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Abstract

Rechargeable magnesium batteries (RMBs) are a promising post-lithium battery technology
that benefits from the use of a Mg metal anode, which provides a high volumetric capacity
(3833 mAh cm?), low reduction potential and dendrite-free deposition. In parallel to the
development of novel electrolytes compatible with Mg, the future realisation of RMBs demands
cathode materials with high energy densities and suitable Mg intercalation kinetics. In this
mini-review, the focus will be laid on the high-voltage intercalation MgMn.O4 oxyspinel cathode
(and substituted derivatives). We aim at providing an updated understanding of the reaction
mechanisms occurring during (de)magnesiation of MgMn204, and the role of Mg/Mn anti-site
defects in its electrochemical behaviour. We then critically evaluate the performance of
MgMn2Q4 in organic and aqueous-based electrolytes, highlighting their merits and challenges,
and provide an overview of the most recent developments to improving battery performance.
Finally, we will highlight key areas that require further attention to provide an understanding of

their charge storage behaviour.

Introduction

Uncertainties regarding the future of lithium-ion batteries (LIBs) due to the projected increased
demand for lithium-based electrodes in the mobility and renewable energy sectors focus on
the sustainability and cost of lithium." Consequently, considerable efforts have been devoted
to exploring novel rechargeable batteries which may complement LIBs based on sustainable,
low-cost and abundant metals. Among these, rechargeable magnesium batteries (RMBs) are
particularly promising since they can theoretically achieve a volumetric capacity of 3883 mAh
cm~ (cf. 2044 mAh cm™ for Li) and a gravimetric capacity of 2205 mAh g (¢f. 3862 mAh g
for Li), with a low redox potential of Eug2+mg= —2.37 V vs. standard hydrogen electrode (SHE)
when using Mg metal anodes.? The absence of dendritic growth upon Mg plating/stripping in
adequate electrolyte solutions® provides RMBs with excellent safety features and prospects
for long cycling life. However, the use of Mg metal as an anode leads to the formation of an
insulating passivation surface layer on the metal when in contact with reducible species such
as water, oxygen, and various organic impurities.* Therefore, suitable electrolyte solutions that

allow a passivation-free Mg surface are required to enable Mg stripping/plating while showing



high ionic conductivity and high anodic stability. We refer the readers to references ¢ for

further details on electrolyte development.

From the positive electrode (cathode) materials perspective, an additional challenge occurs
when using divalent Mg?* ions as the charge carriers. The high charge/radius ratio of Mg?* ions
causes a strong electrostatic interaction with ions in the cathode host which directly influences
the electronic structure and limits the diffusion of the ions within the cathode lattice, resulting

in large voltage hysteresis.’

Oxyspinel-structured cathode materials for RMBs

In the search for materials that deliver higher voltages and capacities, a variety of cathode
materials including transition metal oxides, sulphides, organic compounds and metallic
particles have been explored for Mg intercalation.®-'° These can be classified into intercalation
and conversion compounds, being the former class, in turn, divided into materials with 3D (e.g.
Chevrel phases and spinel), 2D (e.g. TiS,, a-V20sand a-MoOs3) and 1D (olivine-type materials)
diffusion pathways and open framework (Prussian blue analogues) for Mg diffusion. A
summary table indicating selected performance metrics of the most relevant intercalation

cathode materials is shown in Table 1.1

Table 1. Summary of selected performance metrics of most relevant 3D, 2D, 1D and open

framework cathode materials for RMBs. Adapted from reference 10.

Intercalation | Structure type Material Diffusivity Potential Capacity
type (meV) V) (mAh g)
3D Chevrel phase MosSs 360 0.99, 1-1.3 120
Spinel Mn204 ~650-850 2.86,2.9 270
2D Layered sulfide TiSz2 1160 ~1 115
Layered oxide a-V20s 975-1120 2.21,2.35 150
1D Olivine FePO4 580-1025 ~2 12
Open Prussian blue Nickel - 2.9 80
framework analogues hexacyanoferrate

