the literature (60 mA h gcp ') and can be
cycled more than 200 times with coulombic efficiencies above
96% (Fig. 7). The mass distributions of above-mentioned coin
cells are given in Table 2 (see Experimental details in the ESIT).
Accordingly, almost half of the battery mass (44.9%) comes
from the flooded APC electrolyte used to wet the thick GF
separator (18.2%). In parallel, the excessively thick magnesium-
metal anode represents 17.8% of the total mass of the battery
prototype in the coin cell configuration. The low loading of CP
active material on the cathodes only contributes 4% of the total
mass of the battery, and the thick nickel current collector
corresponds to 15.1% of the battery mass. Even when the
contributions of the binder and the carbon additive is included,
the electrochemically inactive nickel current collector compo-
nent makes up a disproportionate 79% percent of the total
cathode weight.

Clearly, all these issues must be addressed for practical RMB
pouch cells design to be achieved for the first time.

6.1.2. First RMB pouch cell prototypes. Building the first
conventional-chemistry pouch cell RMB prototypes primarily
involved the replacement of the laboratory-scale compo-
nents with others that are more industrially relevant to address
the inefficiencies of the typical Mg-ion coin cell design
(Table 2).

The GF separator in the coin cell configuration was replaced
with a double layer of a thin PO-based separator; this decreased
the associated mass percentage from 18.2% to 5.2%, thanks
to the great difference between the unit weights of the GF
(17 mg em™?) and PO separator (single layer, 3 mg cm™?). This
change also allows the amount of APC electrolyte used in the

This journal is © The Royal Society of Chemistry 2023

cells to be decreased dramatically, from 44.9% to 28.7% of the
total mass.

The format was changed from a single-sided coating with a
low loading of material (3.5 mgcp cm™>) to a double-sided
coating with a high loading of material (11.8 mgcp cm™?); this
translated into a change in electrolyte-volume/capacity ratio
from 214 uL mA~" h™" in the coin cell setup to 19 pL mA " h™*
in the pouch cell setup. Additionally, the increase in active
material loading and the doubling of surface coverage by the
active material had a direct impact on the current collector/
total-cathode mass ratio, which improved from 79% to 36%.
Another ratio pointing to an optimized configuration of the
components is the anode/cathode capacity ratio, which must be
balanced to get the best performance out of the used materials:
this ratio was improved from a 214-fold excess of anode active
material (Mg) to a 33-fold excess, even though the anode/
cathode layer ratio was changed from 1/1 in coin cells to 5/4
in pouch cells. Overall, the combined mass of the electrolyte
solution and the electrochemically inactive separator was
decreased, and the relative amount of cathode active material
was dramatically increased. As shown in Table 2, the optimiza-
tion of these three components in relation to each other has the
most drastic effect on the mass distribution.

The first pouch cell RMB prototypes were prepared by
implementing only these design changes and their electroche-
mical performance was characterized by galvanostatic cycling
at C/10. The cells demonstrate an energy density of 18 W h kg ™+
(a 9-fold improvement) and a 100% energy-density retention
even after 200 cycles (Table 2 and Fig. 8(a)). The coulombic
efficiencies of the cells were initially >97% and improved to
99% during cycling. The voltage profiles in Fig. 8(b) present
excellent reversibility and show kinetics that are characteristic
of a Mg®" intercalation reaction into the “inner ring” and
“outer ring” accommodation sites of the CP cathode struc-
ture.”'%® Although the charging curves show a small over-
potential (0.1 V) for the plating reaction and end with a slope
for Mg>" deintercalation, the results obtained with these pouch
cells are in very good agreement with the results presented

Energy Environ. Sci., 2023, 16, 1964-1981 | 1975


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ee04121a

Open Access Article. Published on 14 April 2023. Downloaded on 2/4/2026 9:56:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

30 120
{(a)
25 - geademantrd” 100
%] N
= 20 Cc/10 -80
% e ————— S ———————
>
=15 -60
=
g 4
> 10— -40
2
5 J
{=
w54 -20
0 T T T T T T T 0
0 50 100 150 200
Cycle Number
Fig. 8

cycles 1, 20, 40, 80, 120, 160, and 200.

above for the coin cells and are in line with the kinetics data
described in the literature."**'** Besides, no relevant changes
in the temperature of the cells were detected by external
thermocouples that were attached to them. This 9-fold improve-
ment in energy density can be considered a great achievement,
especially in the first pouch cell prototypes ever presented in
the literature; nonetheless, these cells are far from meeting
accepted industry standard, and the cells’ design need further
optimization to reach a cheap, environmentally friendly and
well-performing battery system that can penetrate the energy
storage markets.

