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ABSTRACT: The rapidly expanding field of nonaqueous multi- Capacity _Proton
g c ; Bt Fade intercalation
valent intercalation batteries offers a promising way to overcome

Energy Del
safety, cost, and energy density limitations of state-of-the-art Li-ion .:3'%‘{...,.,2?
battery technology. We present a critical and rigorous analysis of %

the increasing volume of multivalent battery research, focusing on a

wide range of intercalation cathode materials and the mechanisms PaSion
of multivalent ion insertion and migration within those frame-
works. The present analysis covers a wide variety of material
chemistries, including chalcogenides, oxides, and polyanions, //4
highlighting merits and challenges of each class of materials as G %ﬁ
multivalent cathodes. The review underscores the overlap of cvelelife g
experiments and theory, ranging from charting the design metrics R ation Perilous MV-electrolyte Sea

useful for developing the next generation of MV-cathodes to

targeted in-depth studies rationalizing complex experimental results. On the basis of our critical review of the literature, we
provide suggestions for future multivalent cathode studies, including a strong emphasis on the unambiguous characterization of
the intercalation mechanisms.
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1. INTRODUCTION

Secondary (ie., rechargeable) intercalation batteries convert
chemical energy into electricity via three main components: the
cathode (the intercalation cathode of Figure 1) where the
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Figure 1. Representative schematic of a discharging MV battery
utilizing a Mg anode, electrolyte, and an intercalation cathode.

working ion is inserted/extracted, an electrolyte transporting
working ions between anode and cathode, and the anode.
During the battery discharge, working ions are released at the
anode and migrate to the cathode through the electrolyte,
producing an electrical current in the external circuit to power a
load (Figure 1). The battery recharges by applying an external
electrical potential.

While early battery technology used aqueous electrolytes, Li-
technology with nonaqueous electrolytes has now largely
outpaced (in terms of market share) all aqueous chemistries
except for Pb-acid. After the rapid expansion of Li-ion in the
portable electronics industry over the past decade, Li-ion
batteries have now made commercial deployment of electric
vehicles (EV) an imminent reality. Since 2007, leading
manufacturers have achieved ~8% annual reduction in pack-
level costs, reaching approximately US $300/kWh in 2014."
The source of these cost reductions is primarily attributed to
the economies of scale associated with increased production
volumes and engineering advances at the cell and pack scale."”

The cost of input materials contributes significantly to the
overall total, and to continue the path toward cost parity with
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conventional gasoline powered vehicles, scientists’ and
industrialists” alike concede nonincremental improvements in
battery technology must be made at the active material level,
specifically by developing electrode chemistries that can
support both increased gravimetric and volumetric energy
densities while maintaining (and improving) the safety, power,
lifetime, and cost of state-of-the-art Li-ion batteries. Since
advancements at the materials level are approaching a
fundamental limit in Li-ion batteries,>° achieving even higher
energy densities has spurred on investigation into the so-called
“beyond Li-ion” technologies, such as Li-O, and Li-S.” "
The most appealing “beyond Li-ion” technology for EVs
(and portable electronics) will not only offer a significant
energy density improvement and cost reduction but will also be
compatible with existing, highly optimized Li-ion battery
architecture (and fabrication) to take advantage of the
knowledge accrued over the past 20 years of Li-ion battery
manufacturing. From this perspective, intercalation batteries
based on new multivalent (MV) chemistries, such as Mg*,
Ca®, Zn*, etc, are especially interesting because they have the
potential to meet the aforementioned criteria. While current
commercial Li-ion batteries operate with a graphitic anode and
an intercalation transition-metal oxide cathode separated by a
nonaqueous electrolyte, an analogous MV cell can be
envisioned with each component now based on a MV
chemistry, as shown in Figure 1. MV batteries will be able to
electrochemically store energy through its three main
components: the intercalation cathode where MV ions are
inserted/extracted, a metal anode (e.g., Mg), and an electrolyte
transporting MV-ions between anode and cathode (Figure 1).

1.1. Multivalent Anode and Electrolytes

A MV chemistry can offer significant improvement in
volumetric energy density simply by using a metallic anode
(~3833 mAh/cm® theoretical volumetric energy density for Mg
compared to ~2046 mAh/cm® for Li metal). This is feasible
because early evidence indicates that the metallic form of
common MYV intercalation ions (Mg, Ca) deposits more
uniformly than metallic Li during electrochemical cycling.'*”"
The surface area of lithium metal anodes grows substantially
upon cycling, leading to an increase in the surface reactions
with the electrolyte. The instability of this surface layer with
increased temperature, accelerates thermal runaway, and can
even lead to fire."*'*”"” While Li metal anodes are frequently
used in lab-made Li-cell prototypes, they so far have been
practically unusable in commercial batteries because of lack of
cycle life and safety concerns. As a result, current Li-ion
batteries operate with lower volumetric energy density graphite
anodes (~800 mAh/cm?). Several attempts at development
and commercialization of full electrochemical cells with lithium
metal as the anode and a liquid electrolyte have often led to
disastrous results.">'¢™""

Although MV cells can potentially achieve high-energy
densities using metallic anodes,"*™"* discovering electrolytes
capable of reversible MV metal plating/stripping at the anode
and supporting reversible intercalation against a high voltage
cathode remains a significant and fundamental scientific
challenge. The development of versatile MV electrolytes has
been curbed by a multitude of factors such as limited chemical
and electrochemical compatibility with the electrodes (i.e.,
narrow electrochemical stability window), lack of reversible MV
metal stripping and plating, instability against current collectors,
low MV (Mg) mobility leading to the formation of ionic
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Figure 2. Radar plots charting useful metrics to assess Mg electrolyte fitness for full-cell Mg-ion batteries. (a) All phenyl complex (APC),>*>* (b)
HMDS,**** (c) Mg organoborate,”>*® (d) MACC,””~** (e) Boron-cluster,”*** and (f) Mg(TFSI),.**** Adapted from ref 39. Copyright 2016

American Chemical Society.

couples (ie, low MV transference number),” and low
Coulombic Efficiency (CE) as highlighted in Figure 2. While
a detailed analysis of the challenges and accomplishments
associated with MV electrolyte development is beyond the
scope of this work, several comprehensive reports exist in the
literature' >'>2073%3638751 4nd we summarize the major
advancements in MV electrolytes below.

The peculiar electrochemistry of Mg imposes nontrivial
limitations on electrolytes, such as being compatible with high-
voltage cathode materials and simultaneously achieving
reversible Mg deposition at the metal anode. Indeed, Mg
electrolytes that are analogous to their Li-ion counterparts (e.g.,
LiPF4 in PC/DMC solutions) tend to decompose irreversibly
at the Mg metal, producing passivating layers resistant to Mg-
ion conduction.””>* However, Keyzer et al." recently showed
reversible Mg stripping and deposition at the metal anode using
a solution of Mg(PFy),-(CH;CN)4 in CH;CN and CH,;CN/
tetrahydrofuran (THF) mixtures, with conductivities up to 28
mS cm™' and an anodic stability of ~4 V vs Mg on Al
electrodes.

Historically, Gregory and collaborators™ at Dow Chemical
made a breakthrough in showing quasi-reversible Mg-plating
from Grignard’s reagents in 1990. It took more than ten years
of methodical refinements by Aurbach and co-workers to
increase the Coulombic efficiency as well as the anodic stability
of the Grignard’s electrolytes, leading to the ethereal solutions
of organic magnesium aluminum chloride salts (or organo-
magnesium-chloride complexes), namely the “dichloro com-
plex” DCC’* and the “all phenyl complex” APC.”**
Subsequently, Doe*”** and collaborators at Pellion Technology
studied the electrochemistry of a much simpler combination,
the magnesium aluminum chloride complex (MACC), formed
from a mixture of AICl; and MgCl, in ethereal solvents. The
MACC electrolyte exhibits a similar anodic stability (~3.1 V) to
its predecessors (i.e., DCC and APC) and with a high degree of
reversible Mg deposition/stripping. In parallel, Kim and co-
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workers at Toyota R&D™ developed a non-nucleophilic
electrolyte, radically different from the chloride complexes,
which was composed of a mixture of hexamethyldisilazide
magnesium chloride (HMDSMgCl) and AICl; and primarily
targeted usage in high-energy density Mg—S batteries. Although
the DCC, APC, and MACC electrolytes can be utilized in state-
of-the-art Mg-battery prototypes,'” they are known to corrode
various metals, including stainless steels and common current
collectors.

The limitation of chloride electrolytes fueled interest in
alternative chemistries. For example, Shao et al.”® demonstrated
reversible magnesium deposition from a diglyme solution of
LiBH, and Mg(BH,),, albeit with poor anodic stability (~1.8
V). Meanwhile, Mohtadi, Carter, Tutusaus, and co-workers at
Toyota R&D discovered a series of promising halogen-free
electrolytes,”>** such as Mg boron-clusters and carboranes
(see Figure 2, panels c and e), which are less corrosive against
current collectors and show the highest anodic-stability
windows (~3.8—4.0 V) reported so far.”’ Also, the increasing
attention for MV chemistries has stimulated research toward
the search of electrolytes capable of reversible Ca-stripping and
deposition." 7>

While the last 20 years have witnessed an increasing focus in
the development of new Mg electrolytes, the array of
electrolytes compatible with high voltage Mg-cathodes (e.g,
MnO,, V,Oq, etc, see Section S) is rather limited (Figure
2),"**** with researchers normally employing the usual
suspects of Mg(ClO,),, Mg(NO;),, or Mg(TFESI), dissolved in
acetonitrile (ACN), THF, or glymes (with water inclusion in a
few cases). As such, experiments on high-voltage cathodes rely
on complex 3-electrode setups that can separate the
incompatible chemistries of Mg metal deposition (and
stripping) and Mg intercalation in the cathode, leading to the
lack of routine protocols to prepare Mg cells (see the discussion
in section 7). Moreover, Lipson et al.*® have clearly
demonstrated that the anodic stability reported for some Mg
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electrolytes aforementioned largely depends on the nature of
the working electrode, suggesting that particular care is
required while performing and reporting new experiments.
Additionally, the literature on the passivation of MV cathodes is
particularly scarce,”®**~°" despite a few studies attempting to
unravel the complex interactions of Mg*" and a few cathode
materials with electrolyte salts and solvents (e.g, Figure 7,
later),*"*¥#05161767 emphasizing the need for more systematic
studies of the cathode-electrolyte interfacial processes.

1.2. Multivalent Cathode

Significant energy density gains can be realized only if a MV
anode can be paired with a MV-insertion cathode material
capable of yielding high-capacity at a sufficiently high voltage
and with reasonable rate performance.”®”"> While the literature
reports a few working multivalent cathode materials (discussed
in the following sections), the MV intercalation host space is
relatively unexplored compared to Li ion,”* creating a higher
potential for the discovery of new functioning cathode
materials. As a consequence of transferring two (or more)
electrons per ion, MV-intercalation can potentially achieve
higher capacities than Li-ion cathodes even when occupying a
similar number of intercalant sites. Redox reactions permitting,
such gains can be combined with the energy density increase
associated with the use of a high-capacity metal anode.

This review focuses primarily on existing Mg*" intercalation
systems widely studied in the literature, alongside examining
the possibility of other MV chemistries such as Zn**, Ca*", etc,
when possible. The increased focus on Mg reflects the volume
of burgeoning MV-related research published in the past few
years, as presented in Figure 3.
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Figure 3. Number of publications from 1985 until 2015 featuring MV
electrochemistry. The pie-chart in the inset shows the partition of MV
publications for different reversible chemistries (i.e., Mg, Zn, and Ca).
The subset “others” comprises Al, Sr, and Ba electrochemistries. The
plotted data is retrieved using Web of Science by Thomson Reuters.

The review effort begins by revisiting the large volume of
literature published, chiefly by Prof. Doron Aurbach and
collaborators, on the chalcogenide-based Chevrel-phase cath-
odes in section 3, which enabled the realization of the first
working Mg (MV)-battery prototype in 2000."” To improve
upon the energy density of the Chevrel-phase (with only 128.8
mAh/g of the theoretical capacity at ~1.1 V), while maintaining
comparable kinetic performance, intercalation into more
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compact frameworks such as chalcogenide spinels has been
sought, as discussed in section 4.

Our analysis then proceeds to recent work on transition-
metal oxides as possible MV cathode materials, both in layered
and close-packed lattices (section S). In general, the rather
ionic character of common transition-metal oxides enables MV-
insertion at desirable high voltages at the cost of dramatically
reduced bulk diffusion properties. Polyanion cathode materials
are explored in section 6. The presentation of the MV literature
on intercalation cathodes concludes with section 7, which
discusses the common issues of developing novel multivalent
cathodes, offering potential solutions and newer avenues to
explore the chemical space of inorganic materials.

Throughout this review, the gravimetric capacities (in
mAh/g) and energy densities (in Wh/kg) of specific cathode
materials are reported for the charged stoichiometry (not
intercalated) unless explicitly noted. Whenever the cathode
experimental densities are accessible, either from the Inorganic
Crystal Structure Database (ICSD) or the literature, the
volumetric energy densities (in Wh/I) are reported for the
charged state to complement the gravimetric values, thereby
helping us to chart the performance of each cathode chemistry
against energy density guidelines from the techno-economic
models of section 2. Notably, all energy densities and the
current status of cathode candidates encompassed in this review
have been compiled in Table 3.

The scope of this review is intended not only to present a
collection of MV-cathode materials ranked by their energy
density and electrochemical performance to meet the minimal
standard charted by techno-economic models but also to
critically analyze the fundamental science behind the complex
intercalation reactions occurring in MV cathode materials. As
our critical analysis of the MV literature will demonstrate, a
sufficiently deep understanding of MV intercalation often
requires the utilization of multiple characterization techniques
in addition to routine electrochemical measurements and
established cathode engineering procedures. Whenever possi-
ble, the review emphasizes the importance of integrating
electrochemistry experiments with theoretical investigations
and characterization to prove that MV intercalation actually
takes place. The review encompasses a variety of aspects
ranging from charting the design metrics for developing novel
MV-cathodes to targeted in-depth studies rationalizing complex
experimental and theoretical results.

2. TECHNO-ECONOMIC MODELING OF MV
BATTERIES

Techno-economic models, such as the Battery Performance and
Cost (BatPaC) model, developed by some of us,”*~"® can aid in
underlining the cost-effectiveness of an upcoming battery
technology, such as the MV technology in this review. The
peer-reviewed and validated material-to-system BatPaC
model”” is a publicly available bottom-up design and cost
model developed through support by the U.S. Department of
Energy Vehicle Technologies Office. Additionally, BatPaC has
been sponsored (2017—2025) by the U.S. Environmental
Protection Agency and will be used to evaluate the cost and
performance of Li-ion batteries for light duty vehicles in the
United States. It is worth noting here that other, simpler
models exist in the literature, such as the one by Berg and co-
workers,”” which are amenable to a large scale analysis of many
battery configurations. Their model yields a similar value to the
BatPaC model when applied to a cell employing graphitic
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carbon anode, and LiNi;;3Mn;,3Co,,;0, (NMC333), a
common state-of-the-art Li battery cathode material. While
the model by Berg et al.”” model has not yet been applied to
Mg batteries, as the MV field matures and reliable data on more
Mg batteries becomes available, it would be interesting to
compare different techno-economic models to Mg battery
cathodes to examine how practical costs and energy densities
vary across chemistries. Indeed, a practical MV battery is
expected to use different current collectors, separators,
electrolytes, etc. compared to current Li-ion systems, which
will change both energy densities and costs. However, at
present, we focus our economic analysis on the BatPaC model,
which is explained below, to arrive at tentative metrics.

BatPaC estimates the cost of a complete system, producing
direct current (DC) electricity, which has been manufactured in
a high volume, competitive market future state. In our analysis,
we studied a range of hypothetical positive electrodes by
examining system-level properties as a function of cell voltage
(vs Mg metal) for various theoretical specific energies (an
intrinsic material property).”® A crystal density of ~4 g/cm’, as
encountered in spinel-LiMn,0,," is assumed, while a 50%
excess capacity at the anode is chosen. Although our review
covers a variety of cathode chemistries, we targeted oxide
cathodes in our techno-economic analysis because oxides
represent the upper bound for cathode energy density. As we
will discuss, the utilization of a nonoxide cathode can improve
kinetics at the expense of energy density. However, the present
analysis seeks to explore the practical limits of energy density
for multivalent batteries, and so an oxide cathode is assumed. In
addition to a detailed analysis based upon these assumptions,
we will also present the effects of varying the cathode density,
which is one of the major differences between, for example, an
oxide and a sulfide cathode. The model also accounts for a 10
um thick Cu and a 15 pm thick Al current collector for the
anode and cathode, respectively, in addition to a 15 um thick
separator.”*”>”® More details of the BatPaC model are available
in refs 74—78 and http://www.cse.anl.gov/batpac.

Figure 4a illustrates the potential of a multivalent system
utilizing a magnesium metal negative electrode to meet the
United States Advanced Battery Consortium (USABC) and
Department of Energy’s battery technology targets for electric
vehicles (i.e., $ 100/kWh and 750 Wh/1 at the cell level based
on usable energy).”' For comparison, a current state-of-the-art
Li-ion cell utilizing a graphitic carbon anode and a
LiNi, 3Mn, 3Co,,30, cathode has a cell-level energy density
of ~480 Wh/1 (~200 Wh/kg)”>** at an estimated cost of ~230
$/kWh for 2017—2018."

Notably, Figure 4a shows the results of two scenarios
obtained with BatPaC, illustrating maximum theoretical energy
densities from different cell designs: (i) solid lines show the
energy densities at optimum electrode thickness calculated by
BatPaC to meet pulse power requirements at 80% open circuit
voltage (OCV) and sustained discharge at a C/2 rate, assuming
impedances and electrolyte transport properties in state-of-the-
art lithium-ion energy cells (thus accounting for polarization
effects and other losses), ">’ and (i) the dashed lines
correspond to a simplified model that arbitrarily assumes a
constant positive electrode thickness of 100 pm and 100%
OCV. Note that the hypothetical 100 ym scenario (dashed
lines) has been included solely for the purpose of comparison
with the BatPaC model. For each active-materials-only specific
energy (in Wh/kg), the corresponding active-materials-only
volumetric energy density in Figure 4a (in Wh/], indicated in
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open-circuit cell voltage. Multiple curves are shown for different active
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accounts for the weight of anode and cathode only. These values were
calculated with BatPaC at the cell level for a 50 kWh battery pack with
a 120 kW pulse capability (solid lines) or using a cathode of 100 ym
thickness (dashed lines), respectively. (b) Variation of the volumetric
cell energy density as a function of the density of the active cathode
material, as calculated by BatPaC, at 800 Wh/kg active-materials-only
cell specific energy. The different colors in (b) represent the change in
the cell energy density as a function of the OCV vs Mg metal anode,
ranging from 1.65 V (light green) to 4.05 V (blue), with the dashed
line representing the USABC target. The top x axis of (b) shows the
corresponding volumetric energy density at a specific energy of 800
Wh/kg and the particular cathode density.

brackets) is presented as an averaged value across the range of
voltages considered (2—4.5 V vs Mg). While this is an
approximation, in practice, the active-materials-only volumetric
energy density varies by less than 8% for the aforementioned
voltage range (at a given specific energy) and does not
qualitatively affect the comparisons. For some cases (e.g., 1000
Wh/kg =~ 3200 Wh/1 at low voltages, ~ 2.0 V) seen for the 100
um model of Figure 4a, the curvature reflects Mg metal
becoming a higher fraction of the total mass, thus lowering the
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total energy density of the cell (Mg’s density is 1.74 g/cm® vs
~4 g/cm? for an oxide cathode).

The analysis suggests a magnesium metal negative electrode
(with a capacity of 2205 mAh/g) coupled with a positive
electrode that yields a materials-only cell specific energy greater
than 800 Wh/kg (or a volumetric energy density of 2700 Wh/
1), and voltage greater than 3.1 V is a potential pathway to meet
the USABC cell-level target of 750 Wh/l. The overall
gravimetric capacity of the cell is calculated by taking the
reciprocal sum of both gravimetric capacities of the cathode and
anode (~2205 mAh/g for Mg). As a result, a materials-only
cell-level specific energy of 800 Wh/kg at 3.1 V OCV vs Mg
metal anode will set a gravimetric capacity of ~298 mAh/g for
the positive electrode active material, which will in turn reflect a
volumetric capacity of ~1192 Ah/I for a 4 g/cm® oxide cathode.
Hence, for achieving the 750 Wh/1 USABC cell-level target, a 4
g/ cm?® dense cathode active material should have an energy
content of ~908 Wh/kg and ~3632 Wh/], respectively. In
comparison, current Li-ion intercalation systems nominally
yield ~200 Wh/kg at the cell-level, with (practical) positive
electrode active material energy densities of ~565 Wh/kg and
~2600 Wh/1 for NMC333.”

Multiple pathways do exist to achieve the USABC targets
using MV systems, such as using a 650 Wh/kg cell specific
energy system at OCV greater than 3.5 V vs Mg (indicated by
the solid green line in Figure 4a), and each specific chemistry
requires an independent, focused analysis. The ability of a cell
design to achieve our target at lower voltages is nominally
hindered by impedance effects. Mitigating engineering efforts
such as nanoarchitectures and/or increased operating temper-
atures may be required below 2.75 V to capture higher fractions
of the active-material specific energy at the system level.

For a more complete analysis of the Mg-cathode chemistries
encompassed by this review, we will compare both gravimetric
and volumetric energy densities of candidates against the target
values of ~908 Wh/kg and ~3632 Wh/], as suggested by the
techno-economic analysis based on current Li-ion technology
(solid blue line in Figure 4a). Note that the target materials-
only cathode energy densities may change according to the
density of the specific positive electrode candidate and the
porosity assumed (~32 vol % void or ~53 vol % active cathode
material at 4 g/cm®) in the BatPaC model. For example, Figure
4b illustrates the variation of the volumetric energy density of
the cell with the change in the density of the cathode active
material, at various OCV vs Mg metal, for a materials-only cell
specific energy of 800 Wh/kg. Interestingly, an increase in the
density of the positive electrode active-material reduces the
minimum OCV required to achieve the targeted 750 Wh/I at
the cell level. Indeed, at a cathode active material density of 6
g/cm’, the USABC target can be potentially achieved at OCV,
cathode gravimetric, and cathode volumetric energy densities of
~225 V vs Mg, ~ 954 Wh/kg, and ~5722 Wh/], respectively,
in comparison to the minimum of ~2.55 V, ~ 932 Wh/kg, and
~3731 Wh/I required for a 4 g/ cm?® cathode. Furthermore, a
decrease in cathode active material density to ~2 g/cm®
prohibits reaching the 750 Wh/I cell-level target even at an
OCV of ~4.05 V vs Mg, indicating the importance of a dense
MV cathode. Although materials with densities ranging from
~5.2 g/cm® (Chevrel-MogSs,* section 3) to ~1.7 g/cm®
(Prussian Blue,** section 6) have been attempted as MV-
cathodes, for the sake of benchmarking, we will use values of

~908 Wh/kg and ~3632 Wh/I as reference (as obtained based
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on current Li-ion architecture) and detail-significant discrep-
ancies for each cathode material.

Calculations for calcium-based chemistries are expected to
show similar results: the higher mass of calcium should be offset
to a large extent by the lower electrochemical potential of Ca
metal. According to our techno-economic models, Mg batteries
based on Mg metal coupled with a high-voltage cathode host
can achieve the targets specified by the USABC.”” Although the
USABC targets are for electric vehicles, it is worth noting that
the superior volumetric energy density offered by multivalent
batteries (as compared to Li-ion batteries utilizing graphitic
carbon anodes) would also be favorable for portable electronics.

3. STATE-OF-THE-ART MV BATTERIES: CHEVREL
STRUCTURES

Although the concept of a rechargeable magnesium battery was
proposed as early as 1990, the first working demonstration of
a prototype Mg full cell battery was only achieved in 2000 by
Aurbach et al.'” using a magnesium metal anode, an electrolyte
based on a solution of Mg organo-halo-aluminate salts in THF,
and a Chevrel Mg,Mo¢Ss cathode (0 < Xyg < 2). With these
innovations at the electrolyte and cathode, the authors were
able to achieve good kinetics and cycle life (>2000 cycles)
operating at approximately 1.1 V vs Mg metal and with ~70
mAh/g (128.8 mAh/g theoretical capacity),'” corresponding to
~77 Wh/kg and ~400 Wh/] energy content at Chevrel’s
density of ~5.2 g/ cm>.® This landmark result strengthened the
credibility of MV technology and also laid a definitive
benchmark to evaluate novel candidate MV cathode materials.

On the process of discovering the Chevrel phase as a Mg
intercalation host, the authors remarked that it was the result of
“a lot of unsuccessful experiments of Mg ions insertion into
well-known host for Li* ions insertion, as well as from a
thorough literature analysis concerning the possibilit?r of
divalent ions intercalation into inorganic materials.”’” Of
note, batteries based on Chevrel compounds were prog)osed
and demonstrated to function for Li-ion as early as 1985,% and
several different monovalent, divalent,®*®®” and trivalent
cations® have shown mobility within the Chevrel structure.*”
For example, the electrochemically extracted diffusivities for
Co**, Ni**, Fe**, Cd*', Zn*", and Mn”" ions are quite high in
MogSs, ~107° cm?/s,”® compared to ~1071'—=107"3 cm?/s for
Mg !