Cathode materials with 3D channels for Mg diffusion are in principle one of the most popular
materials’ choices since these shall facilitate Mg ion mobility. Among these, Chevrel phases
of the MosTs family (T = S, Se, or their combination) have demonstrated specific capacities ~
130 mAh g with an average discharge voltage of ca. 1.2 V vs. Mg#/Mg, which lead to low

theoretical energy densities (ca. 135 WhK g™'), which are considered low for some



applications. On the other hand, MgM.O4 oxyspinels materials, with frustrated tetrahedral
coordination of Mg, robust structure and switchable redox properties show promising
performance metrics, with theoretically higher capacities that can be delivered at a higher
voltage, thus with higher energy densities than the Chevrel phases.'>'* Okamoto et al. studied
the feasibility of MgB.QO4 spinels (B= Mn, Co, Fe and Cr) as RMB cathode materials.™ These
were tested in beaker cells using Mg(TFSA): in ionic liquid electrolyte at 150 °C. The authors
showed that Mg insertion to form a fully magnesiated compound of the Mg.B204- type was
possible when B= Co or Mn through the reduction reaction of B3 ions to B?* ions at 2.9 and
2.3 V vs. Mg?*/Mg, respectively. Mg insertion was reported to be possible due to the stability
of the MgO and BO rocksalt phases formed in the process. Mg extraction could be realized
from the Mn-based spinel compound through the Mn®*/Mn** redox couple at 3.4 V Mg?/Mg.
Further ab-initio calculations corroborated these results, showing that the thermodynamic
stabilities of the charged and discharged states in Mn2O4 were most promising compared to
other spinel materials where B= Ti, V, Cr, Mn, Fe, Co and Ni."® The authors suggested that
improved thermodynamic stabilities could lead to improved cycle life as well as better
synthesizability. This same report suggested the Mn-based spinel structure to be the best
candidate when balancing different properties such as specific energy, voltage, phase
stability, thermal stability and cation mobility. Given the ability of MgMn.O. to reversible insert
and extract Mg?* ions together with its low-cost, suitable average voltage and superior
theoretical specific capacity (540 mAh g)'>() the Mn-based spinel is accountable for most of

the published reports to date.

In this mini-review, we provide a critical overview of the recent progress and current challenges
related to the MgMn2O4 oxyspinel. Particular emphasis is placed on providing an updated
understanding of the reaction mechanism of Mg (de)insertion in the tetragonal and cubic
MgMn204 polymorphs and the formation of Mg/Mn anti-site defects and their relation to
electrochemical behaviour. We also examine the performance of MgMn.O4 when coupled with
organic and aqueous electrolytes and provide a review of different optimisation strategies to
advance toward high-performance RMB batteries. Last, we summarise some remaining
challenges key-areas that still require further investigation for the realization of these materials
in RMBs.

MgMn204 Polymorphs and Inversion Degree

Oxyspinels, with the general formula AB2O., crystallise in the cubic space group (Fd-3m),
where the divalent cations, A, occupy the tetrahedral sites (8a) and the trivalent cations, B,
occupy the octahedral sites (16d).'® In the case of MgMn.Q., the presence of Jahn-Teller

active Mn®" ions results in a lower tetragonal symmetry with space group (/41/amd)."” Unlike



other spinels, e.g. ZnMn204 and CdMn;04, MgMn2O4 shows a tendency for Mg/Mn anti-site
disorder, also known as inversion (i), which is triggered by the disproportionation of Mn*®* ions
(i.e. 2 Mnoc®* — Mne?* + Mnoot**) Whereby isovalent Mn?* ions can substitute for Mg?* ions.™®
In an inverted spinel, Mg?* ions are found in both 8a and 16d tetrahedral and octahedral sites,
Mn3* ions and Mn** are located in 16d octahedral sites and Mn?* ions are found in 8d
tetrahedral sites.’®?° High temperatures increase the inversion degree in the MgMn;O4
tetragonal phase leading to the formation of the cubic MgMn,O4 phase.?*?' Nevertheless, the
inversion reaction is reversible when cooling down to ambient temperature.?' First-principle
calculations and percolation theory showed that Mg/Mn anti-site disorder has a strong
interdependence on Mg mobility across different migration trajectories in the MgMn2O4
tetragonal polymorph, which percolates Mg up to i= 55% (Figure 1a).?>() The same authors
reported that low inversion degrees (i< 0.4) can significantly reduce the extractable capacity
in MgMn204, with an estimated 15% decrease in capacity with every 10% increase in
inversion. On the other hand, Kwon et al. demonstrated experimentally that reducing Mg/Mn
the inversion degree in pristine MgCrMnO4from i= 0.16 to 0.1 by re-annealing the powders at
350 °C, led to a remarkable decrease in the electrode polarisation and increased the capacity

at the potential of ~0.4 V (vs. carbon) when the electrode was cycled at 95 °C.2>()