6.2. Impact analysis of advanced materials on RMB
performance and the total mass distribution in the cells

Pure-magnesium metal-foil anodes, standard APC electrolyte
solutions, and CP cathodes on nickel-foil current collectors
were utilized to establish the conventional RMB technology
(which can be considered the most reasonable benchmark) as a
reference to evaluate the electrochemical performance and
mass distribution in the prototype cells. However, even after a
considerable optimization of the cell design, it is clear that the
battery components have their limitations, which restrict the cell
performance from reaching a level suitable for practical applications.
Therefore, a higher energy density in such cells requires the
replacement of the conventional RMB technology components
presented above and the adoption of advanced RMB chemistries.
After collecting solid data related to first generation RMB
prototypes in practical pouch cells configuration, loaded with
most appropriate reference materials, demonstrating stable
cycling performance we move to the second stage of this work
and related paper. Based on solid data that we have, related to
alternative components that can take the RMB technology
further and upgrade it considerably in terms of energy density,
we can estimate the performance of much more advanced
models of RMB, in similar pouch cells (same configuration as
described in Section 6.1). We show below how the possible use
of new and novel components improves the energy density of
RMB technology, thus making it more practically important.
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A solution comprising the Mg[B(hfip),], salt in DME, a thin
AZ31 magnesium alloy foil anode, and a VS, cathode were
chosen for the final step in order to design more advanced RMB
prototypes (in pouch cells similar to that described above). The
components chosen for the next step are expected to have a less
corrosive nature, higher stability, better self-standing proper-
ties, easier mechanical processibility, higher practical capacity,
and improved cyclability.

To evaluate the impact of these changes, the cell compo-
nents, mass distributions, and resulting performance were
discussed in detail: the step-by-step replacement of each com-
ponent was considered and the effect on the cell parameters
and performance were estimated. In order to ensure that the
methodology used in the simulation of the energy density of the
different versions of magnesium batteries made, it has been
decided to use this tool with a reference battery system based
on LFP/graphite (Table S6, ESIt). The energy density values
obtained for this base line system (135 W h kg™ ') agrees with
the values reported in the state of the art.'*>"'*¢

6.2.1. Estimated effect of the borate electrolyte and selec-
tion of alternative current collectors. The energy density and
manufacturability of the first conventional RMB pouch cells
should be improved by replacing the heavy nickel current
collector, thus decreasing the overall battery weight; the use
of a chloride-free electrolyte solution based on the Mg[B(hfip),], salt
in DME resolves the compatibility issue with the much lighter
aluminum current collector.’*” This new solution was also proven
to be fully compatible with the benchmark CP cathodes (despite
the absence of chloride moieties)."** Hence, it is theoretically
possible to build cells with a CP cathode on an aluminum current
collector, a new borate-based electrolyte solution, a double-layered
PO separator, and a pure or alloyed magnesium-foil anode.

In such a case, the estimations show a net 82% decrease in
the mass of current collector, on account of the large difference
between the densities of aluminum and nickel and the possi-
bility of producing thin aluminum foils. Although the replace-
ment of the electrolyte solution leads to an increase in mass
because the new borate-based electrolyte solution (3 mL in the

This journal is © The Royal Society of Chemistry 2023
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pouch cells) has a higher density (by 18%) than the APC
benchmark solution; the mass of the average pouch cell sees
an overall decrease of 7% from the combined changes of the
solution and the cathode current collector. As a result of the
estimated changes in mass, the calculated mass distribution of
the main components of the cell is ca. 29.4%, 25.3%, 5.6%,
36.7%, and 3% for the cathode, anode, separator, electrolyte
solution, and Al current collector, respectively, as presented in
Table 2.