Unlike today’s commercialized Li-ion cathode materials,
which are almost entirely structures with close-packed oxygen
anion sublattices (e.g, layered, spinel, and olivine), the Chevrel
phase has a unique “cluster” structure as shown in Figure 5.
The Chevrel structure is comprised of Mo T blocks (T = S, Se,
and Te; gray cubes in Figure S, panels a and b), with 6 Mo
forming an octahedron on the faces of the cubes and 8 T anions
occupying the corners.”*””® The Mo¢Ss blocks are arranged
such that they are separated by three types of “cavities”, as
illustrated in Figure Sb, with each cavity bound by 8 anion
atoms forming pseudocubes. Type 1 cavities are the farthest
away from Mo atoms as they share corners with the MogTy
cubes, whereas type 2 and type 3 cavities share edges and faces,
respectively. Intercalant ions are normally hosted within the
cavities of type 1 and 2 since type 3 cavities are destabilized by
high electrostatic repulsions with the face-sharing Mo atoms.
The specific site position within each cavity varies with the size
of the cation species,”” with the sites for Mg*" shown in the
insets of Figure S (panels b and ¢).774%%%7 Bor example, a ring
of six “inner sites” within cavity 1 and two “outer sites” in cavity
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Figure S. The crystal structure of the Chevrel host, with the gray
rectangles representing MogTg blocks (T = S, Se), comprising the Mog
octahedra enclosed within a T cube. (a) Displays a projection of the
structure on the a—b plane, where orange and blue circles indicate the
centers of the cavity sites of type 1 and type 2, respectively, adapted
from ref 92. (b) Indicates the 6 “inner” (type 1) and 2 “outer” (type 2)
cavity sites.”” (c) Shows a top view of the structure, highlighting the
distorted hexagonal patterns made by the inner and outer cavities.”
(a) and (b) Reprinted with permission from ref 92. Copyright 2015
Wiley-VCH. (c) Reprinted and adapted with permission from ref 93.
Copyright 2014 Elsevier.

2 can be occupied by small ions (such as Li*, Mg*", or Cu'*/>*),
while larger ions (Pb** or Sn®*) normally occupy the center of
each cavity (Figure Sb). Considering the topology of MoS,
blocks, where each block is corner-sharing with 8 cavity cubes
of type 1 and edge-sharing with 12 cubes of type 2, there are 12
possible sites (6 inner and 6 outer, as illustrated in Figure Sc)
between each MoySg block where the intercalating ion (such as
Li* and Mg*) can reside.”

The unintercalated Chevrel MogSg structure is thermody-
namically metastable and can be obtained by first synthesizing
Cu,Mo,S; through element solid-state reaction (or alternatively
through lower-temperature precipitation methods),” followed
by the acid-leaching of Cu from the synthesized phase.”"""
Also, the Mo octahedral clusters exhibit metallic bonding and
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are each capable of accommodating a total of 4 electrons.'"”

Accordingly, two Mg*" ions can be inserted per MoeSg block
with the first ion accommodated preferentially in the inner sites
and the second in the outer sites, which is reflected in the
voltage plateaus observed during Mg discharge at ~1.4 and
~1.1 V, respectively (see Figure 6a).%¢

(a) 7
17
14
E1.1 :
w i
08 Mg2* + 2¢” + MogSg i Mg2* + 2™ + MgMogSg
——> MgMogSg | ——> MgoMogSg
05 1 ]
1
1
0.2 T T ! - T \
0 04 08 1.2 16 2
Xin MgMo:S;

@ Outer (Cavity 2) sites

@ Inner (Cavity 1) sites / ' ‘\. ~

Figure 6. (a) Voltage-capacity curve of Mg insertion into MogSg from
ref 13 and (b) a schematic illustration of the hop distances between
similar (inner — inner, outer — outer sites) and dissimilar (inner —
outer) hops.96 (a) Reproduced and adapted with permission from ref
13. Copyright 2013 The Royal Society of Chemistry. (b) Reprinted
from ref 96. Copyright 2006 American Chemical Society.

As mentioned earlier, different cations occupy different sites
within cavity 1 and cavity 2 (Figure 5), which contributes to the
complex mobility behavior observed across varying cation
species in the Chevrel structure.”” For example, poor mobility is
observed for large cations such as Pb**, Sn**, and Ag" compared
to smaller cations such as Ni**, Zn*', and Li" in the ternary
structure (e.g., MMo4T;), but in mixed cation systems (e.g.,
M'MMoT;) coupled diffusion of small and large cations is
possible as observed in insertion-displacement reac-
tions.*”'%'%* Notably, the presence of Cu in the host structure
has a beneficial effect on the Mg** intercalation ki-
netics, 33104105

Certain intercalating species, such as Cd*, Na*, and notably
Mg**, can undergo a “trapping” behavior, where ion insertion
into the Chevrel may be feasible, but complete extraction is
difficult.”>**>?%1931%5 Eor Mg MogSs (0 < Xy < 2), facile
extraction of Mg*" at room temperature is possible between
Mg,MogSs and Mg;MoSs, but Mg®" mobility is observed to be
poor between 0 < xy, < 1, which limits capacity.”’ In this
concentration regime where Mg occupies the inner sites, steric
changes in the host structure cause the barrier for a Mg>* hop
to the outer sites to be higher than for a hop within the inner
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ring, with the outer sites estimated to be ~275 meV higher in
energy compared to the inner sites (using first-principles
calculations).”®'% In addition, inner—inner (and outer—outer)
site hops are relatively shorter in distance (~0.9 A) compared
to the inner—outer site hop (~2.0 A), reducinﬁg the likelihood
of the inner—outer hops (see Figure 6b).'*”° Consequently,
Mg** ions preferentially hop within the inner ring, which limits
the net displacement of the ion and causes the kinetically
accessible capacity to be reduced.” The full theoretical capacity
can be extracted at elevated temperature (~60 °C), albeit with
significant voltage hysteresis between the charge and discharge
cycles in the 0 < xy, < 1 range (as in Figure 6a). In the MogSeg
host, these steric changes are less significant which lessens the
effect of locally correlated Mg hops that occur in the Mo4Sq
system, and consequently, the full theoretical capacity is
accessible at room temperature.%’107

A recent report by Nikolowski et al. " attempted to identify
the structural transformation of Mo4Sg during Mg insertion by
means of in situ Synchrotron XRD. Particularly, Rietveld
refinements on the XRD data allowed the authors to identify 3
distinct phases (all with the R3 space group) forming during
Mg discharge: at X <01,02< X <0.3,and 04 < Xg <
0.8, with all three phases coexisting between 0.4 < x;, < 0.5. In
parallel, using in situ neutron diffraction, Levi et al.'"”? studied
the rhombohedral — triclinic (R — T) distortion that occurs in
MgMogSeg at approximately 80 °C. Levi and co-workers
attributed the R — T transition, which normally occurs on
cooling, to the strong distortions of the MgSe, tetrahedra that
occur in combination with a “critical delocalization” of Mg**
ordering in the R structure, in contrast to the more popular
hypothesis of cation “freezing” at low temperatures resulting in
Mg?** mobility loss.'”

Recent first-principles investigations of MV intercalation into
the Chevrel structure have not only studied the changes in the
electronic structure''®""" and the surface adsorption proper-
ties”” during Mg intercalation but have also explored the
intercalation of other alkaline-earth metals such as Ca**, Sr*,
and Ba*".'""” Thale et al.''® predicted metallic behavior for
pristine MogSg and a S redox center. In contrast, Smeu et al.'"
predicted not only a semiconducting (pristine) MoeSeg and a
Mog redox center but also a remarkable increase of voltage with
Ca’ intercalation, inconsistent with thermodynamic principles.
A recent comparison of simulated and experimental X-ray
absorption near edge spectroscopy (XANES) data''' confirms
the electron transfer from Mg to S atoms in the Chevrel host, in
agreement with ref 110. Adsorption of the Mg,Cl, electrolyte
complexes on the Chevrel surface, as calculated by Wan and co-

108
l.
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workers,” indicate the importance of the presence of Mo
atoms on the surface, which aid in breaking the Mg—Cl bond,
while the S atoms facilitate the intercalation of Mg into the bulk
structure with a migration barrier of ~500 meV (as shown in
Figure 7). However, the bulk Mg migration barrier has been
recently estimated as ~360 meV. "

Mg intercalation in Chevrel structures represents state-of-
the-art performance in MV batteries, displaying excellent
reversibility and intercalation kinetics, but its present form
provides energy densities below the desired energy density
targets outlined in Figure 4 (for MV systems). Subsequent
sections of this review will explore alternative chemistries to the
Chevrel-phase, namely chalcogenides (sulfides and selenides),
oxides, and polyanion host frameworks that can potentially
achieve higher voltages and reversible capacity, while
maintaining reasonable rate-performance.

4. CHALCOGENIDES

A viable alternative to improve upon the Chevrel electro-
chemical performance is by utilizing other transition metal
chalcogenides, AMT,, with A the multivalent ion, M the
transition metal ion, and T = S, Se, and Te. Similar to the
Chevrel-phase (section 3), the increased covalency and larger
volume per anion of chalcogenides, in comparison to oxides,
tends to decrease the electrostatic interactions between the
diffusing MV ion and the anion lattice,""® thus reducing the
migration barriers for MV diffusion. Accordingly, the ion
polarizabilities, the ability to deform the anion electronic charge
density by an external electric field or potential (e.g. the charge
of a diffusing MV ion), increase moving down the chalogenide
group, as depicted in Figure 8. Nevertheless, as demonstrated
for the Chevrel-phase in section 3, and by the large volume of
research on Li-intercalation in chalcogenides,us_117 the
increase of intercalating ion mobility comes at the expense of
lower voltages, thereby reducing the energy densities of
chalcogenide materials. However, sulfur containing cathodes,
including the Chevrel and TiS, (see below), are the only
materials to date that have demonstrated reversible Mg>*
intercalation against a Mg metal anode.

This section encompasses both experimental and computa-
tional works on MV intercalation in chalcogenide cathodes,
highlighting the most recent findings and unsolved challenges.

4.1. Layered and Spinel TiS,
Mg intercalation in bulk layered-(TiS,), spinel-(Ti,S,), and
nanotube-titanium sulfides has been the subject of both

experimental’>'"*7'** and theoretical investiﬁations,12 in
analogy to the well-known Li cycling in TiS,.">""” In 1991,
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Figure 8. Computed polarizabilities (using a 6-311+G(2d,2p) basis-set
at the DFT/B3LYP level of theory) of isolated anion vs experimental
ionic radius in a 6-coordinated environment."’

Bruce and collaborators''®'"? were able to chemically

magnesiate spinel-Ti,S, using dibutyl-magnesium, demonstrat-
ing the existence of a continuous Mg, T1,S, solid solution for 0
< xyg < 0.5. In contrast, magnesium intercalation in layered-
TiS, did not yield a single phase product, the magnesiated TiS,
coexisted with the as-synthesized phase but with expansion of

the layer spacing, consistent with recent XRD measurements on
electrochemical Mg intercalated layered-TiS,'® and DFT
calculations.'**

Later Amir and Aurbach et al,”*'* using a full-cell
comprising of a Mg-anode and Mg(AICL,BuEt),:THF as
electrolyte, studied reversible Mg intercalation in a variety of
sulfides, selenides, and their solid solutions (ie., CuFeS,,
CuFe,S;, CuySg, Cu,S, NiS, layered-TiS,, spinel-Ti,S,, TiSSe
and NiS,Se, solid solutions). According to the authors,”>'*" all
these materials showed some degree of reversible Mg
intercalation, but voltage profiles were only reported for
layered-TiS, (with 1st discharge capacity of ~20 mAh/g) and
spinel-Ti,S, (~90 mAh/g) at 60 °C, as shown in Figure 9a.
Despite the large capacity fade upon cycling (Figure 9a), Amir
et al.'* claimed that Mg undergoes intercalation reactions only
in titanium sulfides, whereas Mg displaces the transition metals
in CuFeS,, CuFe,S;, CuySg, Cu,S, and NiS, with some degree
of electrochemical reversibility. The X-ray diffraction (XRD)
patterns and other characterization results, useful to assess Mg
intercalation in the TiS, phases, were not reported.””"*’

Though historical attempts of Mg intercalation in the TiS,
polZmorphs had failed, recent experimental work by Sun et
al."*"'** has shown extensive reversible Mg cycling in these
cathode materials (Figure 9, panels b and c), in agreement with
theoretical calculations.'**

Highly reversible Mg intercalation in spinel-Ti,S, with an All
Phenyl Complex (APC) electrolyte in THF utilizing a coin-cell
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Figure 9. Electrochemistry of (a) layered-TiS, and (a, b, and c) spinel-Ti,S, with a Mg anode at 60 °C. (a) Discharge and charge curves of the first
four cycles in Mg(AICI2BuEt),:THF electrolyte are digitized from ref 120. (b) Voltage curves for spinel Mg, Ti,S, (black line) calculated at 300 K
with Monte Carlo simulations parametrized on DFT data and using Galvanostatic Intermittent Titration Technique (GITT) at 60 °C (red line)

from ref 121. (c) Capacity and CE evolution at a C/10 rate in APC/tetraglyme electrolyte, with inset showing 99% CE.

121

(d) Comparison of the

XRD patterns of the pristine Ti,S, spinel (black), with the discharged (blue) and charged (red) states.'*' (a) Reprinted and adapted with permission
from ref 120. Copyright 2007 Elsevier. (b, ¢, and d) Reproduced with permission from ref 121. Copyright 2016 The Royal Society of Chemistry.
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setup with a Mg counter electrode was recently reported."”' A
first discharge capacity of ~200 mAh/g (Mg, Ti,S;) was
obtained at 60 °C with capacity retention for more than 40
cycles, as seen in Figure 9c. At an average voltage of ~1.2 V vs
Mg and at a density of 3.24 g/cm? for spinel-Ti,S;,'*> a ~ 200
mAh/g capacity corresponds to an energy content of ~228
Wh/kg and ~731 Wh/], far above the energy values of the
Chevrel (see section 3). The solid solution character observed
in both chemical magnesiation experiments by Bruce et
al,""®'"? and the more recent Galvanostatic Intermittent
Titration Technique observations (GITT) by Sun et al."*' fall
in excellent agreement with the computed voltage profile of
Figure 9b."** The strategy adopted to synthesize the metastable
spinel Ti,S, phase, less stable than layered-Ti,S; by
~18 meV/ atom,124 was to extract Cu from CuTi,S, by
chemical oxidation. Reversible Mg intercalation was confirmed
by XRD and EDX analysis, indicating retention of the
characteristic cubic Fd3m symmetry upon magnesiation (Figure
9d), while Rietveld refinement demonstrated that Mg ions
occupy both tetrahedral 8a (with 20% occupation) and
octahedral 16¢ sites (~30%) corresponding to a composition
of Mg[oct]sMg[tet]y0Cuq Ti,S, in good agreement with the
electrochemical capacity reported (Mg ,Ti,S,). Complemen-
tary DFT-based calculations suggested Mg occupation of the
16¢ sites throughout the Mg, T1,S, solid solution, but the small
energy difference between the 16¢ and 8a sites could lead to
Mg disorder over the two sites, in accordance with experimental
XRD observations at xy, > 0.5."%! Figure 10a shows the
activation energy for Mg migration in cubic Ti,S, extracted
from the self-diffusion Mg**(Dy,) coefficients (obtained from
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Figure 10. (a) Experimental and (b) theoretical Mg migration energy
in spinel-Ti,S, from ref 121. (c) Variation of the energy difference
between the octahedral (stable) and tetrahedral (intermediate) sites
during Mg migration (for the high vacancy regime) in spinel-Ti,S, at
increasing volumes."** In (b) migration barriers were computed in the
dilute (thick line) and concentrated (dashed line) Mg limits. (a and b)
Reproduced with permission from ref 121. Copyright 2016 The Royal
Society of Chemistry.
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GITT measurements), which are in remarkable agreement with
values obtained by DFT (~550 meV, as seen in Figure 10b)."*!

In parallel, Sun et al.'*® reversibly intercalated Mg in the
layered-TiS, phase, utilizing a similar coin-cell setup used
previously for the spinel polymorph.'*" The initial discharge
capacity of ~270 mAh/g (Mg, TiS, measured at a rate of
C/20) was higher than for the spinel-phase (~200 mAh/ g for
Mgy 5oTi,S;)' " at a similar voltage of ~1.2 V. Reversible Mg
intercalation was assessed by XRD and EDX characterization
measurements. Nevertheless, successive cycles showed a
decreased but constant capacity of ~160 mAh/g
(Mgy35TiS,), which varies substantially at different C rates
(ie, ~140 mAh/g at C/10 and ~90 mAh/g at C/S,
respectively), indicating some irreversible capacity in the initial
cycles. Given that the densities of spinel and layered-TiS, are
similar,"*>"?¢ the energy content of layered-TiS,, ~192 Wh/kg
and ~623 Wh/], are comparable to the values of the spinel
phase. We note that although the computed voltage curve at
300 K for magnesiated layered-TiS, (not shown here)'**
predicted steps at various Mg compositions (ng = 1/6, 1/3,
and 1/2) that correspond to specific Xng orderings, only the Mg
= 0.33 ordering was observed experimentally.'*

Nevertheless, qualitative trends indicate higher Mg migration
barriers in the layered-TiS,(~1200 meV) compared to spinel-
Ti,S,(~800 meV),"** with more than 50% reduction in barriers
possible via volume expansion in the layered phase. Increasing
the interlayer distance represents a strategy to improve ion
mobility, for instance through insertion of organic molecules
which has been achieved previously in layered-V,05,"*" and
may be a potential strategy for improving Mg mobility in
layered-TiS,.

In conclusion, successful reversible electrochemical Mg
intercalation in the close-packed spinel-Ti,S, gives hope for
other chalcogenides, expanding the repertoire of Mg (and MV)
cathode materials.'”® The excellent agreement between
experimental observation and theoretical prediction gives
credibility to first-principles calculations combined with high-
throughput methods as a powerful tool to screen novel
chalcogenide cathodes.

4.2, Other Sulfides

Attempts have been made to reversibly intercalate Mg in both
layered'*®'*” and 2D MoS,."* Typically, after the first Mg
discharge in MoS,, a substantial capacity fade is observed, and
low voltages (typical of sulfides), ~2.0 V and ~0.7 V for 2D
and layered-MoS,, respectively.'**~"*° First-principles calcu-
lations'>”"*"'** of Mg migration in MoS, predict that
increasing the layer spacing can improve the migration barriers
substantially, from 1.22 eV for a layer separation of 6.5 A to
0.22 €V at 9 A, similar to the predictions for layered-TiS, (see
discussion above). Furthermore, Liang et al.'*” demonstrate
through experiments that the insertion of polymer molecules
(e.g., polyethylene oxide, PEO) to push apart the Mo$, layers
may be a viable strategy to improve Mg diffusivity and hence
capacity in MoS, (from ~20 mAh/g for pristine-MoS, to ~80
mAh/g with polymer intercalated MoS,)."”” Mg intercalation is
not clearly demonstrated with apzpropriate characterization
(e.g, XRD) in these investigations, -~ '*” leaving it undecided
whether they can function as Mg intercalation compounds. In
addition, the typical voltages and capacities observed are low,
resulting in energy densities of ~14 Wh/kg and ~70 Wh/],
which are far-off from the desired energy densities outlined in
section 2.
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4.3. Selenides

Gu et al'*’ attempted to intercalate Mg in layered-TiSe,,
reporting a voltage and capacity of ~1.0 V vs Mg/Mg*" and
~108 mAh/g, respectively (Figure 11a), which corresponds to
an energy content of ~108 Wh/kg and ~566 Wh/],
respectively. Using a coin-cell with a Mg-metal anode and a
Grignard-based [Mg(AICLEtBu):THEF] electrolyte, the inter-
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Figure 11. (a) Cyclic voltammetry (CV) and capacity as a function of
cycle number and (b) XRD data for Mg intercalation in TiSe, as
reported by Gu et al.'** (c) Voltage vs capacity for Mg insertion in
WSe, nanowire from Liu et al."** (c) Reprinted from ref 134.
Copyright 2013 American Chemical Society.
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calation of Mg in the layered structure was assessed by
monitoring the change in the layer spacing with in operando
XRD, which indicated a shift of the (004) peaks as a function of
Mg content intercalated (Figure 11b). Although it was claimed
that 0.83 mol of Mg can be inserted per formula unit of TiSe,
(theoretical capacity for MgTiSe, is ~260.5 mAh/g), the
capacity reported (~108 mAh/g) corresponded only to ~0.41
Xy insertion. Nevertheless, both the voltage and capacity
reported for TiSe, were similar to what has already been
observed for the Chevrel-MogSs (~128 mAh/g at 1.1 V).”!

Similarly, Liu and colleagues'** reported Mg intercalation in
WSe, nanowires in a full-cell setup comprising of a Mg-anode
and Mg(AICLEtBu):THF electrolyte (see Figure 1lc). The
authors claimed that Mg can be inserted into the nanowire
WSe, up to xy, = 0.67 at ~1.6 V and with 203 mAh/g capacity
for 160 cycles without appreciable capacity fade, whereas lower
capacity accompanied by capacity fade was observed for bulk-
WSe,. Complementary first-principles calculations suggested
that the nanowire cathodes could undergo a semiconductor-to-
metal transition during Mg insertion, increasing the electrical
conductivity of the cathode. Despite the excellent cycling
performance reported by the authors (Figure 1lc), no
spectroscopic characterization of the nanowire WSe,, at
different states of (dis)charge, was presented. Specifically, the
operative voltage window used (~0.3—3.0 V) was well above
the anodic limit of the electrolyte employed (~2.5 V), which
increases the contributions of parasitic electrolyte side
reactions. Additionally, as highlighted by Muldoon et al,*
the reported amount of Mg intercalated (xy, = 0.67)
corresponds to ~105 mAh/g, which is inconsistent with the
reported capacity of 203 mAh/g."** Although the gravimetric
specific energy of WSe, is low (~168 Wh/kg), its high density
(~9.39 g/cm®)'*® sets a volumetric energy of approximately
1578 Wh/I for a ~105 mAh/g capacity.

In summary, a number of sulfide and selenide compounds
have been investigated and experimentally attempted as
alternative cathodes to the Chevrel structure for MV ion
intercalation. These include TiS,, MoS,, TiSe,, and WSe,.
Spinel-Ti,S, is by far the only candidate that can reliably
intercalate Mg (at ~1.2 V and ~190 mAh/g capacity, as well as
~228 Wh/kg and ~731 Wh/I energy content), demonstrating
an energy density approximately twice that of the Chevrel
compounds. Additionally, a recent theoretical study on other
sulfide spinel compounds as Mg (MV) cathodes'” indicates
favorable Mg mobility at similar predicted energy densities
compared to Ti,S,, establishing sulfur spinels as a class of
compounds that are promising as MV intercalation compounds.
In particular, Cr,S, is pointed at in ref 106 as a compound that
has favorable voltage, stability, and migration barriers. So far we
are not aware of any successful attempts to synthesize and test
this compound.

Selenide compounds, such as TiSe, and WSe,, which can
potentially intercalate Mg (MV) ions with higher mobilities at
similar voltages and capacities compared to the Chevrel, are
reported to have promising electrochemical performance.
However, the actual contribution of Mg intercalation to the
electrochemical capacity observed in WSe, is unclear, owing to
the lack of rigorous characterization data.

Finally, it is worth mentioning that Mg metal combined with
a S cathode has recently been considered as a high-energy
density technology.”**”*""*¥371%% With an experimentally
observed capacity of ~300 mAh/g"’ after 20 cycles at a
discharge voltage of ~1.65 V (compared to the theoretical
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~1671 mAh/g at ~1.89 V'*’), Mg/S systems can achieve
energy densities of ~495 Wh/kg and ~990 Wh/], respec-
tively.'””” While Mg/S can greatly supersede the energy
densities of sulfide-based Mg-intercalation systems (e.g, ~
192 Wh/kg and ~623 Wh/], for TiS,, see discussion above),
major obstacles related to the undesired and rapid capacity fade
still remain.**"?’

5. OXIDES

One strategy to improve upon the electrochemical performance
of chalcogenide MV batteries is to target intercalation materials
with higher theoretical voltage and capacity. The possibility of
increasing the intercalation voltage by switching the anion
species from sulfur to oxygen''® and increasing the theoretical
capacity by considering structures with a higher ratio of
intercalant to transition metal makes oxide materials especially
appealing as MV cathode materials. Previously, this approach
was successfully implemented in the development of Li-ion
cathode materials, which began with LiTiS,"">""” and led to
today’s commercial oxide-based cathode materials (e.g.,
LiCoO, and NMC333)."* To go beyond the performance of
Chevrel cathodes, it is not sufficient to only identify candidate
MV host systems that possess high theoretical voltage and
capacity, but the material must also be synthesizable, allow MV-
intercalation at reasonable rates, and be stable over many
electrochemical cycles. An additional challenge for identifying
good MV cathodes comes from the limited stability of MV-ion
electrolytes a§ainst high-voltage MV cathode materi-
als,”#?122383945 14 yhich is an ongoing and parallel research
challenge that sometimes prevents reliable electrochemical data
from being extracted in MV systems. The general consid-
erations and challenges associated with MV intercalation in
oxide hosts is discussed below.

Mobility

Based on extensive research on Li*-ion conductors,"'® which
consistently show sulfides to have much better Li* mobility
than oxides, one would expect Mg** mobility to decrease
similarly when switching from sulfides to oxides. Indeed, the
limited mobility of MV ions in oxide host structures is generally
considered the chief obstacle in finding an oxide cathode
capable of supplanting sulfides.””'** Requirements for reason-
able battery performance allow us to establish minimal values
for MV ion mobility. For a given (dis)charge time t, the
cathode particle size will determine a maximum tolerable
barrier (E,,) for MV ion migration, since the diffusion length
scales as /Dt (where D is the diffusivity). Here, the radius of a
spherical particle is used as the required diffusion length. We
approximate the diffusivity D as D ~ v X a* X exp(—E,,/kT),
where v is the atomic jump frequency and 4 is the atomic jump
distance. Assuming (reasonable) values of 10'* s for v and 3 A
for a, the relationship between E  and the maximum particle
size feasible for MV ion extraction is displayed in Figure 12 for
several charging rates. In discussing the process of (dis)charge,
current is often expressed as a C-rate in order to normalize
against the electrode capacity.