The cubic phase has been reported to exist as a single-phase at extreme synthesis conditions
(e.g. at high-temperatures (> 950 °C),2%?* high-pressure (> 15.6 GPa),?®> when synthesised
using pulsed laser deposition (PLD))?® and more recently, via an alcohol reduction process
(Figure 1b).?"() Feng et al. suggested a lower Mg?* diffusion barrier in the cubic phase with
respect to the tetragonal phase due to a high level of site mixing and percolation pathways in
epitaxially stabilised thin films, showing charge capacity values of ca. 250 mAh g-'.26 However,
when the cubic spinel powders are electrochemically tested (i.e. 5 nm nanoparticles) only very
modest capacity values of ca. 60 mAh g! were achieved, being its performance only improved
when used in graphene composites, exhibiting a specific capacity of 230 mAh g'.?” Therefore,
other factors including preferred orientation must be accounted for the higher Mg?* diffusivity

in the cubic polymorph.

A third MgMn2O. polymorph that crystallises in the orthorhombic Pmab space group (similar
to that of Mn304)?® was reported by Malavasi et al. upon subjecting the tetragonal phase to
pressures around 14.4 GPa.?® Two inverted tetragonal phases with i= 0.2 and 0.4 were used
for the study, showing that the transition pressure was reduced by 1GPa in the more inverted
sample. Later, first-principles evaluations have confirmed the Pmab phase to be the most
stable at high pressure and estimated the tetragonal to orthorhombic transition to occur at

~11.1 GPa*® although they predicted very high migration barriers for this post-spinel. To date,



however, there is no experimental evidence of the electrochemical performance of this post-

spinel as an RMBs cathode material to corroborate this.

i ®i=0 +i=05 i=1 1
»;! = =025 /=075 | I T I”»;
Q. - T i 34 -=i=0 2
=" 180 ¥ > — =025 L
§ 1601 : M © 33 —i=05 ‘F—; >
@ 140 *. i=0.75 -]
E 129 n l ! H g” —— [=1 gso'
B 1 | = I o
5 m) H . L] ¥ [ = 4ot
-] - 4 O e e — - — ﬁ
@ 60 . '] g B
5 o . goor L —— L o 20f
T 200 - < 23 b1
| .l w : ,
e 055 05 075 1 2% 0.5 05 0.75 R 02z 04 06 _ 08 1
x in Mg, Mn,O, xin Mg Mn,O, Degree of inversion (i)
l II I”ZOO 120
1.0F T T T + 1.0F T T T £ T T T T T
. H35 &g+ Has4 "o — ®
< : < s g 1007,
205 30 2 2 05F 30 = ‘15(’#_\_—-——'50 H
E g ¢ - 2nd g %- g
> 00 _2‘5320.0— {25 > §00F q0%
g T3 Sl 5 o 40 8
§ 05 J20 £ § 051 ; 420 E £ 50[ e Discharge \ s
& 5 3 & [190mAg 3 8§ | eChage 190mag” 720 2
A0 0 4 1~ lyg & 100 L [T Lyg & @ g 1 L L L )
0 100 200 300 0 50 100 150 200 0 20 40 60 80 1
o Specific capacity / mAh g_| Specific capacity / mAh g~ . Cycle number
v Vv Vi
Ela T T T T 10 = - 300 T
5 B o 10 W ] :
3 g - 1st = 200 ;
210f An,C > - 2nd %
8 M0 ? Rt e 5 0or 5th g 150
o H H
Sosl / - Before discharge | s L - 10th 8100f i |
ha | - Anerdscharge 38 05 7 2 @ Discharge :
E i ~ After re-charge G 50 @ Charge g : -
2 LA 2 g f i :
Z090 2 . - 100 L 1 1 J @ PSS P I M
6530 6540 6550 6560 6570 6580 0 50 100 150 200 0 5 10 15
Energy / eV . . -
"oy Specific capacity / mAh g ! Cycle number