Compared to the first-generation RMB pouch cells, the
current-collector/total-cathode mass ratio (36%) is 9.3% lower
in the second-generation pouch cells, indicating an improve-
ment in weight efficiency through a decrease in the mass of the
inactive components.

Overall, the above-described changes implemented in the
second-generation RMB pouch cells (using the same CP cath-
ode material) should lead to an energy density of 20 W h kg™ ", a
7% enhancement over that of the first-generation cells.

6.2.2. Estimated effect of the VS, cathode and optimized
amount of electrolyte solution. As mentioned earlier, a practical
capacity of 330 mA h ¢! at 100 mA g~ " was confirmed for VS,/
rGO, with an initial specific capacity >400 mAh g~ '."'" Even in
the case of a conservative assumption of a specific capacity of
300 mA h g™, incorporating a VS,/rGO cathode in the above-
described pouch cell, using the same mass and loading
(11.8 mgys; ecm™?), should increase its capacity and energy
density by more than 5 times compared to the second-
generation cell containing a CP cathode.

Other implications of increasing the cathode capacity are an
improvement of the anode/cathode capacity balancing and
solution-volume/capacity ratio. The previous 33-fold excess of
pure-magnesium metal-anode capacity decreases to 7-fold
when VS,/rGO is used, indicating a more efficient use of the
cell weight. In addition, the amount of electrolyte solution
(3 mL, 19 pL. mA™" h™' vs. CP capacity) was decreased to
1.935 mL, converging to the amount seen in industrial Li-ion
batteries (2.65 L mA~' h™" vs. VS, capacity). While the opti-
mization of the amount of electrolyte solution was estimated to
decrease the net cell weight by 13%, compounding it with an
improvement in capacity by the change of cathode resulted in a
calculated pouch cell energy density of 118 W h kg™ " (Table 2),
in what can be termed as the third-generation cell in the
framework of the systematic studies described herein.

6.2.3. Estimated effect of AZ31 magnesium alloy foil
anodes. As the final step, leading to our 4th generation RMB
pouch cell prototype, we evaluated replacing the pure Mg foil
(100 pm) anode with a thin AZ31 foil. This substitution was very
important, because the use of the much more ductile AZ31
anode material enables the preparation of 25 pm thin self-
standing foils (a 4-fold reduction in thickness compared to the
previous stages based on pure Mg foil anodes).

The substitution of the anode component should reduce the
Mg excess with respect to the cathode capacity to a more
realistic 69%. Further reduction of excess magnesium may be
achieved by decreasing the thickness of the alloy (only a 35%
anode capacity excess should be seen when using 20 um thick

This journal is © The Royal Society of Chemistry 2023
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Mg anodes). To further diminish the mass percentage of the
inactive components, the two layers of PO-based separator
(50 pm) between each stack may be reduced to one (25 pm).
In this sense, Table 2 contains the estimated energy density of
our 4th generation RMB pouch cell prototype, whose calcula-
tions are explained in detail in the ESL{ Consequently, the
calculations show the following estimated mass distribution for
the final, 4th generation RMB prototypes (in pouch cells):
ca. 44.9%, 10.1%, 4.3%, 36.1%, and 4.6% for the VS, cathode,
AZ31 alloy anode, PO-based separator, borate-based electrolyte
solution, and aluminum foil current collector, respectively
(Table 2).

The overall impact of the changes carried out between the
first conventional RMB pouch cells and the estimated advanced
chemistry in the 4th generation RMB pouch cells is emphasized
in Table 3. The total weight is lowered by 40%, mainly thanks to
the substitution of the current collector, the optimization of the
electrolyte, and the reduction in anode thickness. In addition,
the excess magnesium with respect to cathode capacity is
reduced significantly (95%) by changing the cathode active
material, the anode type and its thickness. The electrolyte—
solution-volume/capacity ratio is also decreased by 86% by
reducing the amount of electrolyte in the cells down to indus-
trial battery levels and by using an active material that has a
high specific capacity at the cathode side. The substitution of
the heavy nickel current collector with an aluminum current
collector reduced the current-collector/total-cathode mass ratio
by 74%. Hence, by implementing all these changes, the prac-
tical energy density of the 4th generation RMB pouch cells
(without taking into account the case) should reach values of
approximately 157 W h kg™, an 855% enhancement compared
to the first-generation pouch cell of this work.