The C-rate measures the rate at which the material is
discharged relative to its maximum capacity, and 1C indicates a
complete discharge of a battery in 1 h. Therefore, the C-rate is
defined independently of the volumetric capacity (Ah/1) of the
cathode under consideration. As such, a material with twice the
(volumetric) capacity will require twice as much current at the
same C-rate, which directly translates to twice the ionic flux
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Figure 12. Relationship between MV ion migration barrier E,, and the
maximum particle size permitting reasonable diffusivity in the context
of battery performance. Various charging rates are displayed and color-
coded as indicated in the figure legend. Solid lines indicate the
relationship between migration barrier and particle size at 298 K, while
dashed lines indicate 333 K.

needed at the particle surfaces. Consider Fick’s Ist law,
J= —D%, where J is the ionic flux (in mol cm™ s™%), D the

ionic diffusivity (cm® s7'), ¢ the ionic concentration
(mol em™3), and « is distance (cm). A material with twice
the volumetric capacity will have twice the concentration of the
redox species throughout the material. This in turn doubles the
concentration gradient(s) throughout the material which
subsequently doubles the ionic flux (and the current), at the
same value of ionic diffusivity. As a result, under Fickian
diffusion conditions, two materials that have the same ionic
migration barrier (E,) will discharge at the same C-rate
irrespective of the volumetric capacity. Therefore, our analysis
in Figure 12 considers the upper limit of migration barriers at
which a steady-state ionic diffusion can occur throughout a
cathode particle of a given size, in a specified time interval (as
implied by the C-rate), which is independent of volumetric
capacity.

For a primary particle size of ~#100 nm, charge rates of C/3
(as in the USABC for electric vehicles®') can be obtained for
migration barriers in the 600—750 meV range and below. Of
course, this criterion implies that no other kinetic factors such
as desolvation and charge transfer across the electrolyte/
electrode interface, or phase boundary motion in the case of
two-phase electrode reactions, are rate-limiting. With these
assumptions in place, Figure 12 displays the maximum particle
size (y axis) which would permit ion extraction against a
particular barrier (x axis). Curves are shown for multiple
charging rates and temperatures. Considering the generally low
mobility of MV ions in oxide hosts, the relationship in Figure
12 demonstrates the potential importance of nanosizing as a
means to achieve viable MV battery cathodes. However,
pseudocapacitive contributions to capacity will naturally be
more prominent when high surface-area electrodes are
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employed, and must be carefully considered when discussing
measured values.'*>'** The advantages and drawbacks of
nanostructured electrodes are discussed in more detail later in
the review.

Solvent Cointercalation

A commonly adopted strategy to enhance MV ion mobility is
by incorporating shielding water molecules in the structure,
either by cointercalation or directly in synthesis. Although the
findings of water intercalation aiding Mg insertion in various
cathode materials, such as layered MoO;, xerogel-V,Os,
birnessite, and spinel-MnO,, are exciting (see respective
sections), the observed improvements in capacity and kinetics
could indicate the occurrence of proton (or hydronium)
intercalation'® in these cathode materials, highlighting the
need for critical interpretation of the experimental results. From
the experimental studies discussed in the following sections, it
is not clear whether water actively participates in electro-
chemical reactions, the potential for electrochemical decom-
position of water (according to 2H,0 — O, + 4H" + 4e7) is
only approximately —1.229 V vs standard hydrogen electrode
(SHE). In addition, there has been no clarification with
vibrational spectroscopy methods on whether structural water
exists in the form of OH™ and H' adsorbed on the oxide
surfaces, thus creating a source of readily cyclable ions. Proton
cycling can also possibly explain the excess capacity reported for
organic electrolytes mixed with increasing water concentra-
tions."**'*” While thermodynamic models can clarify voltage
dependencies and driving forces for water cointercalation in
cathodes, it is challenging for theoretical frameworks to explain
observed variabilities in capacities with electrolytic water
content. Even if water is not directly involved in any redox
reactions, but simply aids Mg intercalation, strategies to avoid
water contact with the Mg-metal anode need to be envisioned
before water addition to the system would become practical. If
solvent cointercalation can indeed promote Mg>* mobility then
research should focus on the incorporation of stable solvent in
solutions which do not lead to spurious side reactions in the
electrochemistry and do not passivate the Mg metal anode.

Conversion Reactions

In addition to poor MV-ion mobility, another issue that can
afflict oxide intercalation hosts is the tendency to undergo
irreversible oxide conversion reactions instead of reversible MV
intercalation. The occurrence of undesired conversion reactions
as opposed to MV intercalation can be rationalized in terms of
competing thermodynamic forces, largely driven by the very
low free energy of MgO formation. For example, Figure 13
shows the competition between intercalation and conversion
reactions for one mole of Mg reacting (ie, a 2 electron
transfer) with a mole of transition metal oxide (TMO,), where
the average voltages are V., and V,, (with respect to Mg
metal), respectively.

—> MgO + TMO
‘/;‘()17 v
R
Enigo + Ervo — Ervo, — Eag
< - F

MgTMO, «<—— Mg + TMOz
/Vi/z/
2
_ Enmgrmo, — Ervo, — Evg
2F

Figure 13. Schematic of competing intercalation and conversion
reactions for a 2 electron transfer process with Mg. E ... is the
internal energy of a species from DFT calculations and F the Faraday
constant.
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Epecies in Figure 13 is the free energy of the species at 298 K,
and aﬁproximated as the internal energy at 0 K computed by
DFT,"*'* with F the Faraday constant. If V_, > V;., the
conversion reaction is thermodynamically favored against the
desired MV intercalation, and vice versa if V,, > V..
Generally, MV ions form their respective oxides at a
comparable voltage to Li, while intercalating at lower voltages.
For example, Mg and Ca react with O, to form MgO at ~3.16
V vs Mg and CaO ~ 3.35 V vs Ca, respectively, compared to
~3.15 V vs Li for the formation of Li,O, which are obtained
from the experimental free energies tabulated by Kubaschewski
and Alcock."*® Thus, the oxide formation voltage is similar for
MgO and Li,O, even though Li* is ~0.7 V lower than Mg** on
the SHE scale. This reflects the tremendous thermodynamic
stability of MgO compared to the other oxides. The
competition with conversion reaction is less of an issue for
Ca®, given that Ca*" is only ~0.2 V lower than Li* vs SHE. In
TMO, cathodes, the chemical potential of oxygen is set by the
energy difference between the TMO, and TMO (reduced)
specie, which quantifies the ability of the TMO, host to transfer
oxygen to the working ion. Thus, MV intercalation reactions
must compete against the formation of highly stable oxides.

Figure 14 charts the competing nature of conversion (V,,,)
and intercalation (V,,) reactions of several transition metal
oxides (MoO3, V,0s, and several layered and spinel TMO,) for
Li* and MV ions (Mg**, Ca**, and Zn®") obtained by utilizing
the lowest DFT energies from the Materials Project data-
base,'*’ to construct intercalation voltages and conversion
reaction paths.

Trends in Figure 14 indicate that while both Li and MV ions
are not expected to undergo conversion in most 1 electron
reduction processes (i.e., 1 mol of Li or 0.5 mol of MV, left
panel), MV conversion is preferred when two electrons are
transferred per TM (i.e, 1 mol of MV, right panel). This does
not necessarily imply that conversion will take place, as many
Li" intercalation states are metastable, but it does require a
reliance on kinetic stabilization. Additionally, the voltage
difference between intercalation and conversion reactions
(Viae = Veonw width of green bars in the left panel of Figure
14) is nominally higher for Li than for MV ions, making Li-
intercalation cathodes very tolerant to degradation due to local
polarization, which could potentially drop the actual potential
below V..

‘While most MV ions are not expected to undergo conversion
reactions in most oxide hosts at low MV content (or le~
reduction), local accumulation of MV ions can occur during
intercalation due to poor MV mobility. A significant increase in
local concentration of MV ions (and the number of electrons
transferred locally) can indeed result in local conversion
reactions, given the tendency for most transition metal oxides
to convert at high MV content (Figure 14, right panel). This
analysis points at a key challenge for Mg** intercalation in
oxides. Even though its intercalation kinetics is expected to be
much worse than Li', its tolerant polarization window upon
discharge is considerably smaller than for Li" intercalation due
to the very negative formation energy of MgO. To compound
the problem, MgO is considered to have extremely low
mobility for Mg ions."*” While this has never been proven
rigorously, the difficulty in operating Mg metal anodes is
attributed to the ease by which a blocking MgO layer forms on
it in many solvents.” While still present, the conversion
challenge seems to be less of an issue for Ca**, particularly in
hosts such as V,05 and MoO;.
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Figure 14. Competition between intercalation and oxide conversion reactions for Li, Mg, Ca, and Zn, as quantified by V,,, and V_,, of Figure 13. For
the green bars, the minimum voltage (left of the bar) is V,,,,, while V;, is the maximum (right of the bar). In this condition, intercalation is preferred
since Vi, > Vi, Similarly, red bars signify conversion as V,, (maximum of the bar) is greater than V;,, (minimum). Left and the right panels are
for 1 electron (e.g, TM* — TM>*) and 2 electron (e.g, TM* — TM?*) redox processes, respectively.
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Figure 185. (a) Crystal structure of layered MoO; (with Mo ions in violet six-coordinated by oxygens in red); layers stack along the b axis. (b) Cyclic
voltammogram of Mg intercalation in MoO; and (c) first three galvanostatic Mg cycles in MoO; using MgCl,:EMIC:AICI, electrolyte (with EMIC
as 1-ethyl-3-methylimidazolium chloride), respectively. (b and c) Redigitized and adapted with permission from ref 151. Copyright 1995 Elsevier.

Note that for the purpose of plotting Figure 14, we in Mg-oxide spinels (see discussion later). These considerations
considered only the formation of Li,O, in Li-TMO, systems suggest that careful interpretation of the observed electro-
and other simple oxide reduction reactions, such as TMO, — chemical and structural data is always required, and rigorous

TMO, while there could be other competing conversion
reactions that could impact the trends in Figure 14 (such as the
formation of Li,O in Li-TMO, and MgVOj, in Mg-V,0Os). Since
the formation of Li,O, (~3.38 V) occurs at a higher voltage
compared to Li,O (~3.15 V),"”” we adopted Li,O, as the
compound of choice for conversion reactions of Li in Figure 14,
but the qualitative trends should not change if Li,O is
considered as the conversion product. Also, the cathode

analysis of characterization measurements (XRD and other
spectroscopic techniques) is a must to check for conversion
products.

The section continues by discussing the intercalation of MV
ions (mostly Mg and Zn) into promising layered oxides such as
MoO; and V,0;. The analysis then moves onto the vast space
of MnO, polymorphs that encompasses compact, layered, and

materials could undergo (ir)reversible phase transformations hollow structures. The oxide section terminates by discussing
during intercalation, which could influence the energetics, such the chemical space of transition metal spinels and their high-
as a < 0 in Li-V,Og and spinel — layered or spinel — rock-salt pressure phases, the so-called postspinels.
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5.1. Layered MoO,

Among the proposed host materials for Mg** intercalation,
layered a-MoOj; offers one of the highest theoretical capacities,
with ~372.3 mAh/g (for 2 electrons, Mo < Mo®"). With
multiple reports of measured capacit! in excess of 200 mAh/g
at an average voltage of 2.25 V,**"*' layered MoO; has also
exhibited one of the highest attainable capacities for Mg*"
intercalation. For example, a capacity of ~220 mAh/g at 2.25V
corresponds to an energy content of ~495 Wh/kg and ~2332
Wh/], respectively, which is approximately six times greater
than the state-of-the-art Chevrel cathode. Furthermore, Mg**
intercalation has been shown to be at least partly
reversible,*'%* creating a great deal of interest in this material
as a multivalent electrode. Despite the promising theoretical
capacity of this material, a-MoOj; is plagued by sluggish
diffusion kinetics and demonstrations of reversible Mg>"
insertion/removal have typically required nanoscale films of
MoOQ; to facilitate ionic mobility.”>'>*'>?

The layered structure of a-MoOQ;, displayed in Figure 15a
appears suitable for cation intercalation. Double layers of
MoO;, which comprise of covalently bonded edge and corner
sharing MoOg octahedra,*" are held together by weak van der
Waals forces, with an interlayer distance determined by XRD to
be ~6.929 A"

Like the Chevrel-phase materials, a-MoO; was initially
studied as a cathode for Li-ion batteries'** and showed
reversible Li" intercalation at a voltage of ~2.7 V with a capacity
of ~300 mAh/ 8. More than 20 years later, a comparative study
by Spahr et al.”' of Li* and Mg?** intercalation into a-MoOj
reported for the first time Mg*" intercalation into this material.
Using a dry AICl;/EMIC/MgCl, (with EMIC as 1-ethyl-3-
methylimidazolium chloride) electrolyte and Mg metal counter
electrode, a first discharge capacity of ~160 mAh/g was
observed, although this capacity faded below 100 mAh/g within
four cycles.">" Similar capacity fading was also observed for Li*
cycling in multiple studies.””"'>* Generally, the observed
capacity fade is attributed to structural changes in the host
during cycling. This explanation is supported by complex shape
changes in potentiostatic and galvanostatic curves for Mg>*
intercalation, as shown in Figure 15 (panels b and ¢,
respectively). It is worth remarking that side reactions between
electrolyte and electrode materials may also produce such curve
changes.

The precise influence of the electrolyte on MoO; cycling
remains ambiguous. While previous work reports no electro-
chemical activitzr with electrolytes based on propylene
carbonate (PC),"" later studies obtain non-negligible discharge
capacity using various Mg salts [ie, Mg(TFSI)Zl"5 and
Mg(CIO4)2],l°2’153 where TFSI for bis(trifluoromethane)-
sulfonimide) dissolved in PC. Although a recent report finds
no electrochemical activity using Mg(TFSI), dissolved in ACN
as an electrolyte, Gershinsky et al.”” report promising cycling
behavior, which is discussed below, using the same electrolyte
together with a Mg metal as counter and quasi-reference
electrodes made of activated carbon cloth attached to a Pt wire.
Even though the electrolyte can clearly influence intercalation
and cycling, no systematic study of electrolytes exists in the
context of a-MoO;.

Utilization of a “wet” electrolyte seemingly improves both
the capacity and cycling stability of @-MoO;. For the
intercalation of Mg’* from 1 M Mg(ClO,), in acetonitrile
with 3 mol % H,O (and the same electrochemical setup), Spahr
and co-workers'~" reported an improved first-discharge capacity
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of ~210 mAh/g followed by a decrease to ~155 mAh/g over
14 cycles."”" Despite the higher capacity observed in this case,
drastic changes in the shape of successive cyclic voltammetry
curves suggest that irreversible structural changes in the host
also occur with the wet electrolyte. A possible reason for the
improvement in capacity is the attenuation of the strong
polarization induced in the host lattice by a divalent
intercalating ion. However, as the work by Spahr et al.'*!
does not present a comparative study with Li* (which would
presumably experience relatively less attenuation owing to its
smaller charge density) nor does it provide structural analysis
proving Mg®" intercalation, it is impossible to rule out the
intercalation of protons (resulting from electrolyte degrada-
tion) as the source of this additional capacity. Furthermore,
water-containing solvents are inappropriate against Mg-metal
anodes, as they are a potential source of irreversible
passivation."*® The use of solvent molecules to attenuate host
polarization due to divalent intercalants is an important topic
for many potential cathode materials and is discussed with
greater depth in the xerogel-V,05 and MnO, sections.
Attempts to draw conclusions about the impact of the
electrolyte from existing studies are obfuscated by the usage
of varying electrode geometries, such as thin-films, bulk
powders, the choice of electrolyte, and current collectors. As
we detail below, factors such as particle size and electrode
preparation can also significantly affect cycling behavior and
observed capacity.

Reports utilizing electrodes pressed from MoO; powders
have typically exhibited significant capacity fade and poor
cycling kinetics.""">* Furthermore, these studies have not
provided structural evidence of Mg*" intercalation, making it
difficult to exclude other sources of capacity such as solvent/
proton intercalation. Compelling evidence of Mg** intercalation
has been shown in more recent studies using a thin film
electrode having an ~100 nm thickness.””'**'>* The use of a
thin film electrode provides high relative surface area and
reduces the diffusion path for extraction of the intercalating ion,
mitigating somewhat the sluggish kinetics suggested by earlier
studies.””"'>* The thin film geometry also provides the
additional benefit of eliminating other potentially obscuring
factors such as carbon, binder, and substrate. Caution is
warranted as reversible capacity observed for thin-film electro-
des can be a result of pseudocapacative phenomena stemmin
from the large surface-to-volume ratio of the nanoscale film."

Multiple studies report an increase in the XRD-derived
interlayer spacing of thin-film a-MoO; following discharge in
the presence of a Mg-containing electrolyte as shown in Figure
16.°%15%153 Increases in the interlayer spacing were also found
to be mostly (although incompletely) reversed by demagnesia-
tion.'*>'>* A later report by Gershinsky et al.’” finds a complete
return of the (020) reflection peak (indicative of the interlayer
spacing) to its original position (Figure 16) during charge,
although Raman measurements (in the same report) suggest
that some Mg nevertheless remains in the structure. Because
XRD is primarily sensitive to bulk materials and Raman
spectroscopy has a comparatively higher surface sensitivity, the
observation of remnant Mg in the charged material by Raman
spectroscopy (and not XRD) indicates Mg buildup near
particle surfaces, likely indicative of poor diffusion in the bulk
material, and perhaps the occurrence of conversion reactions as
observed in some MnO, polymorphs upon Mg intercalation."**
Using energy dispersive spectroscopy (EDS), Gershinksy and
co-workers”” also carried out an elemental analysis of @-MoQ,
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Figure 16. XRD of pristine, magnesiated (ng = 0.5), and
demagnesiated MoO; thin-film electrodes from ref 62. Reprinted
from ref 62. Copyright 2013 American Chemical Society.

films before and after Mg discharge and observed the presence
of Mg in the latter, but it is worth noting that EDS provides
poor differentiation of surface and bulk Mg (a fact the authors
readily acknowledge). Furthermore, these studies utilized a dry
electrolyte, reducing the probability of proton intercalation.
Considering these thin film results, it is reasonable to conclude
that reversible intercalation of Mg®* into a-MoO; does occur,
albeit with sluggish diffusion kinetics.

The thin film electrodes described above exhibit superior
cycling performance and capacity relative to pressed powders.
While Sian and co-workers do not report charge/discharge
capacity values, their study presents cyclic voltammetry (CV)
data which remains unchanged for 200 cycles.">” Gershinsky et
al.” reported capacities of ~220 mAh/g with more than 95%
Coulombic efficiency for more than 20 cycles, indicating
reversibility of the intercalation reaction. Despite promising
capacity values and evidence of cycling stability, thin films of a-
MoO; still exhibit slow diftusion kinetics, as evidenced by
silggifisczant overpotentials observed for Mg insertion/remov-
al.™

Spectroscopic studies provide some evidence as to the
microscopic origins of sluggish kinetics. Core-level photo-
emission spectra presented by Sian et al.">* indicate that only
Mo® is present in pristine films of a-MoOj. Films intercalated
by Mg®" exhibited a range of oxidation states (from +3 to +6),
suggesting a variety of local environments for Mo ions. In a
more recent study, the same group monitored optical
absorption features associated with Mo* and Mo®** in films
annealed at various temperatures.'”* A higher relative amount
of Mo*" was observed in films annealed at higher temperatures,
attributed by the authors to buildup of Mg at grain boundaries
(present in larger amounts in high temperature films), a
correlation supported by transmission electron microscopy
(TEM) analysis of such films."*?

Recently, Incorvati et al.">® attempted Mg** intercalation in a
fluorinated a-MoQj; structure having the stoichiometry a-
MoO,¢F,, (the only fluorinated composition found to retain
the a-MoOj structure). Ideally fluorination can mildly reduce
the MoO; lattice, possibly improving electrical conductivity of
the host material as well as Mg diffusivity via reduced
electrostatic repulsion. The intercalation of Mg in a-
MoO, ¢Fy,' " was assessed using XRD, solid-state >*Mg nuclear
magnetic resonance (NMR) and first-principles calculations. As
in prior studies,””'*>">* interlayer spacings derived from XRD
analysis increase by roughly 3% with discharge, consistent with
Mg insertion, and are found to return to their original spacing
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upon charging. Although the interpretation of **Mg NMR is
very challenging, a broad peak at ~50 ppm in the NMR
spectrum of the discharged compound (Mg, [MoO,F,])
could indicate Mg intercalation. Nevertheless, this measure-
ment was only benchmarked against the Mg NMR spectrum
of the model compound Mg,Mo;0;, a completely different
structure to @-MoOj;. In addition, some of the Mg NMR
peaks at ~26 ppm resemble a typical MgO response, which the
authors claim are a result of exposure of the sample to air.
However, it is possible that MgO forms as a product of
irreversible conversion reactions upon Mg intercalation, as has
already been observed for other oxide cathodes.'*® Incorvati
and co-workers reported a first-discharge capacity of ~40 mAh/
g for the fluorinated material, which increases to ~70 mAh/g
with further cycling and shows stability for 18 cycles.'>> While
these capacities are lower than those observed in earlier
reports,”'** it is worth noting that earlier studies utilized thin-
films of @-MoOj as electrodes, whereas Incorvati et al. make
use of an electrode pressed from a ball-milled powder, yielding
micrometer-sized particles much larger than the nanosized
particles utilized in Gershinsky’s work. Furthermore, the same
study'®® reports a first-discharge capacity of ~10 mAh/g for
micron-sized a-MoOj;, which fades rapidly, indicating that
fluorination may nevertheless be a viable strategy for improving
the performance of this material.

a-MoO; is one of only a handful of oxide materials to show
reversible Mg intercalation behavior, along with some V,Os
and MnO, polymorphs (see later sections). With numerous
works reporting capacities in excess of 200 mAh/g stable for
multiple cycles,””'>* this material remains a promising cathode
candidate. However, all studies report some degree of
irreversibility, and long-term c?rcle stability has only been
demonstrated in thin films.””"**'>* None of the studies
utilizing electrodes pressed from powders have demonstrated
capacities exceeding 200 mAh/g without utilizing a “wet”
electrolyte,">" and in these cases, proton intercalation has not
been ruled out as a source of capacity. From Raman and NMR
measurements,”>">* it is not possible to exclude the occurrence
of deleterious conversion reactions at the surface of the a-
MoO; particles during Mg dischar§e, a phenomenon already
reported for other oxide materials.">® Nevertheless, variations in
electrolyte formulation and electrode geometry have yielded a
~100% increase in attainable capacity for Mg®* intercalation
into @-MoOj3, and chemical fluorination of the host lattice has
been shown to improve cycling performance as compared to
the unmodified material.">> These improvements provide some
hope that good cycling behavior and large capacities may yet be
obtained from this material, and as one of few oxides to exhibit
reversible Mgz)r intercalation, it is worth investigating whether
modifications similar to those detailed above can enable this
material to achieve its theoretical potential.

Other Mo Oxides. A mixed Mo—V microporous material
having the stoichiometry Mg,Mo,;,,VOo,s was recently
investigated, with some success, as a Mg intercalation
cathode."™ Elemental analysis revealed the exact composition
used in the study to be Mo, 4,4VOy ;. Electrochemical insertion
of Mg was attempted in a 3-electrode cell setup with activated
carbon cloth for the counter and reference electrodes.
Mg(TFSI), in ACN was used as the electrolyte. These
experiments yielded a first discharge capacity of ~397 mAh/g
at a rate of C/70 and an average voltage of 2.5 V. The capacity
decreases with cycling and stabilizes at ~235 mAh/g for at least
15 cycles, corresponding to energy contents of ~587 Wh/kg
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Figure 17. (a) Displays the structure of orthorhombic V,0s, with the red pyramids indicating VO polyhedra and the yellow spheres corresponding
to the intercalant atoms. (b) Illustrates the difference between the alpha and delta polymorphs of orthorhombic V,05."”° (a and b) Reproduced from

ref 170. Copyright 2015 The Royal Society of Chemistry.

and ~2344 Wh/L. The authors speculatively assign the capacity
loss to Mg trapped in small, three-membered tunnels, but do
not further investigate the issue."”” The attainable capacity
drops markedly to ~114 mAh/g and 90 mAh/g at rates of C/
40 and C/12, respectively. The sensitivity of the practical
capacity to charging rate, and possible Mg trapping in the
material suggest slow diffusion of Mg.

XRD analysis of chemically magnesiated Mg, Mo, 4sVOyq o3 at
various states of magnesiation (0 < x < 3) reveals continuous
peak shifts with increasing Mg concentration, indicative of an
intercalation (rather than conversion) reaction. Structural
refinement suggests an increase of the a4 and b lattice
parameters with the ¢ parameter remaining largely unchanged.
This indicates that some structural rearrangement occurs.
Electrochemical cycle stability nevertheless indicates reversible
Mg intercalation, although careful analysis of electrochemically
discharged and charged samples would be required to prove
this point. Although the work of Kaveevivitchai et al.">’
suggests that Mg mobility in the material is potentially low,
Mo, 5,,VO; likely warrants further theoretical and experimental
investigation in light of its high capacity and cycle stability.