Figure 1 a.(i) Ground state hull (or 0 K phase diagram) of the MgxMn>O4 system, with the zero
of the formation energy referenced to the noninverted (i = 0) magnesiated (MgMn204) and
empty (Mn204) spinel configurations. (ii) Average voltage curves under i in MgxMnzOg,
obtained using the lowest formation energy structures at each i across Mg concentrations. (iii)
Percentage of the theoretical capacity that can be reversibly extracted is plotted as a function
of inversion in stoichiometric MgMn204.22() (Reproduced from ref. 22 with permission from
American Chemical Society, Copyright 2017) b. (i) Voltage curves of MgMn,O4 (MMO) and
composite of MgMn,04 with graphene (MMO-G) cathodes, (ii) Mn K-edge XANES spectra of
MMO-G cathodes. (iii) Voltage curves of MMO-G cathode at 190 mA g using a 3-electrode
cell or (iv) a coin-type cell. (v) Cyclability and (vi) rate-capability tests of MMO-G cathode
using a coin- type cell.?”() (Reproduced from ref. 27 with permission from The Royal Society
of Chemistry, Copyright 2019)

MgMn;04 charge compensation mechanism

Tetragonal MgMnO4 can exhibit a theoretical capacity of 540 mAh g™ when using both
Mn3*/Mn* and Mn®/Mn?* redox couples. The Mg insertion/extraction reactions occurring in

MgMn2O4 can be described as follows:

MgMn20s 2 Mg1xMn204 + x (Mg?* + 2e7) (Eq. 1)



MgMn,0; + x (Mg?* + 2e7) @ x MgzMn204 + (1-x) MgMn,O4 (Eq. 2)

The extraction of Mg?* ions from MgMn.O, has a lower energy barrier compared to their
insertion.3") However, the lack of suitable high-voltage electrolytes with high anodic stability
leads to parasitic electrolyte reactions that compete against Mg extraction processes.
Likewise, the absence of consensus in the literature with regards to the use of a standard
electrolytic solution and testing temperatures explain the diverse values reported in the
literature for Mg extracted from the spinel host in the charging process, which go up to x= ~
0.4 Mg per formula unit.® Mg extraction in MgMn2O4 occurs at ca. 3.5 V vs Mg?*/Mg through
a solid-solution reaction followed by a biphasic reaction of the tetragonal spinel and a Mg-
defect cubic spinel. On the other hand, Truong et al. studied the charge mechanism described
in Eq. 1 on the cubic MgMn204 polymorph using spherical aberration-corrected scanning
transmission electron microscopy (STEM).3 They observed a structural transition from cubic
to tetragonal spinel which they attributed to charge ordering of Mn®* and Mn** due to a
cooperative Jahn-Teller effect (Figure 2a).">() They also suggested the activation of the
Mn**/Mn®* redox couple during deintercalation although they acknowledged that further work

was required to substantiate this conjecture.

Conversely, Mg insertion into the octahedral 16¢ vacant sites in the MgMn»O4 phase (Eq. 2),
occurs at a potential of ca. 2.3 V vs. Mg?*/Mg via an insertion and push-out process, leading
to the formation of a Mg2Mn,0O4 rocksalt structure'3+(") as observed in LiMn04.%% However,
Mg2Mn204 formation was only explained with electrochemical data and qualitative changes in
the X-ray diffraction and X-ray absorption near-edge spectroscopy data and thus, the level of
magnesiation in MgMn.O4 (as well as the limit of reversibility in this reaction) remains
unclear.’ Using STEM it was observed that the rocksalt phase grows on the surface of the
MgMn204 spinel (Fd-3m space group), while the bulk of the particles retain the spinel structure
even after 50 cycles (Figure 2b).3® The rocksalt phase is responsible for an increase in the
charge-transfer resistance with respect to the pristine electrode caused by a lattice mismatch
between the MgO and MnO discharge phases which results in a large overpotential upon
cycling and capacity fading.®® This explains the improvement in cycling stability observed by
Medina et al. when using concentration cells with MgMn;04 (/41/amd) and Mgo3Mn204
electrodes to suppress the formation of the fully discharged reaction products.*® Subsequently,
later works have focussed on improving the reversibility of the inverse rocksalt-spinel reaction.
For example, by replacing Mg ions with Zn ions which have a tendency to occupy the

tetrahedral sites.3*(")

More recently, Tuerxun et al. showed that the Mg?* insertion mechanism proceeds through

three different stages (two solid-solution processes followed by a spinel-rocksalt coexistence



process) (Figure 2c), and not through a simple two-phase reaction mechanism between the
spinel phase and rocksalt phases using a combination of techniques including electrochemical
measurements and ex-situ synchrotron X-ray absorption spectroscopy (XAS) and diffraction
(XRD).3” However, the studies were performed on a pristine material with formula Mg+.04Mn2O4
which consisted of a mixture of spinel cathode phase (86%) with /41/amd space group and
14% rocksalt phase with Fm-3m space group. It is then still to be determined whether this

intercalation behaviour will be similar with a single-phase material.