Importantly, these calculations are based on the conserva-
tive capacity values reported for VS, cells."*" If coin cell capacity
values can be realized in pouch cells, as was the case for
assembled CP/APC/Mg pouch cell prototypes, the resulting
energy density of next-generation RMB could thus reach
impressively high values. Alternatively, if a cathode material
with a higher working voltage than VS, (ideally >2.0 V) can be
used, advanced RMB would easily become more commercially
relevant and even be able to compete with other post-lithium
battery technologies, such as Na-ion batteries, in the field
of stationary storage technologies. This is now made plausible
(vet calls for experimental validation) by the use of high

Table 3 Comparison of various parameters between a conventional RMB
pouch cell and a conservatively estimated advanced-chemistry 4th gen-
eration RMB pouch cell

Conventional Adv. RMB Impact

RMB (1st gen) (4th gen) (%)
Weight (g) 10 6 —40
Excess Mg vs. cathode capacity ~ 30-fold 1.7-fold -95
Electrolyte/capacity ratio 18 3 —86
(ML mA™'h™)
Current coll./total cathode mass 35% 9% —74
Energy density (W h kg™ ") 18 157 +855
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capacity/voltage TMO cathodes in the presence of the new
Mg borate-based electrolyte solutions, which avoids the use of
chloride moieties present in previously used solutions.

7. Conclusions

In summary, we have demonstrated a conventional-chemistry
pouch-cell RMB prototypes for the first time, using a Mg-metal
anode, a CP cathode, and an APC electrolyte solution. To
overcome the electrochemical limitations of these materials,
we proposed a step-by-step strategy to replace the components
with a laboratory-validated aluminum current collector, a
Mg[B(hfip),].,/DME electrolyte solution, a VS, cathode, and a
very thin AZ31 magnesium alloy anode to reach a competitive,
high-energy density, advanced RMB chemistry.

The RMB prototypes based on the conventional chemistry
was used as a reference to compare the total mass, mass
distribution ratio and electrochemical performance when esti-
mating the impact of systematic changes of components. The
battery design factors such as excess magnesium with respect
to the cathode capacity, the electrolyte-volume/capacity ratio,
the current-collector/total-cathode mass ratio and the mass
distribution and energy density of the modified pouch cells
were carefully monitored and optimized.

The conservative estimation of the pouch cell energy den-
sities revealed that by using the most advanced materials in the
current literature related to RMB, it should be possible to reach
a remarkable energy density approaching 160 W h kg™ *. More-
over, given the properties of the new chloride-free Mg borate-
based electrolyte solutions, this can be enhanced further by
utilizing high-voltage/capacity cathodes based on TMOs that
were found active with Mg ions (e.g., VO, and MoO, oxides).
Therefore, through this work, we aim to emphasize the con-
siderable but yet-to-be-realized potential of rechargeable mag-
nesium batteries. We encourage further efforts to develop high-
energy cathodes and thin Mg-alloy anodes and then to use
more industrially relevant approaches to achieve cost-effective,
sustainable, and environmentally friendly advanced chemis-
tries for RMBs in the near future. A final important note is
related to cycle life: achieving a prolonged cycle life is critically
important for RMB that are supposed to be used for load
leveling and large energy-storage applications. Although we
did not address this critical aspect herein, thanks to the use
of ethereal solutions, which are not reactive to Mg metal and
cathodes which red-ox potentials do not challenge the anodic
stability of the electrolyte solutions available today (<3 V vs.
Mg), this goal may be achieved and well demonstrated in
further studies of advanced RMB in the near future (extensive
work is in progress by several groups throughout the world).
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