Unsuccessful electrochemical experiments have also been
reported for MV (de)intercalation in Mo-oxides, such as Mg
and Ca removal from layered-Mg,Mo;04'® and perovskite-
CaMo0;,'" respectively. While chemical extraction of Mg was
possible in Mg,Mo;0g, no electrochemical activity was
observed, which the authors attributed to the high Mg
migration barriers induced by the “dumbbell” O—-Mg—O
transition state during Mg diffusion.'®® Perovskite-CaMoO,
was theoretically evaluated as the best candidate for Ca cycling
among several MO, perovskite structures (with M = Mn, Cr,
Fe, Co, Nj, and Mo) based on first-principles average voltage
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. . . 161
and volumetric strain calculations. However, no electro-

chemical activity was observed on charging CaMoO;, in
agreement with the calculated high Ca migration barriers."®!
The aforementioned works indicate the important role played
by ab initio calculations in screening for false candidates.

5.2. Layered V,0;

Orthorhombic-V,0s. Although the volume of research
published on MV intercalation materials pales in comparison to
the Li-ion battery literature, Mg (and MV) intercalation in
orthorhombic V,Os is one of the few oxide materials (apart
from MoO; and MnO,) that has received focused attention in
the literature. Similar to the Chevrel, orthorhombic V,Os has
been reported to electrochemically intercalate several MV-
ions, 6143 including Mg**, Ca®", and Y*', albeit with limited
experimental evidence for Ca* insertion.'>'** Multiple moles
of Li can be intercalated per V,0; formula unit with a reversible
capacity of ~130 mAh/g at ~3.3 V,'*>'%7' while various
Li,V,0; polymorphs, such as a (x;; ~ 0.0), € (0.4 < x;; < 0.7), §
(xg; ~ 1.0), ¥ (1.0 < x; < 2.0), and @ (2.0 < x;; < 3.0), have
been characterized using both XRD'®*'®” and neutron
diffraction'®® measurements on discharged samples. Thus, the
potentially high energy densities (~660 Wh/kg and ~233S
Wh/1) that the material can achieve by reversibly intercalating
one mole of Mg (capacity ~294.7 mAh/g at a theoretical
voltage of ~2.5 V'%17%) or other MV ions have made V,0; a
material of interest in MV cathode studies. Nevertheless, most
electrochemical Mg insertion experiments into orthorhombic
V,0; have suffered from poor kinetics,"*"'”" typically
attributed to sluggish Mg diffusion into the cathode host,
with successful intercalation experiments employing either
nanosized V,0Ojq particles,&’162 solvent (water) cointercala-
146171 or high temperatures'”> to improve Mg diffusivity.
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The crystal structures of the a and & polymorphs
orthorhombic V,Oy are illustrated in Figure 17. The V,Oq
lattice is comprised of layers of alternating edge- and corner-
sharing VOg pyramids, as indicated by the red polyhedra in
Figure 17, with the intercalant atoms (yellow spheres) located
between the layers. Differentiation of the @ and ¢ polymorphs
arises through changes in the stacking of layers along the a-
direction (perpendicular to the b-c plane shown in Figure 17a),
orthorhombic as highlighted by the dashed blue rectangles in
Figure 17b. While Li, V,05 undergoes irreversible 6 — y and y
— o transformations for x;; > 1 and x;; > 2, respectively,'®” the
7 and @ polymorphs have not yet been reported in the Mg
(MV)-V,0Oq system.

In 1987, Pereira-Ramos et al.'”* first demonstrated reversible
electrochemical Mg intercalation into orthorhombic V,0y at
150 °C, intercalating up to xy, ~ 0.5 (~130 mAh/g) at a low
rate of 100 uA/cm® XRD analysis of discharged samples (at
Xpgg ~ 0.2) revealed minor peak shifts, similar to those observed
at Liy,4sV,0s. Further refinement of the XRD data revealed a
slight expansion of the lattice along the b-direction, consistent
with later experimental observations (Figure 18b)* and
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Figure 18. (a) Experimental voltage curve for Mg cycling in
orthorhombic V,05 and (b) XRD measurements on pristine,
discharged, and charged samples by Gershinsky et al.> (a and b)
Reprinted with permission from ref 62. Copyright 2013 American
Chemical Society.

theoretical predictions (see Figure 19b)."*” In 1990, Gregory
et al.> reported chemical insertion into V,O5 up to Xpg ~ 0.66,
using a 0.7 M dibutyl-magnesium in heptane as electrolyte but
provided no characterization-based evidence of Mg-intercala-
tion. Both the aforementioned experiments®”'”* reported Mg
intercalation only under nonambient electrochemical condi-
tions, such as high temperature or direct chemical reaction.
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Figure 19. (a) Computed voltage curves for Mg-intercalation in «
(blue) and § (red) polymorphs of V,0s. The voltage drop at xpg = 0.5
in the a curve corresponds to the formation of the e-phase. (b) Layer
spacing as a function of Mg concentration in both a and §, including
van der Waals corrections, where there is good agreement with
experimental data (green triangles).

In an effort to improve the room temFerature Mg diffusivity
in orthorhombic V,0;, Novak et al.**'”"'7® spearheaded
attempts to use water as a cointercalating medium to shield the
Mg** charge during its migration in the cathode lattice. Using
an electrolyte consisting of magnesium perchlorate (Mg-
(ClO,),) combined with water dissolved in acetonitrile
(ACN), Novik et al. were able achieve a capacity higher than
170 mAh/g at room temperature'*® and attributed the
improvement in electrochemical performance to optimization
of the water content.'”" The authors further elaborated that the
improvement in capacities achieved a maximum when the ratio
of Mg*" content in the electrolyte to the water content was ~1.
Similar improvements in capacity were also observed by Yu et
al."”* when water was introduced in a Mg(ClO,),-PC based
electrolyte. Although Novak and co-workers claimed M$2+
insertion based on atomic emission spectroscopy (AES) 0
and EDS'” measurements, no quantitative data was made
available. In addition, XRD measurements' > indicating
insignificant layer expansion on Mg-intercalation in V,Oj are
seemingly in contradiction with first-principles estimations of
~9% increase up to xy;, ~ 0.5 (see Figure 18)."*” Furthermore,
experiments on hydrated polymorphs of V,0q, such as the
xerogel (see section below), report significant layer spacin%
changes during water cointercalation in the structure,'”
potentially disputing the previously made arguments'*>'”"'”?
that water cointercalation is responsible for improvements in
capacity, since there is no indication of notable layer spacing
variations.'**'”> Given the well-known incorporation of H
atoms into the orthorhombic V,0Ojs structure in acidic media,'”®
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it is possible that a portion of the capacity observed in
electrochemical experiments is a result of proton intercalation,
as discussed at the beginning of section S. Hence, detailed
theoretical and experimental studies are required to understand
and verify the role of water in cointercalating Mg, as briefly
deliberated in the xerogel section below.

As was observed in a-MoOj, reducing the particle size of
V,0; seems to mitigate  poor Mg*" diffusivity, as demonstrated
in V,04 nanopowders'® (although no structural evidence of
Mg** intercalation was provided) and thin films.”> On the basis
of visual observations of reversible electrode color changes,
high-resolution-SEM imaging of charged and discharged
samples, X-ray photoelectron spectroscopy (XPS) and XRD
measurements, Gershinsky et al.”> argued that reversible Mg
intercalation occurs into V,0;. The authors reported a flat
voltage curve at an average of ~2.35 V with a ~140 mAh/g
capacity beyond which the voltage drops (Figure 18a), in
agreement with first-principles calculations which predict a
voltage drop at xy;, ~ 0.5 due to the formation of a stable Mg-
vacancy ordering, referred to as the e-phase (see, Figure
19a).'” Furthermore, Gershinsky et al.”* reported an expansion
of the interlayer distance due to the shift in the (010) peak
during XRD measurements of the discharged samples alongside
the formation of additional peaks at ~29.5° and 37.2° (Figure
18b), which are in accordance with theoretical calculations that
indicate an increase in the interlayer distance upon the
formation of the Mg-vacancy ordered e-phase (Figure
19b).'” Nevertheless, the presence of ClI~ and O*~ peaks in
the XPS spectra of discharged samples,”> combined with the
known capacitor-like behavior of V,0j structures with large
surface area'** indicate that a part of the measured capacities
could arise from both electrolyte decomposition and the
pseudo-Faradaic behavior of V,Oy thin films.

Recent first-principles calculations on Mg-V,05 have
reported several properties such as M§ insertion voltages,
barriers for Mg (and MV) diffusion' 777717 and the
temperature—composition phase diagram,'® which can be
benchmarked effectively with available experimental data. While
Wang et al.'”® predicted similar barriers for Mg diffusion in
single-layered and bulk orthorhombic V,Oys, the authors in ref
179 benchmarked the lattice parameters (including the
interlayer spacing) with and without van der Waals corrections
in DFT calculations. From Carrasco’s calculations,'” it can be
concluded that using a vdW-DF2 exchange-correlation func-
tional to account for van der Waals interactions causes
discrepancies in predicted voltages despite agreement with
experimental structure parameters. Gautam et al.'® calculated
the Mg intercalation phase diagram in orthorhombic V,0; and
attributed the experimentally observed sluggish Mg kinetics
within the host to high Mg migration barriers in a-V,O;.
Further, the authors concluded that the experimentally
observed drop in the voltage profile at xy, ~ 0.5 was due to
the formation of the metastable e-phase, resulting in a kinetic
hindrance to the equilibrium @ — ¢ transition. Additionally,
they reported lower Mg migration barriers in &(~600—760
meV) than in @(~975—1120 meV). An extension of the voltage
and mobility calculations to other MV systems, such as Ca**
and Zn*', indicates that the 5-polymorph could be a better host
for MV-cations compared to ¢, owing to the superior mobilities
predicted for Mg** and Ca** (~200 meV in 6 compared to
~1700—1900 meV in a for Ca).'” Earlier calculations by Zhou
et al."’” reported a higher Mg*" migration barrier in § compared
to a, and a facile @ — ¢ transition in Mg—V,Os, in contrast to

4305

the results of refs 169 and 170. However, Zhou et al.'"”” predict

higher open circuit voltages for Mg®* insertion in V,0j
compared to Li*, contradicting available experimental
data 62162167

Parallel experiments on Ca-cycling in orthorhombic-V,04
have reported qualitatively different results, such as ~400 mAh/
g capacity at ~2.0 V by Hayashi et al,,'** in comparison to the
~200 mAh/g at ~3.0 V reported by Amatucci and co-
workers.'®> However, both experiments report poor Ca*
mobility in V,0s, characterized by high overpotentials on
Ca®" discharge and low current densities. The sluggish kinetics
are in agreement with theoretical predictions of a high Ca*"
migration barrier in the thermodynamically stable a-V,05."”°

Despite several experimental attempts to achieve Mg (MV)-
intercalation in orthorhombic V,0Oy, there exist numerous open
questions as to the practicality of V,0O5 as a MV cathode
material. While initial Mg-insertion attempts used a higher
operating temperature to improve poor Mg migration within
the structure, the reversibility of the intercalation process was
quite limited.'”” The use of solvent cointercalation, especially
water,"**'7"'7® poses several challenges not only in character-
izing the electrode to determine the actual impact of water on
improving Mg mobility but also in verifying that proton
intercalation is indeed not contributing to any of the capacity
observed. Also, the presence of water in the electrolyte will
create detrimental passivation at the Mg metal anode.”” Co-
intercalating aprotic nonpassivating solvents to improve Mg
mobility is therefore a strategy that warrants a deeper
exploration both theoretically and experimentally.

Further clarification is required to decouple capacitance
effects from redox intercalation in experiments using nanoscale
orthorhombic V,0;, which have indeed reported reliable
reversible intercalation data.” Comparisons of available
experimental results with DFT lattice parameters, insertion
voltages, and phase stabilities, indicate that experimentally
cycled V,05 remains in the a polymorph.'® However, at Xygg =
1.0 the 0 phase is thermodynamically stable and chemically
synthesizable,'®® with first-principles mobility calculations
indicatin; lower migration barriers than a (refer to discussion
above).'”” Thus, theoretical predictions suggest a possible
strategy to improve the rate-performance and accessible
capacity of orthorhombic V,05 by synthesizing the cathode
in the discharged state and (de)intercalating Mg*" in §-V,0s.
Given the evidence of reversible V** < V3" redox plateaus,"’
the versatility of the structure in intercalating a variety of MV
ions and the potentially high energy densities that the material
can achieve as a cathode, orthorhombic V,O; still holds
promise for MV batteries.

Xerogel-V,0s. A principal problem in most oxide cathode
materials for MV batteries, including orthorhombic V,Oy, is the
expected slow ionic diffusion within the structure (compared to
Li*) which in turn adversely impacts the electrochemical
performance.'” The poor mobility of MV ions has largely been
attributed to the high positive charge density that causes severe
local distortions in the cathode host, as discussed earlier in
section 5. One strategy to mitigate the sluggish migration of
MV ions is to provide “solvent” molecules in the cathode
structure that “shield” the charge on the MV ion electrostati-
cally and attenuate the structural distortions.'*' Solvent
cointercalation is a known phenomenon in Li- and Na-ion
batteries,'"* ™" enabling otherwise thermodynamically pro-
hibited intercalation reactions'®® and causing structural trans-
formations (such as spinel — layered in MnO,,"* see MnO,
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Figure 20. The structures of the fully ma nesiated (ng = 0.5) and the fully demagnesiated xerogel structures, with 1H,O per formula unit of V,O5

are displayed in (a and b), respectively.'®

A closer view of the Mg coordination environment in the xerogel is displayed within the green circles of

(a). (a and b) Reprinted from ref 187. Copyright 2016 American Chemical Society.

section below) that improve capacity.'*” Thus, layered
structures which have a solvent intercalated already, such as
xerogel-V,O; and birnessite-MnO,, provide a potential pathway
to design cathodes with fast MV mobility.

The xerogel form of V,0s, with a chemical formula of V,0O5-
nH,O comprises a “bilayered” arrangement of V,0Oj5 layers, as
shown in Figure 20187188 Being metastable, the xerogel loses
structural H,O on heating and eventually transforms
irreversibly to orthorhombic V,0Oy at ~350 °C,'”” while the
structure has been reported to insert several MV cations,
including Mg**, Ca*", Ni**, and Zn? 1710 A single bilayer of
V,0; in the xerogel is made up of two individual V,0O4
monolayers (red polyhedra in Figure 20) bound by layer-
bridging V—O bonds. Spacing between the bilayers (b-direction
in Figure 20) is set by both the amount of intercalated H,0'”
and the ty;)e (and quantity) of intercalant ions present in the
structure.” > While each mole of H,0O added (removed) to
(from) the structure results in an increase (decrease) of the
interbilayer spacing by ~2.8 A,'” the spacing was found to
increase further upon Na* intercalation, but decrease with Mg**
insertion.'”> Though the positions of the H,O molecules in the
interbilayer space are known, the positions of intercalant ions
are not well-resolved from experiments, with some structural
models proposed in refs 189, 200, and 190.

MV intercalation into the xero§el structure has been
attempted with organic'?*!9>19%200 and aqueous electro-
lytes.””'?® Imamura et al,>*>*°" were one of the first to report
electrochemical Mg cycling in xerogel-V,0Oj, as shown in Figure
21a, using a three electrode setup comprising a Mg ribbon
counter, Ag/AgNO; reference, and Mg(ClO,), dissolved in
ACN as the electrolyte. While the authors claimed a first
discharge capacity of ~540 mAh/g, corresponding to inserting
~1.84 mol of Mg into the structure, the capacity faded rapidly
in the next few cycles and eventually converged to
~300 mAh/g. At a voltage of ~2.8 V vs Mg, a capacity of
approximatively 300 mAh/g corresponds to energy densities of
~840 Wh/kg and ~2303 Wh/l. The authors also reported
nearly 80% capacity retention at the 35th cycle (compared to
the capacity achieved at the 10th cycle) during charge—
discharge tests. XRD measurements by Imamura et al. display
slight peak shifts, indicating decreasing interbilayer distance
with Mg** 1ntercalat10n, consistent with other experimental'””
and theoretical®’ studies, although the peak intensities reduce
drastically with magnesiation. Fourier Transform Infrared
Spectroscopy (FTIR) measurements by the authors indicate
ClOj peaks, which the authors attribute to cointercalation of
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Figure 21. (a) Cyclic voltammogram upon Mg cycling in xerogel-V,05
as reported by Imamura et al*® and (b) voltage curves from first-
principles calculations for Mg insertion in the xerogel, plotted as a
function of water activity in the electrolyte."®” The text annotations on
the voltage plateaus in (b) reflect the changes in the water content
within the xerogel for the corresponding change in Mg content. (a)
Reprinted and digitized with permission from ref 200. Copyright 2003
Elsevier. (b) Reprinted from ref 187. Copyright 2016 American
Chemical Society.

the CIOj ions into the structure. From the FTIR and XRD
data, the role of ClIO; during Mg intercalation remains unclear.
Furthermore, the peak splitting of the V—O—V and the V=0
bonds, observed in the FTIR spectrum as new peaks at lower
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X-rays.'” (b) XRF images of elemental distribution of V (top left), Sn (top right), and Cu (bottom left) and their overlay (bottom right) obtained
using hard X-rays. (a and b) Reprinted and adapted from ref 195. Copyright 2015 American Chemical Society.

wavenumbers, could arise from proton intercalation into
xerogel-V,0y instead of the expected Mg®* insertion.
Subsequent Mg intercalation experiments using organic
electrolytes into the xerogel report qualitatively different
results."”>"® For example, Tepavcevic et al.'"”> cycled Mg in
a voltage window of ~0—2.2 V vs Mg yielding a capacity of
~80—120 mAh/g over 50 cycles, while Sa et al.'”® reported a
higher average voltage (~1.9 V vs Mg) and a lower capacity
(~50 mAh/g) over 10 cycles. Both experiments'”>'*® report
lower Mg intercalation voltages and capacities in comparison to
the cyclic voltammetry of Imamura et al,”*”*°" conducted in
the range of ~1.9—3.4 V vs Mg, yielding ~300 mAh/g. Using a
full cell setup made of a nanocrystalline Sn anode, Mg(ClO,),
dissolved in ACN electrolyte and a Mg-discharged xerogel
cathode, Tepavcevic and co-workers'” claimed reversible Mg
intercalation based on a multitude of X-ray fluorescence (XRF),
XANES, high-angle annular dark-field imaging (HAADF),
small-angle X-ray scattering (SAXS), wide-angle X-ray scatter-
ing (WAXS), and energy-dispersive analysis of X-rays (EDAX)
measurements. The authors initially discharged a pristine
xerogel galvanostatically against a Mg metal anode, with
intercalation verified by the presence of Mg®* in bulk XRF
maps and changes in the V-oxidation evidenced by XANES
measurements and then cycled the discharged xerogel against a
Sn anode with Cu impurities. On cycling, the observed capacity
attenuated from an initial value of ~160 to ~80 mAh/g by the
20th cycle before recovering to ~120 mAh/g at the 50th cycle,
which the authors attributed to the nanocrystalline nature of
both the anode and cathode used. However, XRF measure-
ments on the cycled xerogel indicate the presence of Sn and Cu
after cycling (Figure 22), suggesting possible contributions to
observed capacities by the anode constituents in addition to
Mg?*, which might explain the capacity recovery with
prolonged cycling. Also, EDAX measurements'” indicating
an increased presence of C and O peaks in the discharged
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samples (in comparison to the charged), probably indicate the
occurrence of electrolyte decomposition, despite insignificant
changes to the CI™ peak.

Sa et al.'”® performed galvanostatic cycling of coin cells
comprising a Mg metal anode, Mg(TFSI), dissolved in diglyme
electrolyte, and a pristine xerogel-V,0Oj5 as the cathode. On the
basis of XANES, XRD, and NMR results (Figure 23), the
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Figure 23. 'H NMR for V,04nH,O at various charged/discharged
states (2.6 V to —0.2 V) (left panel) from ref 198. The right panel
displays '*C NMR spectra of discharged sample (0 V). The data in red
represents one pulse experiment, and data in black represents 'H—"3C
cross-polarization experiment, which indicates the presence of TFSI
carbons. Reprinted and adapted from ref 198. Copyright 2016
American Chemical Society.

authors concluded reversible Mg*" intercalation into the
xerogel, with slight capacity enhancement over multiple cycles
despite observations of a surface film formation at the Mg/
diglyme interface. Further, the authors reported the existence of
three distinct phases, based on observations of three distinct
interbilayer spacing values on discharge [obtained through pair
distribution function (PDF) analysis of the XRD data], which
qualitatively agree with first-principles predictions of changes in
the interbilayer spacing with Mg content and the formation of
stable Mg-ordered configurations at intermediate Mg concen-
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trations.'®’ Interestingly, 25Mg, 3C, and 'H NMR studies
(Figure 23) by the authors revealed not only an increase in
proton double peak intensities, probably from diglyme
decomposition, upon discharge but also a lack of MgO
formation within the xerogel, leading the authors to claim
cointercalation of a Mg-diglyme complex alongside the
displacement of the lattice water. However, the authors report
the appearance of aliphatic chains, based on "H—"*C cross-
polarization NMR spectra, resulting from diglyme decom-
position in the cathode host, which would affect the
electrochemical data presented. Also, the observed capacity
increase with cycling could be a result of electrolytic
decomposition at the anode or cathode, despite the authors
attributing the increase to improved electrolyte percolation into
the cathode.

Lee et al.'” performed cyclic voltammetry of a hydrated
V,0; electrode using a Ag/Ag* reference and a Pt counter
electrode and various electrolytes. The cathode material,
Mg, ,V,05-1.8H,0 xerogel, was prepared by dissolving
crystalline MgV,0q4 in water followed by treatment with an
ion-exchange resin, with Yin et al>*? reporting a similar
synthesis route. Lee and co-workers'” determined the cathode
composition by a combination of thermogravimetric analysis
(TGA) and ICP-optical emission spectroscopy (OES)
measurements. The electrolytes used include Mg(ClO,), and
Mg(TFSI),, dissolved in ACN and ethylene carbonate:dimethyl
carbonate (EC:DMC) solvents, with Mg(ClO,), in ACN
displaying the best electrochemical performance among those
considered. The authors'”” also claimed an initial Mg discharge
capacity of ~300 mAh/g, based on galvanostatic charge—
discharge tests with Mg(ClO4), in ACN, with an immediate
capacity fade to ~230 mAh/g in the second cycle and
subsequent capacity recovery to ~280 mAh/g by cycle 7,
qualitatively similar to previous cycling tests by Imamura et
al>*>*°! The solitary anodic (~0.0 V vs Ag/Ag") and cathodic
(~0.5 V) peaks reported by the authors during cyclic
voltammetry with Mg(ClO,), in ACN disagree both
qualitatively and %uantitatively with previously reported
experimental data,”® which is not addressed by the authors.
Also, XRD measurements by the authors'*® indicating a lack of
change in the interbilayer spacing with Mg cycling is in contrast
with significant layer contraction (expansion) on Mg insertion
(removal) reported by other experiments'”>'** and theoretical
predictions.'”” Similar to a few other works,>>!">!7%197,203:204
the claim of Mg intercalation in hydrated V,0Oj5 is based mainly
on electrochemical data and without sufficient characterization
of discharged (charged) samples to ascertain Mg presence
(absence) is symptomatic of the challenges involved in
understanding Mg intercalation in oxide hosts in general.

Mg cycling in xerogel-V,05 using aqueous electrolytes was
reported by Mentus and co-workers,””>'*® employing a Pt
counter electrode, a Calomel reference electrode, and a
Mg(NOsy), electrolyte, achieving nominally higher voltage
comg)ared to organic electrolytes.”>"***% While Stojkovi¢ et
al."” reported reversible electrochemical Mg intercalation in
the xerogel based on an observed capacity of ~107 mAh/g in
cyclic voltammetry experiments, no characterization evidence
for Mg insertion was provided. Using a similar setup, Vujkovi¢
et al.””® compared the electrochemical performance of Li*,
Mg*, K', and Na' intercalation in the xerogel employing
aqueous electrolytes and claimed reversible Mg*" intercalation
based on cyclic voltammetry and chronopotentiometry
measurements. However, apart from visual observations of
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color changes of the xerogel electrode upon charge (and
discharge), similar to those reported for Mg intercalation in
orthorhombic V,05,"> Mg intercalation was not supported with
robust characterization experiments. Hence, it remains unclear
as to whether reversible Mg intercalation can indeed occur into
the xerogel using aqueous electrolytes.

The lack of structural knowledge of Mg- and H-positions in
the xerogel, limited by the difficulties in characterization due to
the nanocrystalline nature of the material, has constrained the
theoretical studies on Mg intercalation in the xerogel. Recently,
Gautam et al."®” used a 3-step computational strategy to resolve
the Mg-intercalated xerogel structure (Figure 20), with a
maximum of xyg = 0.5 and nyo = 1 per V,0; and
subsequently employed a thermodynamic framework based
on grand-potential phase diagrams to study Mg—H,O
cointercalation (Figure 21b). These authors find that while
water shuttling along with the Mg** is thermodynamically
favored when wet electrolytes are used (with activity of water
ag,o ~ 1), water cointercalation does not occur at higher Xypg iD

dry electrolytes (ay,o ~ 107*). A superdry electrolyte that has
minimal traces of water (a0 ~ 107®) not only causes all the

water in the xerogel structure to exit the electrode but also
effects a slight change in the phase behavior of the Mg-xerogel
system in comparison to wet and dry electrolytes.'®” In regimes
where water cointercalates with Mg*', first-principles calcu-
lations indicate an increase in Mg insertion voltage with
increasing a;; o (see Figure 21b), which supports well the

experimental observations.'”>'?>'?19%29° The dependence of
voltage on both the activity of water in the electrolyte as well as
the extent of magnesiation leads to important consequences in
the future design of electrode—electrolyte pairs that could
calibrate the voltage based on a cointercalating species.
Although further studies are required to fully understand Mg-
intercalation in the xerogel system, theoretical studies may be
particularly useful for solvent cointercalating systems, also
pertinent for known Li and Na-ion electrode materi-
als,' #8185 186 que to the experimental difficulties in refining
the structure.