To date, more rigorous studies are required to gain further understanding of the Mg?* charge
compensation mechanism occurring in the MgMn,O4 spinel. To start, reports should provide
readers with structural data of the pristine material that includes Mg concentration, Mn
oxidation state, inversion degree and spinel:rocksalt ratio. Furthermore, research studies must
include electrochemical data obtained from a three-electrode cell to decouple cathode and Mg
metal processes, and compelling cathode characterisation data to discriminate (quantitatively)
between parasitic electrolytic and intercalation reactions. These characterisation techniques
must be able to determine changes in the chemical composition, redox chemistry and
structure.®® When possible, operando studies should also be prioritised to better capture real-
time battery processes although we acknowledge that these experiments will demand further
experiment design, e.g. cell reconstruction to incorporate three electrodes, cell heating

elements. This can perhaps explain the current lack of operando studies in the literature.
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Figure 2 a. STEM characterization of demagnesiated Mg+ xMn204. (i) HAADF image of Mg.-
xMn204 particle viewed along [010] direction. (ii) ABF image of Mg1.xMn2O4 particle viewed
along [010] direction. The superimposed atomic arrays on the inset indicate the locations of
atom columns. Scale bar, 10 A. (iii) Intensity line profiles showing the image intensity as a
function of position in the HAADF images taken along the highlighted lines in panel a. (iv, v)
Simulated ADF micrographic of tetragonal phase MgMn,O4 and demagnesiated phase Mg-
«MnQy4, respectively viewed at [010] zone axis with ordered Mg vacancies arrangements. ()
(Reproduced from ref. 15 with permission from Elsevier, Copyright 2020) b. STEM
characterization of MgMn2O, surface. (i) HAADF image of MgMn.O. particle viewed along
shows the spinel phase in the bulk (blue), while a new phase (red diamond) is found at the
surface. (iv) Schematic illustrations for the rocksalt MgMn2O, structure viewed along [110]
axis. Mg/Mn occupy octahedral sites at the centre of the diamond. Scale bar, 1 nm.*
(Reproduced from ref. 33 with permission from American Chemical Society, Copyright 2017)
c. Schematic illustration of the volume changes and phase transition model for the transition
from spinel phase to rock-salt phase upon magnesium ion insertion.®” Reproduced from ref.

37 with permission from American Chemical Society, Copyright 2021)



Effect of electrolyte

Given the extensive choice of liquid electrolyte solutions used when testing the performance
of the MgMn.O, spinel, which include aqueous,***° non-aqueous,***° and ionic liquid'*%2
electrolyte media, establishing an accurate comparison in the electrochemical response of
MgMn.Q, is extremely challenging, especially when these are tested at different temperatures
(= 40°C) to enhance Mg ion mobility. Indeed, calculated migration barriers have been reported
to be as high as 400-800 meV."31422

Electrochemical tests undertaken in aqueous media are performed typically with beaker-type
cells with a considerable electrolyte excess***?, while those carried out in non-aqueous
electrolytes and ionic liquids are typically conducted in three-electrode Swagelok* or coin-cell
type cells®. Differences in electrochemical behaviour concerning cell design are being
outlined in reference?”:(), showing that the capacity retention in cubic MgMn,O4increased from
= 50% to = 95% from the 2" to the 10™ cycle by replacing an electrochemical beaker-type cell
with a coin-cell. Comparative studies amid aqueous and non-aqueous electrolytes have
shown that the presence of water improves capacity retention. For instance, Yin et al. showed
how the capacity retention could be improved from 30% to 74% by adding 3M H20 in
acetonitrile to 0.5 M Mg(TFSI). in acetonitrile /0.5 M dipropylene glycol dimethyl ether.®® The
improvement in specific capacity may be understood by the shielding effect of water molecules
with Mg?* ions, facilitating their mobility and hence, its reversible intercalation. It is suggested
that water can reduce the Mg?* ion de-solvation energy, facilitating the subtraction of Mg?* ions
from the MgMn,O4 structure in the charge process.** However, other reports suggest that
water facilitates the dissociation of Mg?* ions from the anionic counterpart of the electrolyte
salt (e.g. TFSI- anions in Mg(TFSI).), resulting in more “free” Mg?* ions available in the