Recently, researchers at Argonne National Laboratory'”” and
University of Waterloo”” independently reported reversible Zn
intercalation in xerogel-V,QOs, consistent with the prediction of
high Zn mobility in layered oxides and orthorhombic V,05."”
Using Zn(TFSI), in ACN as the electrolyte, Zn nanofilaments
as counter electrode and electrochemically deposited xerogel as
the working electrode, the authors observed a reversible
capacity of ~170 mAh/g for 120 cycles at 0.7 V vs Zn and
C/10 rate. Capacity retention at rates as high as 20C was
remarkable (~120 mAh/g), providing substantial experimental
evidence that the mobility of Zn** can be very high when
matched with the correct host structure."**'”° Further,
Senguttuvan et al.'”” claimed Zn intercalation based on EDS
and XANES measurements, albeit without quantitative
structural characterization. Also interesting to note is the shift
in the reduction and oxidation voltammetry peaks with Zn
cycling, which the authors attributed to a decrease in Zn
deposition overpotential and structural rearrangements within
the cathode. ACN cointercalation was ruled out based on
Raman spectroscopy measurements.'”” Although Zn*" is
expected to have high mobilities within orthorhombic-
V,05,'"" the high capacities observed can be partly caused by
pseudocapacitive behavior, especially at high rates such as 20C.
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Nevertheless, the results from ref 199, specifically the
development of nonaqueous electrolytes with high anodic
stability and the high rate capability of a divalent intercalant,
can lead to significant improvements in the development of
secondary nonaqueous Zn batteries that are capable of
delivering power comparable to Li-ion batteries.

The phenomenon of Mg-water cointercalation leading to
better mobilities and higher voltages in the xerogel system
presents an important opportunity to utilize solvent cointerca-
lation in designing both the cathode and the electrolyte to
achieve energy densities potentially higher than current Li-ion
systems. While reversible Zn intercalation in the xerogel seems
possible,"” Mg cycling experiments done with organic
electrolgrtes so far report varied electrochemical
data, 7195198200201 including a wide range of capacities
(from ~300 mAh/g200 to ~50 mAh/gl%), making it difficult
to unravel the mechanism of Mg intercalation in the xerogel
structure. Both Lee et al.'”> and Imamura et al.”” claimed
reversible Mg insertion based largely on electrochemical data.
The reports by Tepavcevic et al.'”” and Sa et al.'”® documented
capacity recovery with Mg cycling, albeit at quantitatively
different values of observed capacities, while both experiments
may have been affected by other side reactions, such as anodic
element cycling (namely, Sn and Cu)'”® and electrolyte
(diglyme) decomposition,'”® respectively. Mg cycling in
aqueous electrolytes was claimed by Mentus and co-work-
ers,'”>"% without any significant characterization evidence for
Mg intercalation (removal) upon discharge (charge). Theoreti-
cal studies in Mg-xerogel have been limited, with Gautam et
al."®” calculating the grand-potential phase diagram of the
system and observing regimes where Mg-water cointercalation
is thermodynamically favored. Nonetheless, it remains unclear
whether Mg (Zn) can be reversibly intercalated for a prolonged
number of cycles in the xerogel, despite multiple experimental
attempts, highlighting the need to decouple side reactions such
as proton intercalation, electrolyte decomposition, and pseudo-
Faradaic reactions that could significantly affect the electro-
chemical data observed. Finally, it should be noted that more
detailed characterization of the xerogel starting material may be
needed as the synthesis of xerogel is more difficult to precisely
control than classic solid state reactions. As a result, materials
that are reported as xerogels may in fact be substantially

different.
5.3. MnO, Polymorphs

Multivalent intercalation into MnO,-compounds is attractive
because of their high theoretical voltage (~2.8 V'*’) and
capacities (~308 mAh/g for inserting ~0.5 mol or 1 equivalent
of Mg, respectively), leading to desirable energy densities of
~862 Wh/kg and ~3630 Wh/l. As with other oxides, ionic
diffusion is expected to be impeded by the combination of the
highly ionic nature of the oxide host lattice and the large charge
density of the MV ion. Electrochemical Li intercalation in
MnO, was initially investigated as early as 1974,”°°7>%° while
chemical insertion of Mg into a variety of MnO, phases was
explored by Bruce et al.''® Motivated by the abundant
availability, environmental compatibility, low cost, the afore-
mentioned large theoretical capacity, and structural versatility of
a number of known MnO, polymorphs, electrochemical
intercalation of Mg147’158’210_227 and Zn******7** in MnO,
has received much attention recently. Researchers have
suggested that the presence of large structural voids character-
istic of some MnO, polymorphs, such as Hollandite (a-MnO,),
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OMS-S (a4 X 2 tunnel structure under the Ramsdellite family),
and the layered Birnessite (6-MnO,), as seen in Figure 24,

a-MnO, — Hollandite 8-MnO, layered — Birnessite

R-MnO, — Ramsdellite

Figure 24. MnO, polymorphs investigated as intercalation cathode
materials for Mg-ion batteries. MnOg octahedra in violet share oxygen
(in red) corners and edges in Hollandite @-MnO, and Ramsdellite R-
MnO, and only edges in Spinel 1-MnO, and Birnessite 6-MnO,.

could facilitate the diffusion of Mg** (MV) ions.'>%*!%22122>
However, there is potential for conversion reactions that lead to
the irreversible formation of MgQ."****' The presence of water
in the cathode or electrolyte is reported to significantly affect
the electrochemical performance of the MnO, system, with
experiments claiming notable improvement in Mg-cycling in
the layered-6 and the spinel-1 polymorphs'*”**”**® and a
possible impact of water on the phase stability of the MnO,
polymorphs upon Mg insertion.'***” Nevertheless, the
presence of water can lead to parasitic side reactions, such as
Mn?* dissolution**”~**" or proton intercalation (as discussed in
previous sections), which can contribute to the electrochemical
data observed. Furthermore, reports of high initial Mg
discharége _calpacities (corresponding to xyg > 0.5 per
MnO,*"**'521%) may be observing the capacity resulting from
electrolyte decomposition, given the low anodic stability (~3.5
V*?) of most state-of-the-art Mg electrolytes. Such reports
underscore the need for careful interpretation of experimental
data.

In the following sections, we provide a critical analysis of the
present literature on reversible MV intercalation in various
MnO, polymorphs. Examination of the experimental data
presented in Table 1 demonstrates the disparity in the reported
voltage, capacity, cycle life, and electrochemical setups
employed (ie, working and counter-electrodes, electrolyte,
current collectors, and other battery components), highlighting
the need for careful analysis and interpretation of experimental
results as well as the standardization of electrochemical
measurement protocols for MV batteries.

a-MnO, and tunnels structures. Reversible Mg inter-
calation seems problematic in the a-phase and OMS-5 tunnel
polymorphs,*'” given the siﬁniﬁcant capacity losses (~50% of
first discharge) reported.”””'” Recent investigations have
attributed the capacity loss to possible conversion reactions
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Table 1. First Discharge Capacity (dis., in mAh/g) and
Voltages vs Mg”*/Mg (in V) of a Variety of MnO,
Polymorphs, Using Various Electrolyte-Solvent
Combinations, Reference and Anode Electrodes,
Respectively”

1st dis. voltage electrolyte/counter electrode/anode fade
a-MnO,-Hollandite
310215 217 Mg(ClO,),:ACN//Ag/AgNO;/Mg yes
210°"¢ ~2.00 Mg(ClO,),:ACN//Ag/AgNO;/Mg yes
282218 2.80 Mg-HDMS:THE//Mg yes
3302 2.17 Mg(ClO,),:ACN//Ag/AgNO;/Pt yes
OMS-5-Tunnel
8017 217 Mg(ClO,),:ACN//Ag/AgNO;/Mg yes
6-MnO,-Birnessite
76215 2.17 Mg(ClO4)2ACN//Ag/AgNO%/Mg yes
2317 2.80 Mg(ClO,),:ACN:H,0//Ag/AgCl/Mg -
23147 2.80 Mg(ClO,),:H,0//Ag/AgCl/Mg-B yes
17020 227 Mg(CIO,),:PC:H,0//Ag/AgCl/Pt no
150%%7 ~3.00 Mg(ClO,),:H,0//Ag/AgCl/Pt yes
1302 1.55 Mg(TESI),:diglyme//Ag/AgCl/Mg yes
A-MnO,-Spinel
20921° 217 Mg(ClO,):ACN//Ag/AgNO,/Pt yes
35203 ~2.84 Mg(NO;),:H,0//SCE/Pt yes
54570 ~284  MgCl,:H,0//SCE/C(graphite) yes
190 2.90 Mg(NO;,),:H,0//SCE/Pt -
150%%* 222 Mg(NO;),:H,0//Ag/AgCl/Pt ves
1207 ~2.60 Mg(ClO,),:EC:DEC//Ag/AgCl/Pt no
250226 — Mg(TFSI),:PC//C(BP2000) yes

“Occurrence of capacity fade over electrochemical cycling (Fade) is
also indicated."’

leading to MgO formation'****"*** and Mn** dissolution in
the electrolyte with subsequent deposition at the
anode 158215217

In order to explain the observed capacity fade in a-MnO,,
Rasul et al.>'>*" initially suggested that Mg-ions could be
“trapped” in the host lattice due to the high electrostatic
interactions between the Mg and O atoms. However,
computational studies based on first-principles calcula-
tions' ****” have demonstrated that Mg (MV) diffusivity mainly
depends on the changes in the MV coordination environment
during diffusion, suggesting that more rigorous investigations
are needed to unearth the origins of the oft-invoked but vaguely
described “Mg trapping” phenomenon.”'>*'” If Mg possesses
sufficient bulk diffusivity for intercalation then barring the
occurrence of substantial bulk structural or surface changes
postintercalation, the ion should also be able to diffuse out.
Furthermore, EDS, EELES, extended X-ray absorption fine
structure (EXAFS), scanning transmission electron microscopy
(STEM), X-ray absorption spectroscopy (XAS) and XPS
measurements, in recent investigations,lsg’218 revealed the
formation of MnO at the surface of @-MnO, on magnesiation,
indicating that irreversible conversion reactions may affect Mg
intercalation in MnO, tunnels. This observation is consistent
with the narrow voltage window within which intercalation into
MnO, is preferred over conversion (Figure 14). Hence, the
“trapped Mg” is most likely Mg that has reacted to form MgO
or is locked up in particles that underwent surface passivation
by MgO.

Benchmarking experimental observations with first-principles
calculations, Arthur and collaborators'****"**° corroborated
that o-MnO, converts to MnO, Mn,O; and MgO after
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magnesiation and suggested that similar reactions could affect
other oxide cathodes on Mg intercalation (as discussed earlier
in section §). TEM and EDS analysis of the MnO,
nanoparticles revealed the presence of highly ionic and
electrically insulating amorphous constituents (attributed to
formation of MnO, Mn,0; and MgO). As such, the
authors'****' proposed that conversion reactions could be
occurring only at the MnO, surface, where the Mn*' are
reduced, with the core part remaining crystalline. A meticulous
series of electrochemical, surface area, ICP, and XRD
measurements on MnO, tunnel polymorphs®*' with various
morphologies (Figure 25, panels a and b) revealed that varying
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Figure 25. (a) Capacity fade for various samples of @-MnO,. (b) First
discharge—charge cycle of different MnO, polymorphs.”*" Letters in (a
and b) refer to A, 10 X 20 nm* commercial @-MnO, nanorod; C, 60 X
100 nm* K* stabilized MnO, nanorod; F, 60 X 100 nm® H,O
stabilized @-MnO, nanorod; J, 6-MnO, with particle size >1 ym; K,
ramsdellite with particle size >1 pm calcinated at 200 °C; L,
ramsdellite with particle size >1 pm calcinated at 300 °C; M, f-MnO,;
and N, calcination at 500 °C of sample J, respectively.”*" (a and b)
Reprinted and adapted with permission from ref 221. Copyright 2015
Elsevier.

the tunnel size (from 2 X 2 in @-MnO, to 1 X 1in fand n X 2
in Ramsdellite) does not affect the initial Mg-discharge
capacities (Figure 25b), giving credence to the fact that this
is not Mg-bulk diffusivity which limits capacity. It is more likely
that oxide conversion reactions are always favored in these
polymorphs.

In addition to the aforementioned capacity fade and
conversion reactions that afflict the MnO, polymorphs, some
experiments also report Mn-leaching from @-MnO, (the
surfaces) into the electrolyte followed by deposition at the
Mg anode,>®*'>?'7 hence contributing to the observed
electrochemical capacity and degradation of the cathode
material. Given the challenges in ensuring reversible Mg
intercalation, it remains to be seen if MnO, tunnel structures
will ever be practical Mg cathode materials.
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Figure 26. Ex situ XRD of 6-MnO, in Mg(ClO,),/ACN:H,O (10 M of water) at various states of charge and discharge from ref 147. Reprinted and

adapted from ref 147. Copyright 2015 American Chemical Society.

With a theoretical gravimetric capacity of 308.3 mAh/g for
inserting 0.5 mol of Zn per MnO,, Hollandite and Ramsdellite
have been also explored as cathode materials for Zn-ion
batteries. Xu et al.**® showed Zn intercalation in @-MnO, from
aqueous electrolytes [ZnSO, and Zn(NO;),] against a Zn
metal anode followed by characterization of the discharged
material with XRD and XPS. While the initial capacity was
~120 mAh/g (with an open circuit voltage of ~1.50 V),
subsequent cycles showed a constant capacity of ~100 mAh/g
(at 6C, for 100 cycles). Although the XPS results suggested Zn
insertion in Hollandite, given the Zn/Mn ratio of ~0.52
measured in the discharged samples, the authors do not discuss
the possible occurrence of parallel conversion reactions, which
have been reported in ref 235. Because XPS only probes the
surface of the cathode particles, these results cannot ensure Zn
intercalation. Subsequently, Xu et al.”’’ used impedance
spectroscopy to investigate Zn insertion in @-MnO,, reporting
Zn ionic diffusivity ranging from 0.84 to 2.58 X 1076 cm?/s at
different states of charge. Although the authors claimed that a-
MnO, undergoes a phase transformation upon Zn insertion on
the basis of impedance measurements, no structural evidence
for any Zn intercalation or phase transformation was
provided.”*

More recently, Lee and co-workers™>"*****" also reported Zn
intercalation in Hollandite supported by cyclic voltammetry, ex
situ XRD, TEM, and XANES characterization of coin cells
comprised of a Zn metal anode, 1.0 M ZnSO, aqueous
electrolyte, and a nanorod of a-MnO,. The initial discharge
capacity (at rate of C/20) of ~194 mAh/g faded to ~150
mAh/g within the first 30 cycles. A plateau at ~1.3 V was
observed and has been related to the presence of two distinct
phases also detected in the XRD patterns. On the basis of
similar XRD patterns between the as-synthesized Zn,Mn,0,
and Na-Birnessite (Na,Mn,0,,-9H,0), the authors claimed a
discharged phase of Zn-Birnessite (also known as Zn-
chalcophanite)*****! and speculated that a-MnO, can
reversibly transform into Zn-Birnessite upon Zn intercalation.
The analysis of the Mn-K-edge data showed an increase of the
Mn oxidation state during Zn discharge, which is inconsistent
with Zn intercalation.”** Also the atomic absorption measure-
ments of the electrolyte composition at various states of
discharge indicated that 1/3 of the Mn from the a-MnO, is
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dissolved in the electrolyte. Though the authors attributed this
phenomenon to Mn?*" disproportionation into Mn** and Mn**
and dissolution of the latter in water, others linked similar
observations for Mg intercalation in a-MnO, to conversion
reactions rather than intercalation."”***" Similarly, investiga-
tions of Zn-intercalation in y-MnO, (a phase originating from
the intergrowth of f-MnO, and Ramsdellite, Figure 24) by
Alfarugi et al.”*’ reported significant Mn presence in the
electrolyte upon discharge, which can contribute to the
electrochemical response observed. However, based on in situ
Synchrotron XRD studies, the authors®*® reported the
coexistence of several MnO, polymorphs, including ¥, layered
(Birnessite-like), and spinel, on Zn-discharge and claimed a
reversible transformation to y-MnO, on complete charging.
Nevertheless, it remains to be seen whether the significant
phase transformations (tunnel structures — close-packed
spinel) that occur electrochemically in the Zn-MnO, system
are highly reversible.

0-MnO,. Mg-intercalation in Birnessite, or 6-MnO,, a
hydrated layered polymorph, was attempted by Nam, Aurbach,
and co-workers'*” and by Sun, Nazar, and collaborators,”’ with
significantly better Mg cycling in aqueous electrolytes
compared to nonaqueous. As in the case of xerogel-V,0Oj, the
presence of H,O in the structure (and/or the electrolyte)
could imyrove poor Mg intercalation kinetics in
MnQ, " #@1#72157217227 by shielding the divalent Mg-charge
and reducing the Mg desolvation energy during (de)-
intercalation by the water molecules, though such an effect
has not unamblguously been proven.

Nam et al'” investigated Mg intercalation in 6-MnO,,
synthesized through aqueous electrochemical transformation of
spinel-Mn;0,, under two distinct water containing electrolytes:
(i) in a mixture of Mg(ClO,),/ACN:H,0 and (ii) in aqueous
electrolytes. Reversible Mg intercalation was claimed by the
authors based on a reversible change in Mn oxidation state (i.e.,
Mn*"/Mn*"), deciphered from XPS and XANES measure-
ments. Additional characterization, such as XRD (Figure 26)
and annular bright field scanning electron transmission
microscopy (ABF-STEM) were used to resolve the magne-
siated Birnessite structure, including the positions of the Mg
atoms and water molecules. Nam et al.'"*’ reported a
continuous increase in capacity for increasing water content
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from 56.8 mAh/g in ACN up to ~227.6 mAh/g (at ~2.8 V) in
bulk water. Similar observations have been reported for M%
intercalation in @-MoO,"*" and orthorhombic-V,0,."**"”
Furthermore, the authors claimed highly reversible Mg
intercalation (over 10000 cycles at >50% initial capacity),
yielding slightly higher capacities (~231 mAh/g) at higher
current densities (up to ~2000 mA/g) in aqueous electrolytes.
Nevertheless, it cannot be excluded that higher capacities and
apparently enhanced Mg cycling capability resulting from
increasing water content are a result of proton intercalation, as
discussed earlier.

In analogy to ref 147, Mg intercalation in layered-MnO,,
synthesized as Mg, ,sMnO,-0.9H,0, was investigated by Sun et
al.*”’ using a Ag/AgCl reference in a 0.5 M Mg(ClO,),/H,0
electrolyte with a Pt counter electrode. The authors employed
XRD, SEM, XPS, high-resolution transmission electron
microscopy (HRTEM) and electron energy loss spectroscopy
(EELS) to verify Mg intercalation in 6-MnO, under aqueous
conditions. An initial discharge capacity of ~150 mAh/g
(corresponding to xyg ~ 0.3 per MnO,) was observed.
Subsequent Mg cycling lead to significant capacity fade within
20 cycles, in contrast to what is reported in ref 147. On the
basis of observations of Mn accumulation at the anode
separator via SEM, the authors attributed the capacity fade to
Mn** dissolution.

More importantly, refs 147 and 227 both observed a large
decrease in interlayer distance on Mg intercalation in 6-MnO,
but proposed slightly different phase transformations. For
example, Nam et al. using ICP, ABF-STEM, and TGA
speculated that Mg and water cointercalate leading to cation
mixing and structural rearrangement on discharge, whereas Sun
et al.”” associated the substantial shrinking of the layer spacing
observed to water expulsion during Mg discharge.

Furthermore, the discharged XRD peaks in 6-MnO, and 4-
MgMn,0, spinel (Figure 27b) showed significant similarity
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Figure 27. (a) XRD of pristine 5-MnO, (blue) and in aqueous setup
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Comparison of XRD data for the discharged 6-MnO, (green) and
simulated spinel A-MnO, (black).””” Reprinted and adapted from ref
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with some changes in the stacking scheme, especially indicated
by the (103) XRD reflection at ~33° in Figure 27b.”*” Notably,
a similar peak was left unidentified by Nam et al."*’ (refer to
the gray shade between 30 and 35° in Figure 26), leading Sun
and co-workers””’ to conclude the existence of spinel-like
domains. On the basis of the XRD findings of refs 147 and 227,
we speculate that birnessite may indeed undergo a reversible
layered < spinel structural transformations as a function of Mg
insertion. Analogously, the observed layered — spinel trans-
formation in LiMnO, has been explained”** by the presence of
highly mobile Mn>* ions, while the reverse transition (spinel —
layered, in Mn;0,) has also been recently documented in
aqueous solutions.'*** Therefore, a series of rigorous
experimental and theoretical investigations is needed to fully
decipher the role of Mg and water in reversible spinel <
layered transformations and their reversibility. If the phase
transformation spinel < layered is to occur, the impact of
spinel inversion (Mg and Mn exchanging sites in the spinel
structure) and/or spinel disorder (Mg occupying empty
octahedral instead of tetrahedral sites) may have crucial
consequences for other spinel/layered electrode systems (e.g,
refer to the chalcogenides section 4).

Mg-intercalation in 6-MnO, using nonaqueous electrolytes
yielded significantly varied results based on the electrochemical
setup used. While Nam et al."*” reported reversible Mg cycling
in ACN-based electrolytes, Sun et al.”*” claimed Mg electro-
chemical cycling with 0.25 M Mg(TFSI), in diglyme only after
a long process of electrolyte conditioning. Furthermore, water
release from the as-synthesized birnessite into the electrolyte
(assessed through XRD, XPS, and Karl Fischer titration
measurements) could induce passivation at the Mg metal
electrode. In parallel, Sun et al.**” claimed the occurrence of
conversion reactions on the MnO, surface based on XPS peaks
assigned to MnO as well as an increase in hydroxide species.
Additionally, experiments using Mg(TFSI),:diglyme in other
oxide cathode materials have reported surface film formation on
the Mg-metal anode and electrolyte decomposition at the
cathode,'”® highlighting the importance of electrolyte choice
and electrochemical setup.

Alfarugi et al.”** reported Zn intercalation in §-MnO, using a
Zn-metal counter electrode and ZnSO, aqueous electrolyte,
with a 2nd cycle discharge capacity of ~250 mAh/g and
continuous capacity fade over 100 cycles (~120 mAh/g at the
100th cycle). Based on ex situ XRD data, the authors
speculated the formation of the ZnMn,O, spinel, alongside
Zn insertion in 6-MnO,, suggesting a layered — spinel
conversion similar to to their previous work™ and ref 227.
Nonetheless, it is difficult to ascertain the formation of the
spinel-ZnMn,O, phase given the multitude of unindexed/
unknown peaks in the XRD data reported,”** indicating that
further investigation is required.

To conclude, reversible Mg intercalation seems to be
possible in 6-MnO, using aqueous electrolytes,"*”**” in
contrast to the conversion reactions afflicting hollandite and
tunnel-MnO, polymorphs,">* while reversible Zn intercalation
is still debatable.** Under these conditions, preliminary
investigations via XRD may indicate reversible 5-MnO, < 4-
MnO, transformations as a function of Mg cycling. More
experiments are required to decouple the effects of Mn®*
dissolution”””~**” and proton intercalation which can signifi-
cantly impact the electrochemical observations.

A-MnO,. The spinel structure, with chemical formula AB,O,
comprising the intercalating ion A occupying the tetrahedral
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sites and B the transition metal filling the octahedral sites in a
close-packed oxygen anion sublattice, was first considered as a
cathode material for Li-ion batteries by Thackeray et al.”” in
1984 and to this day remains useful in commercial battery
applications due to its high voltage, good structural stability,
and fast Li-ion diffusion.” Although Mg insertion into spinel-
Mn,0,, also known as A-MnO,, is particularly appealing from
the standpoint of the theoretical performance (expected
capacity of ~308.3 mAh/g at ~2.9 V),'"** calculated Mg
migration barriers (~500—800 meV) suggest slow Mg mobility
in the oxide-spinel framework.'***’

Sinha et al’* first reported Mg*" intercalation in spinel
Mn,0, by cycling spinel LiMn,0, in an aqueous Mg(NO;),
electrolyte. In cyclic voltammetry experiments, the authors
claimed Li deintercalation forming A-MnO, on the anodic
sweep (from —0.7 to 1.2 V vs saturated calomel electrode,
SCE) and Mg*" insertion on the cathodic sweep, forming
spinel-MgMn,0,. By comparing the powder XRD pattern of
discharged samples with data available for standard MgMn,0O,,
the authors verified Mg intercalation and also showed reversible
electrochemical behavior for over 20 cycles with ~35 mAh/g
capacity. However, the signal-to-noise ratio on the XRD data
from discharged MgMn,0, samples was quite low.”"’
Furthermore, cyclic voltammetry yielded similar peak voltages
for both LiNO; and Mg(NO,), aqueous electrolytes, in
contrast to the expectation that Mg intercalation should
occur at a different voltage than Li. Similarly, Yuan et al.***
claimed electrochemical Mg and Zn cycling in A-MnO,
obtained through chemical delithiation of LiMn,0,. In addition
to the insufficient structural characterization provided for the
discharged state, the reported initial discharge capacity of ~545
mAh/g is incredibly large compared to the theoretical one-
electron capacity of ~308.3 mAh/g for inserting 0.5 mol of MV
ion per MnO, and could stem from sweeping voltages above
the potential for water electrolysis (~1.0 V vs SCE), resulting in
proton cycling.

Kim et al,>*® employing in situ XRD, XAS, STEM, and solid-
state 25Mg—NMR, observed reversible electrochemical Mg
intercalation in an aqueous Mg(NO;), electrolyte. In organic
electrolytes [Mg(TFSI), in diglyme] a much lower degree of
magnesiation was obtained (<3 at. % Mg per Mn,O, measured
by integrate in the EDX spectrum) vs aqueous (~11 at. %). In
this experiment A-MnO, was initially obtained through
delithiation by acid leaching of Li" from LiMn,O, then
discharged at a rate of C/20 to allow for Mg intercalation, as
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seen in Figure 28a. While XRD measurements were used to
track the formation of the tetragonal magnesiated spinel from
the cubic empty spinel upon discharge (Figure 28c), ABF-
STEM and XAS were used to confirm the presence of Mg** in
the tetrahedral sites (Figure 28b) of the discharged phase and
Mn reduction, respectively. Although the authors reported no
indication of conversion products during discharge of 4-MnO,,
such as MgO and MnO seen in Hollandite,">®**' the
appearance of unexplained satellite peaks in *Mg NMR were
attributed to the existence of multiple Mg-oxygen environ-
ments, with the authors speculating on spinel inversion, where
Mg occupies both the tetrahedral and octahedral sites. Spinel
inversion in MgMn,O,, would not only imply Mg occupation of
Mn octahedral sites but also Mn*" disproportionation into
Mn* (in octahedral sites) and Mn?>* (tetrahedral). Note that
some degree of spinel inversion has already been observed in
high temperature synthesized MgMn,0, and has been
attributed to the similar ionic radii of Mg** and Mn>*.**~**
Inversion could potentially affect some of the electrochemical
properties of the spinel, particularly the Mg®* mobility, though
this is still poorly understood. The work reported in ref 145 on
Mg intercalation in spinel-MnO, in aqueous electrolytes stands
in contrast to reports by Sun et al,”*’ showing a reversible
layered < spinel transformation during Mg cycling. Similarly
Nam et al.'*” obtained the layered Birnessite polymorph by
removing Mn?* from spinel-Mn;0,, indicating that different
MnO, polymorphs could be stabilized under different synthesis
conditions (see discussion later). Given that only one Mg
discharge—charge cycle in A-MnO, was reported,” it remains
to be seen if prolonged Mg cycling can be achieved in aqueous
systems and more analysis is required to assess if subsequent
phase transformations are reversible.

Similarly, Cabello et al.”** first electrochemically demagne-
siated a tetragonal MgMn, O, (I4,/amd space group, the typical
lattice arrangement of magnesiated 4-MnQO,)*"~**" in aqueous
Mg(NO;), electrolyte with a Ag/AgCl reference electrode and
a Pt counter electrode. Utilizing the same setup, subsequent Mg
discharge/charge cycles showed an initial discharge capacity of
~150 mAh/g, followed by a substantial capacity fade over 20
cycles (capacity at the 20th cycle is ~100 mAh/g). Ex situ XRD
measurements revealed reversible Mg removal and intercalation
from MgMn,0O,, though the voltammetry and the galvanostatic
charge experiments recorded voltages well beyond that of water
decomposition (approximately +1.0 V vs AgCl/Ag), unlike
recent reports.””” Mg reversible intercalation in MgMn,0, was
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also tested in nonaqueous electrolytes using Mg(ClO,), in
ethylene carbonate:diethyl carbonate (EC:DEC, 1:1) against a
Pt reference electrode and V,0; (orthorhombic) as the
negative electrode, resulting in a constant reversible capacity
of ~120 mAh/g for 24 cycles. Though it is known that MnO,
possesses cubic structure,”>”>***** the XRD by Cabello et al.”**
of the electrode after cycling curiously suggest the retention of
the tetragonal-MgMn,O,. Given the lack of satisfactory
structural characterization, it is possible that the authors™*”
could not extract Mg from the magnesiated electrode.
Furthermore, the authors®** did not endeavor to effectively
decouple the electrochemical side reactions from Mg
intercalation.

Recently Feng, Fenter, and collaborators®® characterized Mg
intercalation with AFM, electrochemistry, synchrotron XRD,
XANES, and XPS in both the empty tetragonal and the empty
cubic -MnO, phases, prepared as thin films. It is worth noting
that by using a thin film morphology Feng et al.** claimed to
epitaxially stabilize the cubic form of -MgMn,O,, which would
be tetragonal otherwise. Given that the tetragonal spinel is not
exactly a distinct phase but rather a Jahn—Teller distortion of
the cubic MgMn, O, phase, we believe that the existence of the
cubic phase is unlikely for xy;, = 1, given the presence of Jahn—
Teller active Mn ions. While the authors reported Mg
(de)intercalation using Mg(TFSI), in PC in the cubic
polymorph (as shown in Figure 29), confirmed by Mn K-
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Figure 29. Cyclic voltammetry of tetragonal I4,/amd (pink) and cubic
(purple) MnO, thin film coin cells at 1 mV/s scan rate in
Mg(TFSI),:PC from Feng et al 2% Reprinted and adapted from ref
226. Copyright 2015 American Chemical Society.
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edge XANES characterization, surprisingly the tetragonal
MnO, phase could not (de)intercalate Mg. Feng et al.
speculated that spinel inversion could facilitate Mg intercalation
in cubic-Mn,0O,, where inversion causes Mg ions to occupy the
octahedral instead of the tetrahedral sites in the structure.
However, since Mg occupies its preferred octahedral
coordination environment upon spinel inversion, Mg mobility
is expected to be reduced,'*” in disagreement with the authors’

hypothesis.”*®
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Sanchez and Pereira-Ramos,**® claimed reversible Mg

intercalation in a mixed Mn—Co spinel with composition
Mn, ;5Co0y 3,0, Mg(ClO,), or Mg(CF;S0;), in PC were used
as electrolytes while a magnesium rod served as the counter
electrode together with a Li/Li" reference electrode confined in
a separated compartment. The authors observed a first
discharge capacity of ~60 mAh/g at an average voltage of
~2.77 V vs Mg with significant hysteresis on discharge/charge
cycles. Composition analysis revealed a Mg concentration of
~0.22 per M;_;0, (M = Mn, Co) after discharge, which is
lower than the insertion levels achieved for Li in a similar mixed
spinel (x;; ~ 0.62). The authors attributed the lower reduction
with Mg to the higher electrostatic repulsions experienced by
the Mg”" during insertion. The XRD characterization of the
discharged product Mg,,Mn,5Co;3,0, showed that Mg
occupies the vacant octahedral (16¢) instead of the tetrahedral
(8a) sites in the structure. In this regard, first-principles
calculations clearly indicate that the Mg migration barriers will
be higher whenever Mg intercalates into its preferred
octahedral coordination environment.'**

In conclusion, Mg intercalation in A-MnO, seems possible in
water-based electrolytes but has not been convincingly
demonstrated in nonaqueous electrolytes. However, it remains
to be seen whether prolonged cyclability can be achieved in
aqueous electrolytes. More pressing is the impact of intricate
inversion mechanisms (where Mg®* exchange with Mn*" ions)
on Mg cyclability in A-MnO,, affecting intrinsic Mg mobility. In
parallel, spinel inversion in A-MnO, can drive Mn?**
disproportionation into Mn*" and Mn*', with Mn>* being
particularly soluble in water and contributing to potential
cathode loss.

Mg Chemical Extraction in A-MnO,. Chemical extraction
of Li from a range of materials has been used in the past™*’~>*'
to circumvent the difficulties of the electrochemical setup, and
this technique was also recently used to investi§ate the
feasibility of Mg and Zn intercalation in A-MnQ,."'%**>*%*

Mg chemical extraction from MgMn,0,”** was investigated
using two distinct methods: (i) in acidic (H,SO,) environ-
ments and (ii) using an oxidizing agent (NO,BF,). The authors
speculated that Mg acid extraction (with H,SO,) follows the
disproportionation reaction of MgMn3*O, — 0.5Mn3'O, +
Mn>*O + MgO. They also advanced the hypothesis that the
rate of Mg extraction could be inversely proportional to the
degree of spinel inversion, in qualitative agreement with
theoretical predictions.'****

In analogy with their previous work on delithiation of Li-
mixed spinels,”" the authors initially proposed that the Mn>*
content in the structure might completely control the reactivity
of the NO,BF,, mimicking an electrochemical extraction. Mg
extraction with NO,BF, was not successful for various degrees
of Mg intercalation, which the authors attributed to the
electrostatic repulsion felt by Mg>" ions while diffusing between
adjacent tetrahedral sites through the spinel structure. The
authors also speculated that Mn leaching during the acid
treatment (i.e., vacancy formation) promoted the percolation of
Mg** ions, while this would not be the case using an oxidizing
agent. However, MgO, which is claimed to be a product of acid
treatment, is a basic oxide and should dissolve readily in acid,
misleadingly indicating Mg®* extraction instead of oxide
conversion. Knight et al.”>* repeated the same experiments to
study chemical extraction of Zn from spinel-ZnMn,O, in acid
and oxidizing environment, arriving at similar conclusions as
reported for MgMn,O,.
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Effect of Water on the Stability of MnO, Polymorphs.
Recently, Kim and co-workers'* reported an anomalous spinel
— layered transformation in the Mn,O, system (see Figure
30), the inverse of the well-known layered — spinel
transformation in Li,Mn,0,.****** Interestingly, some of the
factors that could cause the layered — spinel transition in the
Li,Mn,0,, namely, the high mobility that Mn achieves in a
mixed-valence compound can also contribute to the reverse
spinel — layered transformation. As first proposed by Reed et
al,”* Mn can achieve high mobility in close-packed oxides by
adopting a Mn*" configuration through a charge-disproportio-
nation reaction of Mn*" during migration to the nearest vacant
tetrahedral site. Consistent with the principles laid out for high
mobility of cations, ****° this gives Mn a low-energy migration
path between octahedral sites. Kim et al.'** speculated that
water molecules in the solvent could assist the spinel to layered
transformation through the mechanism illustrated in Figure 30,
but more investigation is required to support this hypothesis.
To demonstrate the phase transformation electrochemically,
Kim et al."** constructed a cell using the spinel Mn;O,, and Ag/
AgCl as working and reference electrodes, respectively, with 1
M MgSO, aqueous electrolyte. Using HAADF and ABF images
obtained from STEM measurements, the authors observed
Mn®*" migration from tetrahedral to octahedral sites, during the
first charge of spinel-Mn;O, (Mn*" extraction), leading to the
formation of a 2D lamellar transient phase (Figure 30). This
mechanism is consistent with the preference of higher-valent
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Mn for octahedral coordination® as well as the existence of
sufficient vacancies to facilitate Mn mobility prior to complete
oxidation to the 4+ state.”** Since the measured “interlayer”
distance in the transient phase is low (~4.8 A), the authors
speculated that water intercalates into the structure as
hydronium (H;0") ions, which are expected to have smaller
bond distances with the oxygen in the lattice. Nevertheless, Kim
et al. observed an abrupt change in the interlayer spacing from
~48 A to ~72 A upon further intercalation of water,
subsequently resulting in the movement of the phase boundary
between the transient and spinel phases, and leading to the
transformed Birnessite (layered 6-MnO,) phase. On the basis
of electrochemical Mg cycling, the authors hypothesized the
formation of Birnessite, " which yielded a similar capacity
compared to previous reports.*’ Coincidentally, Sun and co-
workers””” advanced the hypothesis that Birnessite could
transform into A-Mn,O, if Mg is intercalated from aqueous
electrolytes (see previous sections), but the mechanism
triggering the transformation was not explained. In accordance
with the XRD data shown in Figure 24b, the Birnessite —
spinel transition must undergo a glide transformation of the
MnO, layers followed by water removal to accommodate the
short distance between MnO, sheets in the Mg spinel structure
(~4.8 A).

In contrast to ref 147, Kim et al.**® have shown retention of
the spinel-Mn,O, phase during acid leaching of LiMn,O,
(spinel), while Sun et al.”*’ reported the formation of a
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Birnessite phase based on hydrothermal synthesis with residual
Mg in the pristine structure. Such varied observations
emphasize the importance of the synthesis conditions in
stabilizing various MnO, polymorphs, which is an highly active
area of research.”***** Also, electrochemical cycling of Mg in
MnO, could cause reversible phase transformations, such as the
spinel < layered transition,”>’ necessitating rigorous inves-
tigations to unearth the fundamental mechanisms behind Mg
intercalation in various MnO, polymorphs.

Despite the promise of high theoretical capacity and voltages
of MV intercalation in MnO,, compared to other oxide, sulfide,
and polyanion (see later) materials, the comparative analysis
presented above demonstrates the complexity of this chemical
system. From the examination of Mg literature, it appears that
reversible Mg (and Zn) intercalation in Hollandite and tunnel-
like phases is not sustainable due to conversion reactions
involving the formation of MgO (and ZnO) and various Mn
oxides. In contrast, Mg intercalation seems possible in layered
MnO, but only in aqueous (or water-containing) electrolytes,
potentially hindering the use of an energy dense Mg-anode,
while it is unclear whether Zn can intercalate reversibly in 6-
MnO,. Although spinel-MgMn,0, (ZnMn,0,) is thermody-
namically stable against conversion reactions.'*” The extent of
reversible Mg (Zn) intercalation in spinel MnO, is still
debatable due to contrasting experimental data. The role of
water, either as preintercalated molecules in layered MnO, or as
part of the electrolyte environment, in giving rise to reversible
transformations between MnO, phases, needs to be evaluated,
in particular given that it is well-known that Mn**/Mn*" are
highly mobile species when sufficient cations are present.”** It
is important to emphasize that different from Li-ion batteries,
the absence of standard procedures to prepare and conduct MV
electrochemical experiments renders the data interpretation
extremely challenging. For example, concurrent electrolyte
degradation and/or corrosion of current collectors™™ can also
contribute to the electrochemical data, highlighting the need for
special care in choosing the cell components and the
experimental conditions.

5.4. Other Spinels and Post-Spinels

Other Spinels. In this section, the analysis on spinels is
extended to oxides comprising transition metals other than Mn.
Figure 31 depicts the computed average voltage against
gravimetric capacity for different combinations of MV (A)
and transition metal ions (M), revealing possible routes to
achieve energy densities higher than Li-ion,”*° such as Mg and
Ca intercalation in spinel AM,0, where M = Mn, Fe, Co, Nj,
and Cr.

While some combinations of transition metals and multi-
valent ions (Figure 31) suggest promising venues for future
experimental investigations, the pressing problem faced by
close-packed anion frameworks (as in spinels) is the poor MV
ion migration performance in the host structure. Rong and
collaborators'** have recently explained the origins of the high
diffusion barriers observed for MV within AM,0O, spinels and
other close-packed structures. Table 2 lists the migration
barriers for several MV ions (Mg*, Zn*', Ca*, and AI*")
computed using first-principles calculations combined with
nudged elastic band (NEB) theory. In general, Liu et al.**’
demonstrated in a variety of oxide spinels that the transition
metal chemistry does not significantly affect the MV cation
diffusion path and the corresponding barriers.
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Chemistry.

Table 2. Computed MV Migration Barriers (E,, in meV) and
Preferred Migration Paths (Path) for AM,0, Spinel Oxides
Where M = Mn, Fe, Co, Ni, and Cr in the Charged State
(and Discharged State in Brackets)'******

MV E, path
Mn,0,
Li 544 (464) t—o—t
Mg 776 (486) t—o—t
Zn 1030 (871) t—o—t
Ca 540 (-) t—o—t
Al 1428 (-) t—o—t
Co,0,
Li 490 (380) t—o—t
Mg 698 (520) t—o—t
Zn 983 (821) t—o—t
Ca 413 (760) o—t—o
Al — -
Ni,O,
Li 461 (280) t—o—t
Mg 669 (485) t—o—t
Zn 925 (554) t—o—t
Ca 368 (—) o—t—o
Al — _
Cr,0,
Li 434 (417) t—o—t
Mg 616 (636) t—o—t
Zn 880 (855) t—o—t
Ca 613 (367) o—t—o
Al — -

“t stands for tetrahedral site and o for octahedral.

As discussed at the beginning of section S, the migration

barrier E,, (Table 2) can be at most ~525 meV when using a
micron-sized particle and ~650 meV in a nanosized particle. In
general, a 60 meV variation in the migration energy
corresponds to approximately an order of magnitude variation

DOI: 10.1021/acs.chemrev.6b00614
Chem. Rev. 2017, 117, 42874341


http://dx.doi.org/10.1021/acs.chemrev.6b00614

Chemical Reviews

in diffusivity. The migration path typically connects through a
shared three-coordinated face (with energy E,,) between the
stable tetrahedral and the intermediate octahedral sites, leading
to a unique diffusion topology for the spinel framework, which
is tetrahedral — octahedral — tetrahedral (as shown in Table
2). There are systems where the intermediate octahedral site
has a lower energy relative to the tetrahedral site, leading to
octahedral — tetrahedral — octahedral migration path (e.g,, Ca
in Cr,0,) (see Table 2)."**

Among the divalent cations, Zn**(~800—1000 meV) and
Mg**(~600—800 meV) have the highest barriers, while Ca®" is
comparable to Li*(~400—600 meV). The migration barriers for
Li* in M,0O, (M = Mn, Co, Ni, and Cr) fall in the ~400—600
meV range in the empty lattice limit, in agreement with
previous literature.”*® With the exclusion of a few Ca-
intercalated and CrO, spinels, the migration barriers in the
high vacancy limit are always higher compared to the dilute
vacancy limit. The migration barriers vary significantly with the
chemical nature of the diffusing divalent ion, with barriers for
Zn** > Mg®" > Ca®" across all spinel structures. Although Ca**
migration appears facile from these calculations, Ca®" prefers to
occupy the vacant octahedral sites in the empty M,0,
structures (with the exception of Mn,0,) compared to the
tetrahedral sites. The tendency of Ca** toward octahedral sites
in spinel may indicate difficulties in synthesizing Ca-intercalated
spinels and a driving force toward spinel inversion. Indeed, Ca-
containing spinels, with Ca in the tetrahedral sites are found to
be relatively unstable from a thermodynamic analysis based on
first-principles energies."*>**’

Despite these findings, it remains to be proven if promising
spinel compositions can be synthesized and electrochemically
cycled. Nevertheless, theoretical predictions have shown good
agreement with experiments before, an example of which is the
large Mg migration barriers of Table 2 concurring well with the
known difficulties in electrochemical Mg insertion/extraction in
spinel cobalt oxides, with reyorted capacities of ~5 mAh/g.***

In 1990, Gregory et al.”’ explored Mg intercalation into
RuO, from Mg(ClO,),:THF in a full-cell using a Mg-metal
anode, reporting an overall voltage of ~2.55 V and a Ist
discharge capacity of ~266 mAh/g. Although the study only
reports the Ist Mg discharge profile and does not provide any
structural characterization upon discharge, complete electro-
chemical reversibility was claimed up to xy, = 0.66, indicating
that further investigation is required. Also, the authors
suggested a reversible phase separation during Mg intercalation,
based on the observed voltage profile, into RuO, and
Mg, ¢sRuO,, followed by an irreversible disproportionation of
the cathode to MgO and Ru beyond xy;, = 0.66.>> In the same
work, a range of other Mg intercalation hosts comprising other
oxides (ie, Co;0, Mn,0; Mn;O, MoO,; PbO,, Pb,O,
V,0s, and WO,), sulfides (TiS,, VS,, and ZrS,), and borides
(MoB,, TiB,, and ZrB,) were tested. Although only capacities
and voltages of these materials were published,”” their structural
characterization to ascertain Mg intercalation was missing and
urges the battery community to revisit the electrochemical
properties of these materials.

Recently Okamoto et al.”*” explored the feasibility of Mg
electrochemical intercalation at 150 °C in various spinel oxides
such as MgCo,0, MgMn,0,, MgFe, O, MgCr,0,, and
Co;0,. A three-electrode setup, with Li-ribbon as reference
and Mg-ribbon as counter electrodes, was used along with a
Mg(TFSA),/CsTESA [where TFSA = bis(trifluoromethane-
sulfonyl)amide] ionic liquid electrolyte. Mg reversible insertion
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in the magnesiated spinel hosts was verified utilizing ICP, EDX,
XANES, and XRD. Though ref 257 claimed Mg intercalation in
all the spinel hosts based on EDX analysis, EDX only probes
the composition of the nanoparticle. If a sample contains
multiple phases, EDX does not identify which phases are
magnesiated and thus provides inconclusive evidence of Mg
intercalation. XRD data of the materials, at different depths of
discharge, were indexed to two phases, namely (i) spinel and
(ii) rock salt. Subsequently, the intercalation of more than 1
mol of Mg per TM, 0O, was assigned to the rock-salt phase, and
a reversible spinel <> rock-salt transformation was suggested.
Nevertheless, all peaks in the XRD spectra of the discharged
MgMn,0,, MgCo,0,, Co;0,, and MgFe,O, samples appear
particularly broad, with significant presence of MgO, MnO,
CoO, and FeO, respectively, thereby suggesting the possible
occurrence of parallel conversion reactions.

Post-Spinels. A recent theoretical study suggests that high
Mg** mobility can be achieved in high-pressure phases of the
Mn,0O, spinel (A-MnQ,), namely the postspinel structures.”*
Postspinels are categorized into three types according to their
crystallographic space-group: (i) CaMn,O,-type with space
group Pmab, (i) CaTi,O,-type with space group Cmcm, and
(iii) CaFe,O,-type with space group Pnma. The predicted
theoretical capacity for Pnma MgMn,0, is ~308.3 mAh/g
(similar to spinel-MnO,), and the voltage profile exhibits a
steep slope from 2.84 to 1.68 V (computed with DFT+U = 3.9
eV) in ref 258. On the basis of first-principles evaluations, the
CaFe,O,-type (Pnma) MgMn,O, exhibits a Mg®* migration
barrier as low as ~400 meV, comparable to that of Li" in
commercial cathode materials. Nevertheless, the Pmab phase,
exhibiting a relatively high migration barrier, is the most stable
high-pressure polymorph for stoichiometric MgMn,0,, with
the spinel/postspinel phase transition occurring at ~11.1 GPa.
In the Mg-deficient regime, DFT calculations predict that the
spinel/postspinel phase transition can occur at relatively lower
pressures and form the desired Pnma phase. For example, the
predicted phase transition pressure for Mgy sMn,O, and
M§0_25Mn204 is ~7.7 and ~5.4 GPa, respectively. Ling et
al.>* also showed that postspinels can be stabilized by reducing
the number of Jahn—Teller centers, for example by doping Mn
with Fe as well as introducing Mg vacancies.

Previous experimental work™>”*® indicates that extreme
conditions (T > 1000 K) are required to trigger the reverse
postspinel — spinel transformation under ambient pressures. In
light of the fact that Mg intercalation in some MnO, phases
could convert into MnO and MgO (and perhaps MnOOH and
Mg(OH), in aqueous conditions),'”***"**%?2/2°! the Toyota
R&D team explored the phase stability of the postspinel
MgMn,0O, Pnma against conversion reactions with first-
principles calculations, as reported in Figure 32. Mg
intercalation in the Pnma postspinel is stable up to 0.4375
mol of Mg per MnO, (Mgyg;sMn,0,) beyond which
conversion to Mn,O; and MgO is expected (Figure 32), even
though the stable phase is MgMn,O,.”*® Further experiments
on the postspinel framework’s stability during Mg (MV)
intercalation are needed to assess the practical electrochemical
performance.

Arroyo-de Dompablo et al.** recently studied computation-
ally and experimentally [combining DFT, ex situ XRD,
potentiodynamic intermittent titration technique (PITT) and
SEM] the intercalation of Ca in the postspinel Mn,0, (or
marokite, space group Pmab) phase. Ca extraction from the
postspinel CaMn,0, was tested with PITT at 75 °C, using a 0.4
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Figure 32. Computed convex hull for Mg intercalation in the
CaFe,0,-type (Pnma) postspinel from ref 258, where 0 in the
composition axis (x axis) is MnO, and 1.0 Mg metal, respectively. The
stable phases are indicated by O. Reprinted from ref 258. Copyright
2013 American Chemical Society.

M solution of Ca(BF,), in a mixture of EC:PC, a Ca-metal
counter electrode, and Li as the reference electrode. The PITT
response only detected the breakdown of the electrolyte at
~4.3 V, an indication that the only capacity measured arises
from the decomposition of the electrolyte. Indeed, analysis of
the ex situ XRD data of the electrode after oxidation showed no
structural alteration when compared to the pristine sample.
Also, first-principles calculations suggested high migration
barriers associated with Ca diffusion in the CaMn,O,type
postspinel structure (~1.8 eV), which decreases shghtly (~1 2
eV) when the CaFe,O,-type Mn,0O, is considered.”

parallel, the authors also explored the thermodynamics of a
postspinel — spinel transformation at xc, ~ 1 because of
promising Ca mobility predicted in the hypothetical spinel-
CaMn,0,.”*" However, owing to the high temperature of
transformation required for the postspinel — spinel transition
(~3000 K, the spinel is highly unstable with Ca in tetrahedral

sites), the authors ruled out a solid state process to synthesize
spinel-CaMn,0, from the postspinel and suggested the
exploration of soft-chemistry techniques.