electrolyte solution.**

Another possible explanation for the higher capacity in aqueous electrolytes is proton cycling
however, further investigations are required to clarify the observed variabilities in the specific
capacity as well as the role of solvent co-intercalation on improving Mg?* ion kinetics and its
compatibility with the Mg metal anode. Indeed, while water-containing organic and aqueous
electrolytes seem to be an ideal choice compared to non-aqueous systems in terms of cathode
performance, these preclude from the use of Mg metal due to the formation of a non-
conducting and passivating film on its surface consisting mainly of Mg(OH). and MgO.*
Moreover, insulating surface layers are equally formed upon contact between commercial
salts and Mg metal, and thus, custom-made salts are generally required, where weakly
coordinating anions are desired (e.g. Mg(PFs)2(CH3CN)g).*® Their synthesis is nonetheless
complicated, hindering their commercial application. A reversible cell containing Mg metal

would be possible if the anode can be protected effectively from SEI formation while allowing



stable Mg deposition and dissolution, for example, with the growth of an ion-conducting
artificial SEI layer*. Alternatively, Mg metal can be substituted by other anode materials, such
as V20s5,% carbon,®** and Pt mesh* which should be compatible with the aqueous
electrolytes. To the best of our knowledge, the best capacity results for the first discharge (in
a non-aqueous electrolyte) were reported by Truong et al., showing a capacity of 170 mAh g
' (at a current density of 3.8 mA g') using active carbon as the anode in a coin cell. The
capacity was obtained through the reversible oxidation of Mn(lll) to Mn(lV) at ~ 3.0 V vs.
Mg?*/Mg. For the aqueous electrolyte counterpart, one of the most promising results was
achieved by Liu et al who show a reversible discharge capacity of 80 mA h g™' at a high current
rate (1000 mA g™) around 0.1 V vs. SHE (~ 2.3 V vs. Mg?*/Mg) in a beaker-type cell.*!

In conclusion, moving forward, it is more than evident the urgency to establish standard
measuring and experimental protocols among the research community. These should
consider at least, reaction temperature and type of cell, electrode reference and electrolyte
(and its water content). Ideally, to facilitate comparisons among groups, reaction temperature
needs to be kept as close as possible to room temperature operation to minimise side
reactions within the cathode (e.g. metal migration) and electrolyte material (e.g. salt
decomposition, solvent evaporation) and at their interface. Furthermore, electrochemical tests
need to be undertaken with three-electrode cells that can exert good contact between working
and counter electrode, a stable reference such as glassy carbon, and where possible, with
widely accessible off-the-shelf electrolyte salts and solvents to allow for good data
comparison. Water in electrolytes is to be kept minimal to discard proton contribution to the
Mg2+ intercalation processes occurring in these materials, raising the need to establish
electrolyte drying protocols. Yet, a consensus about the aforementioned conditions across
different research groups remains unachieved most likely due to the lack of systematic studies
available to inform on best practices to the research community. We expect however that as
the field advances and the amount of literature in this area increases this problem will be

solved.

Effect of crystallite engineering and surface modification

Particle size and morphology have been shown to play a key role in the electrochemical
properties of MgMn»O4. Canepa et al. demonstrated the strong interdependence between
particle size and migration barriers for multivalent ions using computational methods.*®
Reducing Mg?* ion migration barriers through crystallite size and morphology modification
enhances the storage of Mg?* ions in MgMn.Os by decreasing the voltage hysteresis.
Furthermore, large surface areas increase the overall capacity of the cathode, by increasing
the pseudocapacitive contribution to the specific capacity. For example, Doi et al. compared

the electrochemical behaviour of dense MgMn:Os nanoparticle aggregates with that of