6. POLYANIONS

Due to their excellent cation diffusion, structural stability, and
safety, polyanion materials have been a preferred area of Li-ion
cathode research in the last 20 years, with the most researched
compounds being LiFePO,,”* "> tavorite phases such as
LiVOPO,, LiVPO,F, and Li(Fe,Mn)SO,F,”*°~**’ and NASI-
CON frameworks.”*”*’® Recently, metal organic framework
materials, especially Prussian-blue analogues, comprised by
both organic molecules (spacers) and transition-metal ions
have also received interest as cathode materials for Li, Na, and
other ion chemistries.””””* In this section, we review the
suitability of a few classes of polyanion materials as MV
cathodes, including silicates, NASICON-frameworks, fluoro-
polyanions, borates, and Prussian-blue structures.

6.1. Olivines

Among the polyanion cathode materials, olivine structures have
received the most attention owing to the widespread utilization
of LiFePO, as a Li-ion battery cathode. These compounds have
been subsequently examined as Mg intercalation cathodes. In
particular, transition metal phosphates and transition metal
silicates have been investigated in multiple studies, detailed
below.

In addition to improved safety and covalent bonding, silicates
in particular afford an opportunity to utilize inexpensive, earth
abundant materials (silicon) and present compact SiO,
tetrahedra expected to facilitate MV diffusion.”” In particular,
MgFeSiO, is a promising polyanionic cathode material,
exhibiting a significantly higher theoretical energy density
(~869 Wh/kg, ~2549 Wh/I) than known Mg intercalation
cathodes (Chevrel MoSs, ~77 Wh/kg and ~400 Wh/]; &-
MnO,, ~690 Wh/kg and ~2329 Wh/l; and V,O;,
~325 Wh/kg and ~1188 Wh/1). 273274 The high energy
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Figure 33. (a) Li/Mg ion-exchange for the electrochemical synthesis of MgFeSiO, from Li,FeSiO,. 2D Percolation network of Li,FeSiO, and 3D
framework of FeSiO, and MgFeSiO,, respectively. (b) Charge—discharge profiles for the ion-exchange process from Li,FeSiO, to MgFeSiO,. (c)

Charge—discharge profiles of ion-exchanged MgFeSiO, at a current density of 6.62 mA/g.
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density of FeSiO, stems from its large gravimetric capacity
(~362.4 mAh/g) and relatively high intercalation voltage (~2.4
V vs Mg).

Silicates. Initial attempts to investigate iron silicates as
magnesium battery cathodes focused on olivine-MgFeSiO,
prepared by a solid-state synthesis route.””* However, attempts
to cycle Mg in this material yielded less than half of the
theoretical capacity.””* Furthermore, the electrochemical
studies in this report utilized a Mg(AICLEtBu),:THF electro-
lyte, copper current collectors, and examined voltages in excess
of 1.8 V (vs Mg/Mg”"). Because Mg(AICLEtBu),:THF is
known to decompose under these conditions,””” reactions with
the electrolyte cannot be ruled out as a source of spurious
capacity. Furthermore, the lack of structural characterization of
the cycled materials makes it difficult to adequately assess the
electrochemical performance of this material. Facile Mg
mobility may not be expected in the as-prepared material
because Mg resides in a highly stable octahedral coordination
environment.'**

Better electrochemical performance has been obtained in
orthorhombic MgFeSiO,, recently investigated by Orikasa and
colleagues.””® This metastable orthorhombic Prma phase was
prepared via electrochemical delithiation of Li,FeSiO, followed
by Mg intercalation (see Figure 33b).””* In contrast to the
solid-state synthesis route described above,”’* electrochemical
preparation yields a structure presenting tetrahedrally coordi-
nated Mg, as depicted in Figure 33a. Charging and discharging
of the FeSiO, cathode against activated carbon in the presence
of a Mg(TFSI),:ACN electrolyte reversibly furnishes
~330 mAh/g of capacity at ~2.5 V vs Mg (an energy content
of approximately 825 Wh/kg and ~2420 Wh/1), shown for five
cycles in Figure 33c. The authors also report in situ structural
and spectroscopic characterization using XRD and XANES,
respectively, which provide compelling evidence that the
capacity arises from reversible Mg intercalation. Interestingly,
the K-edge XANES spectra provide some evidence that some of
the exhibited capacity arises from anion oxidation, although this
hypothesis would require further investigation to confirm
unambiguously.””

The authors also attempted to cycle MgFeSiO, against a Mg
metal anode in the presence of Mg(TFSI), in triglyme. In these
experiments, only half of the theoretical capacity was found to
be accessible.”’? Although the authors speculated that
optimization of the electrolyte and cell operating conditions
can improve the available capacity, only a single charge—
discharge cycle was presented, and no further structural
characterization of the cycled materials was performed. Thus,
it remains to be seen whether a full cell utilizing Mg metal can
reversibly furnish the full capacity of this material.””>

Because tetrahedral coordination is less favorable than
octahedral coordination for Mg, it is expected that the less
stable, tetrahedrally coordinated Mg site in electrochemically
prepared MgFeSiO, will offer superior Mg diftusivity and
improved kinetics for Mg insertion/extraction.'** It is worth
noting that the postspinel structures described in the previous
section (see section S5), which exhibit excellent MV ionic
conductivity, also crystallize as orthorhombic structures with
space group Pnma.

The manganese silicate, with a similarly high theoretical
energy density (to MgFeSiO,), has also attracted considerable
interest as Mg intercalation cathode.””*~*** MgMnSiO, exhibits
a large theoretical capacity for Mg intercalation (364.6 mAh/g)
and high voltage (4.1 V for Mn*/Mn>" and 3.0 V for Mn>*/
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Mn?" as predicted by DET+U>*"). As with many similar silicate
materials, olivine crystallizes within a hexagonal close packed
anion lattice and a Pbnm space group as shown in Figure 34a.
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Figure 34. (a) Mg, sMn,o,SiO, structure, where Mn and Mg green
and yellow MOy octahedrons, respectively, while Si atoms sit in
oxygen tetrahedrons (gray).””> Green MOy polyhedrons (marked as
1) are 92% occupied by Mg** and 8% by Mn ions, while the yellow
octahedron (marked as 2) by 89% Mn and 11% Mg. (b)
Representative voltage-capacity profile of sol—gel carbon coated
Mg, 03Mng4,SiO, obtained at a current rate of 12.6 mA/g from ref
275. Voltages are against Mg/Mg**. (a and b) Reprinted and adapted
with permission from ref 275. Copyright 2008 Elsevier.

Mn and Mg ions occupy the yellow and green MOg octahedra
with 92% and 89% occupancies, respectively. The yellow and
green octahedra are corner and edge-sharing, respectively, with
the Mg—O bond speculated to be more stable in the green
octahedra.””> =%

Mg insertion into various forms of Mg, ;;Mn,,,SiO, has
been attempted by Feng””> and later NuLi.””’~****** Feng et
al. compare Mg, ;Mn,4,SiO, synthesized in two difterent ways:
a solid-state synthesis and a sol—gel synthesis. The primary
difference between these samples is particle size, with the sol—
gel synthesized particles being considerably smaller (<60 nm)
than the solid-state synthesized particles (hundreds of nm after
ball milling).275

The discharge curve for Mg insertion into Mn,,SiO,
(against an activated carbon counter electrode) reported by
Feng and co-workers of Figure 34b, exhibits two voltage
plateaus: one at 1.6 V and another at 1.1 V vs Mg/Mg**.”"”
These voltage plateaus were speculatively attributed to Mg>"
insertion into two different octahedron sites, labeled as 1 and 2
in Figure 34a. M1 is the preferred Mg site; because of this, it is
expected to be kinetically inferior (more thermodynamically
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stable) than M2, which should present a lower barrier to Mg
migration. The maximum capacity attained during the first
discharge is ~240 mAh/g (at a low current density of 3.1 mA/
g) for the sol—gel sample, while the solid-state sample
furnished considerably lower capacities (<80 mAh/g).””> The
higher capacities attained by the nanosized sol—gel sample
highlight the importance of synthesis conditions in determining
the kinetic performance of the material.

Further evidence of the possible impact of kinetics can be
seen in the discharge curves presented in Figure 34b. The
amount of capacity provided by the higher voltage plateau was
found to be inversely proportional to the discharge rate,
consistent with the idea that M2 is kinetically superior to MI.
However, a lack of in situ characterization or spectroscopic
evidence of Mg insertion in ref 275 makes this claim difficult to
verify. Given the small anodic stability of the electrolyte used
(~2.5 V"), electrolyte side reactions cannot be ruled out as a
source of capacity. Notably, smaller particles also present more
surface area for possible side reactions, consistent with the
higher capacities observed in the sol—gel synthesized sample.
Furthermore, the insertion voltages reported in this study
disagree qualitatively with DFT-predicted insertion voltages for
the Mn redox pairs.”®" This point is further discussed in the
following paragraphs.

NuLi and co-workers also examined the possibility of Mg
intercalation into various forms of Mg ;3Mn, ,SiO,, including
mesoporous”’*** and nanotube-templated”™ forms of the
silicate. Like the sol—gel synthesized nanoparticles described
above,””> these materials exhibit enhanced surface area and
reduced dimensionality, possibly yielding improved perform-
ance via increased electrolyte contact and improved electronic/
ionic mobility. Indeed, the mesoporous Mg, o;Mn, o,SiO,
samples do yield improved capacity (~214 mAh/g)*’”*** and
better cyclability (20 cycles without capacity fade). A paucity of
in situ characterization in these studies coupled with an
unstable electrolyte Mg(AICLEtBu),, known to react with Cu
current collectors, which were used by NuLi et al,””” at ~1.8V
as well as qualitative disagreement with DFT-derived insertion
voltages (see later) make it difficult to distinguish genuine Mg
insertion from electrolyte side-reactions in these reports.

The effect of synthesis conditions and resulting morphology
on Mg intercalation into MnSiO, was recently investigated
more systematically by Mori and co-workers.”® Using a
combination of high-resolution SEM and careful XRD analysis
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of MgMnSiO, synthesized using a flux method at various
temperatures, the authors”® conclude that samples prepared at
lower temperatures exhibit smaller particle size and less antisite
mixing (where the extent of antisite mixing describes the
amount of Mg occupying corner sharing octahedra, M2 in
Figure 34a, instead of the preferred edge-sharing octahedra,
which are labeled M1 in Figure 34a). Electrochemical tests
utilizing a three-electrode setup with a Mg(TFSA), (where
TFSA is trifluoromethanesulfonyl amide) electrolyte demon-
strated a clear relationship between synthesis temperature and
available capacity, with particles synthesized at 450 °C
furnishing nearly an order of magnitude more capacity than
particles synthesized at 1000 °C (~110 mAh/g vs ~10 mAh/g,
respectively). XRD and XANES were employed at various
stages of the charge—discharge process to verify the electro-
chemical intercalation of Mg. It is also worth noting that
insertion voltages for Mg measured in this study agree well with
DFT-derived predictions for the Mn**/Mn*" redox couple.”*’

The enhanced performance of the low-temperature particles
was attributed to the reduced antisite mixing rather than the
smaller particle size (which should presumably improve
kinetics). This conclusion was justified by the fact that particles
synthesized at 700 and 1000 °C exhibit radically different
particle sizes but a similar degree of antisite mixing while still
yielding very little capacity. Conversely, the particles synthe-
sized at 450 and 700 °C exhibit similar sizes but differ
significantly in the amount of antisite mixing; the 450 °C
particles have a much larger capacity. Therefore, the perform-
ance differences are attributed to the extent of antisite mixing
rather than particle size.”*” This is consistent with the idea that
site mixing in the olivine structure reduces Li* mobility in
LiFePO,.”"*

NuLi et al.”® as well as Zheng et al.”** also examined Mg
intercalation in the cobalt silicate CoSiO,. The capacity-voltage
profiles reported in this study display the expected two-plateau
voltage profile resulting from the oxidation/reduction of Co.
The voltages reported (~1.6 V for Co**/Co*") are considerably
lower than DFT-derived voltages (~3.0 V for Co**/Co™,
Figure 35).”%" As the electrochemical setup [Mg-
(AICLEtBu),:THF electrolyte, Cu current collectors] used in
this study was the same as the one employed in the Mn-based
silicate studies described above, it is possible that similar side
reactions affect the CoSiO, cathode.
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Ling and co-workers attempted to rationalize the exper-
imental work on polyanion Mg storage materials, Mg, TMXO,
(with TM = Fe, Mn, Co, and Ni; X = Sj, P, and S) using DFT
calculations.”®" They calculated the thermodynamic stability of
the olivine cathode material Mg MnSiO, at various states of
magnesiation and, importantly, found a stable compound at xy,,
= 0.5. They also found this composition to be thermodynami-
cally stable for other transition metal silicates. As a result, the
authors concluded that Mg extraction/insertion from
MgTMSiO,/TMSiO, must occur as two steps: from TMSiO,
to Mg, TMSiO, and to Mg, ;TMSiO,.

Bader analysis of the stable Mg, MnSiO, orderings reveals
that all Mn atoms in the unit cell have the identical Bader
charges at xpe = 0, 0.5, and 1. The authors assigned the Bader
charges to represent Mn’**, Mn’', and Mn*, respectively.
Intermediate compositions exhibit a mixture of oxidation states,
with xy, = 0.25 presenting a mixture of Mn**/Mn** and Xngg =
0.75 presenting a mixture of Mn**/Mn*". On the basis of these
results, the authors concluded that intercalation of a single Mg
atom results in the one-electron reduction of two Mn atoms,
rather than a two-electron reduction of a single Mn atom.

The average Mg insertion voltages predicted in this
computational study are shown in Figure 35.°*" The predicted
voltages for Mg insertion into MnSiO, are considerably higher
(~4.1 V for Mn*/Mn** and ~3.0 for Mn**/Mn®*) than
reported experimentally by Feng and co-workers (~1.6 V for
Mn*/Mn* and ~1.1 for Mn*/Mn?").””> The substantial
discrepancy between measured and predicted voltages has not
been addressed, but as discussed above, it may originate from
side-reactions between the electrolyte and cathode material
during electrochemical cycling and the electrochemical
response in the work by Feng et al. may not reflect Mg
insertion. However, the predicted voltages shown in Figure 35
agree well with the experimental voltages for Mg intercalation
into FeSiO, (Figure 33b).”””> The agreement between experi-
ment and theory for Mg, FeSiO, underscores the importance of
the electrochemical experimental setup. Magnesium intercala-
tion into Mn- and Co-silicates was performed using a full-cell
setup with a Al-Cl Gri§nard electrolyte [Mg-
(AICLEtBu),: THF],”>~%%%2% known to be susceptible to
side reactions.”' On the contrary, Mg intercalation into FeSiO,
was done with a three-electrolyte setup using a Mg-
(TFSI),:triglyme electrolyte, reducing possible side reac-
tions.””> More recent studies of Mg into MnSiO, utilizing a
three-electrode setup and Mg(TFSA), electrolyte yield much
better agreement with these predicted voltages.”*’

A more recent study combined theoretical and experimental
characterization to compare Mg mobility in olivine silicate and
Chevrel-phase materials.”*® Chevrel-phase Cu,MogSs was
synthesized by a molten salt method and leached to prepare
MogSg. Olivine silicate materials with the formula MgTMSiO,
(TM = Fe, Mn, and Co) were prepared by sol—gel as well as
molten salt methods. Discharging these cathode materials
against a magnesium alloy (AZ61) counter electrode in the
presence of APC in THF yielded behavior consistent with prior
results for the Chevrel phase cathode, while the silicate
cathodes all furnished less than 5 mAh/g, far less than the
capacities reported by NuLi’”****** or Mori.**® As neither
structural nor chemical characterization of the discharged
samples is performed in this study, it is not possible to
speculate on the origin of low capacities.

Chen and co-workers simultaneously carried out first-
principles calculations of Mg migration barriers in the transition
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metal silicates.”* They found large (>600 meV) migration

barriers for all transition metals except for MgCrSiO,, which
exhibits a 450 meV barrier in the ¢ direction. For all transition
metals, barriers are substantially higher (2—3 V) in the a and b
directions than in the ¢ direction. The finding of low barriers
along only one crystallographic axis is consistent with the well-
known one-dimensional diffusion of Li in olivine LiFePO,. The
experimental results presented in this study suggest little-to-no
attainable capacity for these materials, a conclusion supported
by the high Mg migration barriers. However, it is worth noting
that this work considered the ground state phase presenting
octahedrally coordinated Mg. An earlier study of Mg insertion
into the metastable orthorhombic FeSiO, phase (which
coordinates Mg tetrahedrally and would be expected to show
better Mg mobility'**) finds reasonable capacity
(>300 mAh/g) and cycle stability.

Although substantial disagreement between measured and
predicted Mg insertion voltage persists for the Mn/Co-silicates
in a full-cell setup,””~*****° the successful intercalation of Mg
into FeSiO,””” and MnSiO,”* using three-electrode setups,
demonstrated by careful in situ structural and spectroscopic
characterization”” as well as agreement with DFT-predicted
voltage profiles,”®" highlights the possible utility of olivine
silicates as Mg cathode materials. Furthermore, the problematic
aspects of the full-cell studies likely arise from the electro-
chemical setup rather than the cathode itself, providing hope
that with judicious choice of electrolyte, reversible Mg insertion
into/extraction from these materials will eventually be
demonstrated. In light of the excellent energy density and
safety offered by silicate cathodes, this avenue is worth pursuing
further.

Phosphates. While silicates have received more focus to
date, some studies have also considered phosphate cathode
materials. Recently, Zhang and Ling, inspired by the success of
LiFePO,, examined olivine FePO,, prepared via electro-
chemical delithiation of LiFePO,, as a magnesium intercalation
cathode.”®” Alongside the experiments reported in their study,
the authors also carried out first-principles modeling of Mg
mobility in FePO, and Mg,;FePO,. The authors reported a
modest migration barrier (~580 meV) for the charged state
(FePO,) but a prohibitively high barrier (~1025 meV) for the
discharged state, Mg, ;FePO,. The authors also calculated the
thermodynamic stability of Mg,;FePO, and found that the
compound is metastable against decomposition across an O,
chemical potential range spanning all practical laboratory
conditions.

In light of the instability of Mg,sFePO, and reasonable
mobility in FePO,, the authors attempted Mg insertion into
electrochemically delithiated FePO, from two different electro-
lytes [Mg MonoCarborane (MMC) and APC in THF] by
discharging against Mg foil. Regardless of the electrolyte use,
negligible capacities (~12 mAh/g) were obtained at voltages of
~1.8—1.9 V.”! Ex situ analysis by XRD indicates that the
discharge produced no change in the diffraction pattern,
suggesting that the bulk of the FePO, remains unreacted. The
surfaces of the pristine and discharged samples were also
examined using FTIR spectroscopy, which revealed a shift to
lower frequency of the P—O—P stretching modes. The authors
speculated that the shift signals amorphization of the surface on
the basis of similar FTIR spectra reported in an earlier study of
amorphous iron phosphides.”*® Examination of these particles
by TEM revealed that an amorphous surface layer formed on
the FePO, particles following electrochemical discharge. Such a
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surface did not form after soaking FePO, particles in MMC
electrolyte, leading the authors to postulate that amorphization
was caused by the electrochemical insertion of Mg into the
surface. As the attained capacity (12 mAh/g) is consistent with
the magnesiation of the outer layer of a 100 nm FePO, particle,
this speculation seems reasonable. Attempts to cycle Li in
FePO, following a discharge—charge cycle in MMC revealed a
severe drop in accessible capacity as compared to pristine
FePO,, suggesting that the amorphous magnesiated layer
passivated the particle surface.

In agreement with first-principles calculations reported in the
same study, the magnesiated product of FePO, is thermody-
namically unstable, with surface magnesiation likely forming a
passivating amorphous layer. In spite of reasonable Mg
migration barriers in the charged state, thermodynamic
instability leaves seemingly little hope for FePO, as a Mg
battery cathode. The results reported in this study underscore
the simultaneous (and often conﬂictingHz) requirement of
good kinetics and thermodynamic stability.

6.2. NASICONs

Na Super Ionic CONductors (NASICON) have been
investigated both as solid electrolytes and cathode materials,
for Li- as well as Na-ion batteries,”®” ™% ever since significant
Na* mobility was demonstrated in these structures.””’
NASICON-frameworks have a chemical formula of
AM,(PO,);, where A = Li*, Na*, or a multivalent ion and M
is a transition metal (e.g, Ti, Zr, V, Fe, etc.) and occur in
multiple polymorphs, including hexagonal [e.g.,
Mg, sTi,(PO,),, Figure 36a] and monoclinic [Mg,Zr,(PO,),,
Figure 36b]. All polymorphs are made of MOy octahedra, such
as the blue TiOg4 and the green ZrOg4 octahedra in Figure 36
(panels a and b, respectively), connected through corners with
PO, groups (gray tetrahedra in Figure 36). The orange
polyhedra of Figure 36 indicate the half-occupied MgOyq
octahedra and MgO; pentahedra in the Ti- and Zr-NASICON,
respectively. Expectations of good Mg** mobility, based on
good Li* and Na' mobility, led to the exploration of
NASICON-frameworks as both cathode and electrolyte
materials for Mg-ion batteries.””* "'

The Mg, sTi,(PO,);-NASICON (Figure 36a), in its pure
form and under different doping conditions, has been subjected
to galvanostatic M§ discharge*”*™° and measurements of Mg
ionic conductivity.””” Using a three electrode setup of a Mg
ribbon counter electrode, the Ag/Ag" as reference electrode
and Mg(ClO,),:PC electrolyte, Makino et al 274729 reported
galvanostatic Mg discharge in the pure and in acceptor (Fe®*/
Cr**)-doped Mg, Ti,(PO,);. While the authors demonstrated
a voltage plateau of ~1.0 V at low discharge rates (~25 uA/
cm?), and claimed Mg intercalation up to Mg, (Ti,(PO,); in
the undoped framework, the voltage plateau shrinks rapidly at
higher discharge rates (~100 wA/cm?), attributed by the
authors to poor Mg mobility within the NASICON-structure
(Figure 37a). Fe/Cr-doping does not improve Mg mobilities in
the structure, with the authors reporting similar discharge
profiles with respect to the undoped NASICON,*”**?® as well
as a susceptibility of the material to decompose into Mg;(PO,),
and MePO, (Me = Fe and Cr) at Mg concentration higher than
Mg(Ti;_,Me,),(PO,);. Although theoretical calculations in-
dicate a high Mg migration barrier in the Mgy Ti,(PO,)s
NASICON (Figure 37c),”” in agreement with the observations
by Makino et al,, further characterization on the Mg-discharged
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Figure 36. The hexagonal and monoclinic NASICON frameworks are
shown in (a and b), respectively. The orange, blue, green, and gray
polyhedra indicate Mg, Ti, Zr, and P atoms coordinated by oxygen
atoms.

samples are required to ascertain any Mg intercalation into the
structure.

Takahashi et al.””” determined Mg ionic conductivity using
AC impedance measurements under donor (Nb) and acceptor
(Fe, Mn, Co) doped Mg,:Ti,(PO,);. Maximum doping
concentrations were 50%, 25%, 10%, and 20% for Fe, Mn,
Co, and Nb, respectively, beyond which the structure
decomposes into the respective phosphates [e.g, Co;(PO,),
formation on Co-doping]. Rietveld refinement of XRD
measurements by the authors revealed contraction of the ¢
axis (see Figure 36a and Figure 37b) in acceptor-doped
structures (with increasing contraction for Fe > Mn > Co
doping), while donor (Nb) doping caused an expansion of the ¢
axis. Using Arrhenius plots based on AC impedance data, the
authors reported Mg migration barriers of 808, 954, 922, 591,
and 1057 meV for the pure, Fe-, Mn-, Co-, and Nb-doped
structures, respectively. Although the authors suggested the
existence of an optimal level of ¢ axis contraction leading to
high Mg mobilities, evidenced by the lower migration barriers
in the Co-doped samples compared to Fe/Mn-doping, the
existence of impurities [such as Co;(PO,),] and secondary
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Figure 37. (a) Galvanostatic Mg discharge tests in Mg, ;Ti,(PO,); at different rates.””* (b) Evaluation of the c lattice parameter under different
doping conditions using Rietveld refinement of XRD data digitized from ref 297. (c) Theoretical calculations of Mg migration barriers in the
hexagonal-NASICON framework.>” (a) Reprinted and adapted with permission from ref 294. Copyright 2001 Elsevier.

phases [Mg,(TiO)PO,] that appear during sintering could
contribute significantly to the ionic conductivities observed.

Calculations of the Mg migration barriers,”** employing NEB
theory along with DFT (for methodological details, see ref 142)
were performed for the hexagonal NASICON frameworks of
Mg, sTi,(PO,); (solid black line, Figure 37c), Mg, sTiV(PO,),
(solid red line), and TiV(PO,); (xyg ~ 0, dashed red line),
respectively. Data from the computations which are in
qualitative agreement with the experimental results from
Takahashi®®” and others,”**™*° indicate fairly high Mg
migration barriers (~1.0 eV) at different Mg concentrations
(%mg ~ 0 and 0.5) and transition metal combinations (Ti-only
or equal proportions of Ti and V), signifying little potential for
the hexagonal NASICON structure to be a potential Mg
cathode material. Additionally, the energy difference between
the end points (~247 meV) in the Mg, ;TiV(PO,); calculation
(solid red line, Figure 37c) reflects an ordered arrangement of
Mg atoms and vacancies in the structure.