nanoplates with a width of ~100 nm and a thickness of ~14 nm (Figure 3a).3"(") Nanoplates
showed a reduced overpotential compared to nanoparticles, allowing for higher
demagnesiated states (i.e. higher capacity values) before reaching the potential at which
electrolyte degradation occurred (Figure 3b). Furthermore, Yin et al. reported a 3-fold
increase in specific capacity using a non-aqueous electrolyte when decreasing the crystallite
size from 31 to 11 nm in MgMn2Os nanoparticles synthesized by the Pechini method.*
Nevertheless, a higher surface-to-bulk ratio may result in lower capacity retention values since
structural changes such as the spinel-to-rock-salt phase transition occurring at high levels of
demagnesiation in the material tend to occur at the oxygen-deficient particle surface.® This
may explain the lower capacity retention after 40 cycles observed in the 11 nm nanoparticles
(28%) compared to that of the 31 nm nanoparticles (58%).%° Similarly, surface modification
strategies including carbon composite fabrication*! and coatings, e.g. V20s5,2"*° have shown
to improve the interfacial properties of MgMn.O4 by promoting Mg?* diffusion and charge-

transfer reactions and suppressing undesirable reactions with the electrolyte.

It is expected that in the coming years there will be a growing number of works that consider
nanosized and/or surface-modified spinel cathodes to enhance Mg ion mobility and unlock
the storage capability in spinel materials. From a fundamental understanding point of view,
these strategies will be helpful to truly determine the maximal degree of Mgz ion
extraction/insertion in MgMn;O4. Nano sizing, however, will undoubtedly compromise the
cycle-life and Coulombic efficiency of these materials due to an increase of surface reactions
(spinel-rocksalt transition) and at the cathode-electrolyte interface. Therefore, this approach
will most likely reinforce the need for electrolytes compatible with high-voltage cathodes,
triggering further Mg-based electrolyte research. In the meantime, it is best to consider
nanosizing strategies in conjunction with the use of surface coatings to reduce secondary
reactions with the electrolyte given the larger surface area of the nanomaterial. In turn, this
area of research should benefit from previous know-how in coating technologies and materials

used in most well-known technologies such as Li-ion batteries.
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Figure 3 a. TEM images (side view (i) and plan view (ii)), SAED pattern (iii), and schematic
illustration (iv) of MgMn.O4 nanoplates coated with vanadate by the conventional drying
process in air. The SAED pattern (iii) was obtained from the area denoted by a red circle in
(ii). b. Discharge/charge curves at 100 °C of MgMn204 nanoparticles without (i) and with
vanadate (ii) and MgMn2O4 nanoplates without (iii) and with vanadate (iv) at 1/10 C. The
thinner vanadate layer was produced by the freeze-drying process. Cyclability curves at 100
°C of MgMn2O4 nanoplates with and without vanadate and nanoparticles with and without
vanadate at 1/10 C (v)*'. (Reproduced from ref. 31 with permission from American Chemical
Society, Copyright 2020)



Effect of TM substitution and vacancies

3d transition metal substitution and (co)substitution strategies using Ti,*° Cr,?3() Fe,51%2 Co,%?
and Ni®* to replace Mn*®" ions in MgMn,O4 have been explored to enhance the electrochemical

performance of MgMn0O..

To date, very promising results have been reported by Kwon et al. on the MgCrMnO4 spinel
in a non-aqueous electrolyte showing reversible bulk Mg?* (de)intercalation at moderately high
potentials, achieving an energy density upon the first discharge which corresponds to 180 Wh
Kg™ (at 60 °C) (Figure 4a).>() MgCrMnO, combines the advantages of high Mg?* mobility in
the MgCr,04 spinel parent material due to the presence of Mg?*- Cr®* bonds®%, and thus,
reduced extraction/insertion overpotential, and a suitable high redox potential arising from the
Mg?*-Mn3* bonds. Furthermore, reports on Mg(Mn1.xFex).04 spinels have shown Fe ions to be
catalytically less active than Mn ions in the oxidative decomposition of the 0.3 M
[Mg(tetraglyme)][TFSA]. in bis(tri-fluoromethylsulfonyl)amide electrolytic solution and
aqueous electrolytes, showing enhanced cycling stability in spinel compositions with high
Fe:Mn ratios (Figure 4b).5%2 More recently, Medina et al. have reported on the benefits of
creating Mn and Mg defective spinels (MgxMn..,O4.;) to decrease the percolation energy of
Mg?* ions in the spinel framework structure, using a bond valence energy approach.¢(") These
results backed up their experimental data showing small charge-discharge polarisation in a

Mgo.3Mn2.,04 sample (compared to stoichiometric MgMn2O.) (Figure 4c).

Materials design development by substitution of Jahn-Teller active Mn3* ions with other
elements is a priori beneficial to avoid strain effects at the phase boundary between the spinel
and rocksalt phases upon Mg extraction. However, several considerations need to be made
in advance to truly understand the benefits of this strategy. For example, attention must be
paid to the chemical stability of the rocksalt phases formed as some of these have been
reported to disproportionate in ambient conditions.'* Furthermore, certain elemental
substitutions using high-voltage redox couples may increase the average reaction potential of
the spinel cathode and thus, its energy density. One must carefully consider this point since
the substituent redox chemistry might occur above the stability voltage windows of the
electrolyte and thus, it can significantly reduce the Mg storage capability of the spinel material.
For example, in the Cr-Mn and Fe-Mn works cited above, Mn ions were reported to be the
only redox-active species responsible for the observed charge/discharge capacities. This
illustrates, once again, the cathode-electrolyte interdependency and thus, efforts must come
from both research disciplines to make significant research progress. From a fundamental
point of view, this area is still in its infancy, most likely due to still unresolved questions with
the more simplistic MgMn204 system. Thus, it is unquestionable that in the future there will be

more works devoted to the understanding of the structural role of the dopants in the spinel



material, e.g. will different dopants adopt distinctive preferential crystal sites?, and more in-
depth studies related to their effects on the electrochemical performance, e.g. do these
segregate to the surface during cycling; to which extent they help reducing inversion (if they
do)?
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Figure 4 i. Representative potential versus capacity profiles of post-MgCrMnO, (solid line)
and MgCrMnOQs4 (dash line) at (c) variable temperatures and (d) the different number of cycles
at 60 °C when paired with a carbon counter electrode.?*() (Reproduced from ref. 23 with
permission from American Chemical Society, Copyright 2020) ii. Cyclic voltammograms of

Mg(Mn1-xFex)204 synthesized at 500 °C for 24 h: (a) x=0, (b) 0.2, (c) 0.4, (d) 0.6, (e) 0.8, (f) 1
in 0.3 M [Mg(G4)][TFSA]./P13TFSA measured at 100 °C. CE: Mg ribbon, RE: Ag wire in G3



containing 0.01 M AgNO3z and 0.10 M Mg(TFSA).. Scan rate was 25 uVs™.%" (Reproduced
from ref. 51 with permission from Elsevier, Copyright 2019) iii. Voltage curves for MgMn2Oj4 in
the Mg cell before (a) and after acid-treatment (b). Electrolyte: Mg(TFSI); in DME. Current
density: 5 mA g~'.%5,(") (Reproduced from ref. 36 with permission from The Royal Society of
Chemistry, Copyright 2021)

Concluding Remarks

Despite the enormous potential of oxyspinels as high-voltage cathode materials for RMBs,
there are remaining challenges at a fundamental level of understanding on the baseline
MgMn204 material which are an obstacle to realizing their full potential in RMBs. To date,
fundamental knowledge in this area is mainly based on computational studies which require
further experimental validation. In turn, experimental validation demands standardized
protocols across different studies. For instance, reports must include the inversion degree in
MgMn2O4 and a quantitative elemental determination to ascertain the degree of Jahn-Teller
distortion and redox available species. This will allow a better insight into the structure-property
relationship in these materials when tested in RMBs. Moreover, the electrochemical testing of
MgMn.O4 comes with its challenges, including high Mg migration barriers and incompatibility
with Mg and some electrolytic solutions, driving researchers into system modifications which
include but are not limited to increasing testing temperatures, Mg surface protection, use of
more stable anodes and electrolyte additives. Altogether, these approaches preclude from
drawing accurate comparisons between published systems. Last, some open questions which
still require further understanding are the extent of Mg intercalation within the structure, and
the role of Mn/Mg antisite defects and H* (either attained from solvent decomposition or water
impurities in the electrolyte) in the intercalation process. This research will necessitate the use
of combined advanced techniques preferably under operando or in-situ conditions at varied
length scales to fully interrogate these battery systems. We believe that full realization of this
knowledge, together with advances in high-voltage electrolyte research, must be achieved to
advance into more innovative sister compounds with enhanced Mg-ion mobility such as the
recently discovered Cr-based oxyspinels or more complex systems involving hybrid spinel

compounds containing oxygen and softer anions such as S or Se.
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