Huang et al.””® studied Mg (de)intercalation into the
monoclinic V,(PO,);-NASICON host (Figure 36b) at room
temperature and at 55 °C. The lithiated phase, Li;V,(PO,);,
was synthesized and electrochemically delithiated, followed by
Mg cycling in a three electrode cell, comprising a Mg rod
working electrode, a Ag/Ag" reference, and Mg(TFSI),
dissolved in ACN, yielding an average voltage of ~3.0 V vs
Mg and a capacity of ~197 mAh/g. While the initial
delithiation followed a four-step voltage profile similar to
previous reports,””” subsequent discharge curves displayed a
gradual sloping single-phase voltage profile, attributed to
structural transformations in the V,(PO,); by the authors.
Composition analysis by Huang et al. revealed both Li* and
Mg** presence in the NASICON structure, with significant
accumulation of ions on the surface of the cathode as indicated
by significant differences in the composition estimates made
using ICP and Rietveld refinements of Synchrotron XRD data.
Further electrochemical experiments on the delithiated cathode
in a freshly prepared Mg cell (devoid of any Li* in the
electrolyte) showed a voltage profile similar to the case with Li
and Mg cointercalation (see Figure 38a), suggesting possible
side-reactions.””® Given that most Mg liquid electrolytes are not
stable at voltages of ~3.0 V vs Mg metal,***"3? the significant
discrepancies in surface and bulk composition estimates, and
the similarities in voltage profiles obtained with and without Li*
in the electrolyte,”® reversible Mg intercalation into the
V,(PO,);-NASICON seems unproven at this time.

The monoclinic NASICON structure has also received
attention as a Mg solid-state electrolyte, with experiments
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300,301

reported specifically on the Mg,Zr,(PO,); structure.
Anuar et al.”” reported Mg conductivity of ~10™> S/cm at 500
°C (~107% S/cm at 298 K) on a sample sintered at 750 °C,
with an electrochemical stability window of ~2.5 V vs Mg. The
extrapolated migration barrier for Mg diffusion (~97 meV,
obtained from Arrhenius plots) seems inconsistent with the low
conductivity values reported in ref 300. An activation energy of
97 meV would be expected to lead to very high ionic
conductivity, in contrast with observations in ref 300. For
comparison, excellent ionic conductors for Li* and Na* have
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ionic conductivities in the ~107> S/cm at 298 K and activation
energies in the 200—350 meV range.'"**”" Imanaka et al.**!
explored the influence of a secondary phase addition,
Zr,0(PO,),, on the Mg-conductivity in the Zr-NASICON.
The authors found a monotonous improvement in conductivity
with the addition of the secondary phase, reaching a maximum
of ~6.92 mS/cm at 800 °C corresponding to ~40% addition
(Figure 38b). While the increase in Mg conductivity was
attributed to the improved density of the composite samples by
the authors, the contribution of mobile ions within the
secondary phase to the observed ionic conductivities is unclear.
Additionally, the high Mg migration barriers calculated by
Imanaka et al. (~1407 meV) does not show promise for room
temperature Mg conductivity, which is critical for Mg solid-
electrolytes. Mg-containing compounds should certainly be
explored for potential MV solid state electrolytes as that could

mitigate several issues faced by current liquid Mg electro-
Iytes, 113303304

6.3. Fluoro-Polyanions

Experimental’®® and theoretica studies of Mg intercala-

tion in fluoro-polyanion structures have been primarily
motivated by the hypothesis that the introduction of F weakens
the Mg-anion interactions, yielding increased ionic conductiv-
ity. Although no clear evidence of improved Mg mobilities has
been reported by experiments so far, theoretical predictions of
low Mg migration barriers in the FeSO,F-structure®”® indicate
promise and a potential chemical space to explore in the future.

Huang et al.”"° reported electrochemical Mg cycling starting
from the MgFePO,F-carbon nanotube (CNT) composite
working electrode and using a 0.5 M Mg(TFSI), electrolyte,
referenced to a Ag/Ag+ electrode with a Mg rod as counter
electrode. While showing good cyclability (~10 cycles) at a
high voltage (~2.6 V vs Mg/Mg”"), the FePO,F cathodes
suffered from low capacities, ~38 mAh/g at C/20, and poor
Coulombic efficiencies (~80%), resulting in low energy
densities of approximatively 99 Wh/kg and ~295 Wh/],
respectively. From the structural characterization after syn-
thesis, the authors found significant antisite mixing between the
Fe and Mg species, as shown by the mixed occupancy of sites
M1 and M2 in Figure 39b. Further, Huang et al. attributed the
limited Mg mobility and the low capacity observed (compared
to the theoretical value of ~157.8 mAh/g) in the structure to
the antisite defects blocking some of the Mg percolation
channels within the structure. Although the Coulombic
efficiencies could be improved by controlling electrode—
electrolyte side reactions,’” attention needs to be directed
toward understanding the exact conditions limiting both Mg
mobility and capacity in the FePO,F-structure.

Theoretical work by Wu and co-workers****"’ highlighted
the possibilities of the Tavorite-FeSO,F and VPO,F as cathode
materials for Mg batteries. While the calculated discharge
voltage of FeSO,F is ~2.52 V vs Mg/Mg*" (Fe®*/Fe*"), VPO,F
shows voltage plateaus of ~2.6 and ~1.5 V for the V*/V*" and
V¥ /V* couples, respectively. Calculation of Mg migration,
coupling DFT and NEB theory, in VPO,F indicate a 1D
conduction channel (as in Figure 39a) with a barrier of ~704
meV, whereas the barrier for a similar 1D channel in FeSO,F is
more promising (~360 meV). Although the theoretical data on
the magnesiated VPO,F and Tavorite-FeSO,F is promising,
synthesis and electrochemical studies need to be undertaken in
these systems to confirm their potential as cathode materials.

1306,307
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Figure 39. (a) MgFePO,F structure adapted from ref 305 showing M1
and M2 sites with mixed occupancies of both Fe and Mg. (b) Mg
migration path (L1 + L2) in the FeSO,F structure from ref 306. (a)
Reproduced and adapted with permission from ref 305. Copyright
2014 The Royal Society of Chemistry. (b) Reproduced with
permission from ref 306. Copyright The PCCP Owner Societies.

6.4. Borates

Of the common oxo-anion groups, borates exhibit the lowest
mass/charge ratio and therefore offer higher specific capacities.
Furthermore, because the edge sharing chains of MOq
octahedra of these structures can give rise to metallic
conduction,®®® electrical conductivity in many borates is likely
sufficient for electrochemical cycling. While a number of studies
have examined borate compounds for Li-ion batteries,” "'
two borate frameworks, M,BO, orthoborates and M,B,0O,
pyroborates, were recently investigated as potential Mg
intercalation compounds.’"”

The orthoborate and pyroborate structures present two
different crystallographic M cation sites, labeled M, and Mj in
Figure 40a, which depicts these frameworks. In their recent
work,*'* Bo and co-workers investigated MgVBO, (orthobo-
rate) and two compositions of the pyroborate compound
Mg Fe, B,Og with x = 2/3 and x = 4/3. Each compound was
synthesized using a solid-state route, and the structures were
refined from time-of-flight neutron diffraction as well as XRD
measurements. MgVBO, was found to exhibit some cation
disorder, with Mg** showing a strong preference for the M, site
(79% occupancy) and V favoring the My site in the same
amount. In contrast, structural refinements of Mg, ;Fe,/3B,0;
and Mg, sFe,3B,0;5 suggested a random distribution of Mg
and Fe over the M, and Mj sites.

In addition to the synthesis and structural refinement of each
compound, Bo et al. carried out a preliminary assessment of Mg
mobility in the borate frameworks by attempting Mg removal
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Reprinted and adapted with permission from ref 312. Copyright 2015 American Chemical Society.

via chemical and thermal oxidation.>"” MgVBO, did not show
any evidence for demagnesiation in response to immersion in a
saturated aqueous K,S,0y solution (chemical oxidation) nor to
sustained heating in the presence of oxidation (thermal
oxidation). On the basis of these experiments, the authors
concluded that MgVBO, is unsuitable for electrochemical
applications. The iron borate samples (Mg, /3Fe,/;B,05 and
Mg, ,;Fe,;3B,0;) proved similarly resistant to chemical
oxidation by a saturated K,S,0g solution. However, it was
found that thermal oxidation and Mg loss could occur in both
iron borate samples in the temperature range of 200—500 °C
without loss of the underlying lattice structure. Mg loss and
lattice stability was suggested on the basis of TGA and ex situ
XRD measurements on thermally oxidized samples. Structural
refinement of thermally oxidized samples indicated that Mg loss
occurs almost exclusively from the My site. Considering the
random distribution of Mg across the A and B sites, half of the
Mg theoretical capacity (amounting to 186 mAh/g) may be
accessible at elevated temperatures.’

4325

Bond valence sum (BVS) mismatch maps were used to
rationalize the difference in Mg mobility between the MgVBO,
and Mg,Fe, .B,O; samples. Analysis of BVS mismatch maps
revealed a lack of percolation pathways in MgVBO,. On the
other hand, BVS mismatch maps of the MgFe, B,O;
structure contain three distinct interstitial sites (I, Ij, and I;)
accessible to Mg”* ions, as shown in Figure 40 (panels b and c).
The interstitial sites are indexed based on the type of adjacent
cation site (i.e., I, interstitials connect M, sites). Of these three
sites, only the site labeled I in Figure 40c creates a percolation
path. The formation of a percolating network of interstitial sites
led the authors to propose a defect-tolerant “parking lot”
diffusion mechanism, depicted schematically in Figure 40e,
whereby the diffusion of Mg®* proceeds without needing to
pass through other My octahedra and so is unaffected by the
type of atom occupying them.

Although seemingly defect-tolerant, the microscopic reversi-
bility of the hop between a Mj site and a I interstitial suggests
the presence of competing effects on Mg diffusion kinetics.
While a higher percentage of Mg ions in Mg sites should
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presumably improve mobility by connecting more Mg sites to
percolating interstitial networks, a larger number of Mg ions in
interstitial sites necessarily implies a larger number of “open”
parking spaces, increasing the chance that a diffusing Mg atom
will “park” in one of these empty spaces and transiently cease
contributing to ionic diffusion. Therefore, it is unclear whether
the parking lot-style diffusion is beneficial to ionic mobility.

While the parking lot diffusion mechanism remains
unproven, the finding that only Iy interstitials (those
connecting My sites) form a percolating network is consistent
with Mg removal exclusively from Mg sites. The lack of
percolating networks and preferential occupation of the less-
mobile M, site in MgVBO, explains the resistance of this
material to demagnesiation. It would be useful to corroborate
these findings with more accurate ab initio calculations of Mg
mobility.

At this time, the limited amount of investigation into Mg
intercalation in borates shows little promise for this class of
compounds. MgVBO, was found to be entirely unsuitable for
electrochemical applications, while Mg,Fe, ,B,O; required
temperatures in excess of 200 °C to render even half of its
Mg capacity accessible. As these temperatures exceed the
operational range of most battery devices, borate materials
would seem to lack sufficient Mg mobility to be of practical
utility in this application.

6.5. Prussian Blue Analogues

Recently, hybrid framework materials comprised of inexpensive
organic molecules bonded through transition metal ions called
metal organic frameworks have been explored as novel cathode
materials (Figure 41a). The versatile nature of metal organic
frameworks, together with the possibility of modulating the size
of the intercalation channels, has stimulated interest in the
quest for new MV-cathode materials in this chemical
space.”’ 7137321 In particular, Prussian blue (PB) is a
metal organic framework nanomaterial with formula
AMM'(CN)4yH,O, analogous to AMX; perovskites but
with A as a MV ion, and M and M’ as transition metals, as
shown in Figure 41a.

The large open cages, illustrated in Figure 41a, originating
from the coordination of cyanide groups (CN~) with the
transition metal ions (e.g.,, Ni, Cu, Fe, etc.) are believed to ease
the insertion of multivalent ions and small solvent molecules
(e.g, H,O). Of note, PB analogues have demonstrated
reversible intercalation of a multitude of multivalent ions
including Mg**, Ca*, Sr**, Ba’*, Co*, Ni**, Cu**, Zn**, Pb*,
AP, Y**, La*, Ce**, Nd** and Sm®* from both aqueous and
nonaqueous electrolytes.””">">?1373%!

While Wang et al.”’"*’* have demonstrated excellent
electrochemical cyclability (~2000 cycles without capacity
fading) of Rb*, Mg**, Ca**, Sr**, Ba**, Co®*, Ni*', Cu**, Zn*,
Pb*, AI**, Y*, La**, Ce**, Nd**, and Sm** in PB from aqueous
electrolytes (see Figure 41, panels b and c), the insertion
voltages (~0.60 — 1.3 V vs SHE) as well as the specific
capacities (~30—60 mAh/g) are poor, resulting in energy
densities of ~102 Wh/kg and ~171 Wh/I that are far-off from
the expectations (section 2) of a practical MV battery.

Recently, Lipson and collaborators,”® utilizing a coin-cell
setup, reported reversible Ca insertion in MnFe(CN); from
nonaqueous electrolytes (Ca(PFy), in a mixture of EC:PC) and
a BP2000 carbon anode with a st discharge capacity of ~100
mAh/g. Similar to MV insertion from aqueous electrolyte of
Figure 41c, the Galvanostatic charge—discharge curves in ref
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Figure 41. (a) Structure of Prussian Blue analogues,””’ (b)
voltammetry for mono- and divalent cation intercalation®”" (ie., H,
Mg, and Ca) in PB, and (c) galvanostatic charge and discharge for
trivalent ion intercalation®”* (ie, Y, Ce, Al, Nd, La and Sm), in PB
from aqueous electrolytes. (a and b) Reprinted and adapted from ref
271. Copyright 2013 American Chemical Society. (c) Reprinted with
permission from ref 272. Copyright 2015 Wiley-VCH.

318 showed a single plateau, suggesting that only one transition
metal [among Mn and Fe in MnFe(CN),] undergoes reduction
upon Ca insertion. Synchrotron XRD measurements in Figure
42a showed substantial, reversible changes of the peak located
at ~2.35 A™' when the cathode is discharged, suggesting Ca
intercalation in the Prussian Blue material. Additionally, the ex
situ Mn K-edge XANES spectra, recorded at different states of
discharge in Figure 42b, demonstrated clear Mn>*** redox
activity upon insertion. In contrast, the Fe K-edge XANES
spectra (omitted for brevity) indicated that Fe remains
predominantly in the 3+ oxidation state, which was also
supported by cyclic voltammetry measurements (also omitted).

Subsequently, the authors®'® attempted to cycle a full cell
with a calciated Sn-metal anode, as shown in Figure 43, and
reported reversible Ca intercalation with a first discharge
capacity of ~90 mAh/g at ~2.4 V and a 100% Coulombic
efficiency for about 35 cycles. Data from Figure 43b>'® show a
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Figure 43. (a) Galvanostatic charge—discharge curves of Ca
intercalation in MnFe(CN)4 Prussian Blue analogues in Ca(PFy),
electrolyte in a mixture of EC:PC and using calciated Sn as anode from
Lipson et al.*'® (b) Capacity and Coulombic efficiency vs cycle
number. (a and b) Reprinted and adapted from ref 318. Copyright
2015 American Chemical Society.

non-negligible capacity fade (~35% reduction of the initial
capacity) and was speculatively attributed by Lipson et al.*'® to
possible delamination of the Sn-anode (caused by substantial
volume expansion upon Ca insertion), Sn dissolution in the
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electrolyte, and an increase in cell resistance (possibly due to
surface film formation).

Computational reports of ion intercalation in PB systems are
also available.”***** Ling and Mizuno at Toyota R&D’*
reported an exhaustive first-principles investigation to assess the
intercalation of multivalent ions (Mg**, Ca®*, Sr**, and Ba’*) in
Fe[Fe(CN),] and underscored that ion insertion in this
material is strongly affected by the ionic radius of the
intercalant ion (as indicated in Figure 44). Since PB analogues
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Figure 44. (a) Trend of lattice constants (computed with first-
principles calculations) in Fe[Fe(CN)4] as a function of MV (AE =
alkaline-earth) ion at x = 0.5 and x = 1.0, respectively, from Ling et
al.*** (b) DFT+U computed intercalation voltages for x = 0.0 to x =
0.5 for MV ions (Fe®*/>* ions were treated in their low-spin state).*>*
(a and b) Reprinted and adapted from ref 318. Copyright 2015
American Chemical Society.

are not compact structures, the insertion of large ions, such as
Ca’, Sr**, and Ba*, only marginally affects (~2% about 0.2 A)
the cell lattice parameter of Fe[Fe(CN)4]. Interestingly, the
DFT-derived insertion voltages for MV ions, displayed in
Figure 44b increase as a function of ionic radius, suggesting that
slightly larger energy densities are achievable by intercalating
larger cations.

PB is an interesting proof of concept to show that structures
with larger voids can tolerate the diffusion of highly polarizing
di- and trivalent ions. Furthermore, the cointercalation of
solvent molecules (or water) may improve the kinetics of ion
intercalation, similar to the enhancement observed in V,05 and
MnO, cathodes (section S). Though from a technical
perspective any participation of the electrolyte solvent in the
intercalation reaction requires a practical cell with a
considerable amount of electrolyte, thus reducing further the
energy density. PB therefore represents a good platform for
studying the intercalation of large ions, such as Ca®', Sr**, and
Ba®*, whose electrochemistry is less explored at the moment.
But, the fate of solvent (or water) molecules, which likely play
an important role in PB systems (similar to some oxides as
discussed in the beginning of section 5), is scarcely documented
and often overlooked. As discussed in previous sections, it is
expected that water could actively participate in the material
electrochemistry for example by providing readily cyclable
protons or favoring/inhibiting MV intercalation in the PB
framework. Nonetheless, the low energy densities yielded by
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Table 3. Summary of All Materials That Have Been Experimentally Attempted As Intercalation Cathodes for Mg“

energy density

material gravimetric volumetric P status
Chalcogenides
Chevrel-MogSs'> 77 400 5.20% Mg full-cell done
Spinel-Ti,S,'*' 228 731 3.20'% Mg full-cell done
layered-TiS, "> 192 623 3.24"° capacity fade
MoS,"* ~ 14 ~ 70 4.98%¢ low energy density
TiSe,'** 108 566 5.24%% Mg full-cell done
WSe,"** 168 1578 9.39'%° scant characterization
Oxides
a-Mo0,* 495 2332 4713 poor Mg mobility;
partial irreversibility
Mo, 4;sVOy ;> 587.5 2344 3.99% rapid capacity fade
Mg,Mo;04'% - - 5.38%% no electrochemical activity
orthorhombic-V,0,” 352.5 1188.5 3.37% a is poor; 6 is promising
Xerogel-V,04'7%%% 264—840 724-2303 2.74'% solvent cointercalation
a-Mn0,*"* 790 3324 421%% conversion reactions
5-MnO,"*"** 420-690 1417-2329 3.373% solvent cointercalation
2-Mn0O,>* 551 2267 425% poor nonagq. electrochemistry
RuO,? 678 4787 7.06%** no characterization
Polyanions
FeSiO,*”? 825 2420.5 2.93%% possible side-reactions
MnSiO,*” 384 1104 2.87°% side reactions
CoSi0,>** 256 779 3.04% side reactions
FePO,” 22 76 3447 surface particles amorphization
FePO,F*” 99 295 2.99°% poor coulombic efficiency
Ti-NASICON*"* ~136 ~406 2,984 poor Mg mobility
V-NASICON*** 591 1763 2.98%% possible side-reactions
V/Fe-borates’'> - - 3.70°" no electrochemical activity
Ni(CN)¢nH,O (PB)*"* ~102 ~171 1.68% low energy density

“The status column indicates any open questions or challenges remaining for the respective structures. Practical gravimetric and volumetric energy
densities are in Wh/kg and Wh/], respectively, and the density p is g/cm>. Refer to Table 1 for more details on MnO, polymorphs.

most PB frameworks suggest that while PB can demonstrate a
proof-of-concept intercalation of several MV ions, it is not a
practical candidate for a MV battery cathode.

7. DISCUSSION

Multivalent batteries that couple a high voltage cathode with a
metal anode, exhibit promise in achieving higher energy
densities than current Li-ion technologies. Cell-level models
(section 2) show that a Mg battery using a Mg metal anode has
the potential to achieve energy densities of ~750 Wh/],
indicating future applications in portable electronics as well as
in electric vehicles and the grid. However, there are still many
obstacles to be overcome in MV chemistry, such as the lack of
compatible electrolytes and poor MV mobility in many
compounds. While state-of-the-art MV batteries, using the
Chevrel-phases as cathodes, demonstrate reversible Mg
intercalation with reasonable rate performance, the voltages
(~1.1 V) and capacities (~80 mAh/g) obtained are low,
resulting in poor energy densities and necessitating the
exploration of alternate chemistries for cathode materials. A
summary of the available electrochemical data for all Mg
cathodes is given in Table 3, and Figure 45 graphically
characterizes a few candidate cathodes.

Chalcogenides

So far, the chalcogenide compounds have shown the best
electrochemical performance as Mg cathodes. The fundamental
breakthroughs of reversible Mg intercalation in Chevrel-MogSg
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and other cluster compounds by Aurbach and his team'’
deliver the kind of cycle life that is comparable to today’s Li-ion
compounds, albeit at low energy density. As a result, many
other chalcogenide hosts, such as sulfides (TiS,,
MoS,)"*""?*'*? and selenides (TiSe,, WSe,)"**'** have been
explored with mixed results. While Mg migration is expected to
be sluggish in layered-TiS,,'** high-capacity reversible Mg
intercalation has recently been demonstrated in spinel-Ti,S, at
reasonable rates (C/10 to C/5)."”’ Against a Mg metal anode,
Ti,S, cycled at ~1.2 V yields a capacity of ~190 mAh/g,
representing a significant improvement over the energy density
of the Chevrel-phase. The performance of sulfide spinels is
consistent with recent ab initio calculations'® and indicates the
importance of sulfur cathode chemistries in achieving highly
reversible MV intercalation.

MoS, has attracted notable attention in the MV battery
community owing to its importance as a 2D material,'>*~"*
but it is hard for MoS, to supersede other MV sulfide cathodes
such as MogSg and Ti,S,, given its low capacity and higher cost.
TiSe,'** and WSe,"** have been explored as alternatives to
sulfur compounds, with potentially better Mg (MV) mobilities
at similar voltages and gravimetric capacities. The reliability of
some Mg intercalation experiments in selenides is questionable,
given the absence of rigorous characterization of the discharged
products, and establishing some baseline experimental data in
these systems is a high priority.
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Figure 45. Parameters for charting promising cathode materials, including intercalation voltage (V), practical gravimetric (Wh/kg), volumetric
(Wh/1) energy densities, barrier for bulk Mg (MV) mobility (eV), cycling behavior (number of cycles), and abundance of the transition metal used
in the cathode in the earth’s crust (equivalent to parts per million, or ppm, by mass, from ref 324) have been summarized for several frameworks in
the chalcogenide (Chevrel and Ti,S,), oxide (MoO;, V,0s, and MnO,) and polyanion (FeSiO,) chemical spaces.

Oxides

Transition metal oxide hosts have been considered as cathode
materials for MV batteries because of their high theoretical
voltages and capacities (section 5).142’240 However, most oxide
hosts suffer from poor MV mobility in the bulk struc-
ture,' *>19%17023¢ possible oxide conversion reactions in the
cathode,” pseudocapacitance contributions arising from
nanosized frameworks,"**'** and electrolyte incompatibility
with high voltage (~3.0 V vs Mg) cathodes,”* making it
difficult to observe and validate reversible MV (or Mg)
intercalation at reasonable rates. Nevertheless, layered-oxide
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hosts, such as MoO;""" Mo,,VOygs""" V,05°* and &-
MnO,'*”**” have received significant experimental and
theoretical attention as cathodes for Mg batteries, and
electrochemically reversible Mg intercalation at comparable
voltages has already been displayed in these hosts with varied
levels of success. While oxide spinel hosts tend to have high Mg
migration barriers,'***** recent theoretical estimations of high
Mg mobility in high-pressure postspinel phases™® shows
promise and a potential new class of cathode materials.
Water (or solvent) cointercalation has often been proposed
as a possible solution to improve MV (or Mg*") mobility in
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oxide hosts,"*“'”" thus achieving both higher voltages and

better mobilities. Despite promising electrochemical perform-
ance shown in water cointercalated hosts such as xerogel-
V,04'¥71%52% and MnO, polymorphs (especially Birnessite
and Spinel),"*?*** further investigations are required to
clarify possible side reactions (such as proton cycling) that
could contribute to the improved performance. Additionally,
the presence of water in the electrolyte is detrimental to the
usage of a Mg metal anode and may not be viable for practical
MV batteries. If solvent cointercalation is indeed established as
the mechanism for improved Mg mobility in oxide hosts then
exploration of other solvents that can reversibly cointercalate in
addition to being compatible with the Mg anode is necessary. A
fundamental question that remains to be addressed is whether
solvent cointercalation improves mobility in the bulk and
exactly what the mechanism is of such improvement, or
whether cointercalation increases the rate capability by limiting
the amount of desolvation that is required upon intercalation. If
such solvent cointercalation enhances Mg mobility in the bulk,
it may be possible to preintercalate the solvent in layered
cathode materials.'”’

Overall, oxides will remain an exciting class of potential MV
cathode materials due to their high potential energy density.
Nearly two decades of research on multivalent electrochemistry
have taught the battery community that divalent ions may
exhibit a diverse range of behaviors from different diffusiv-
ities' > 32 LI ABIORITOL99,205 46 distinct electrochemical proper-
ties.'>*1#>535%575% Byen though MV-ion mobility is on average
considerably lower than for monovalent Li* and Na®
intercalants,"** the development of a new technology is not
controlled by average properties but requires only a few good
material families, as evidenced by today’s Li-ion technology,
which relies almost solely on layered oxides (O3-stacking”>),
spinels, and the olivine LiFePO,. If recent theory is a guide, it
seems likely that careful matching of structure and
intercalant' **'*'7%*%% can indeed lead to reasonable mobility
for Mg®", Ca*", or Zn*", as has already been demonstrated by
very high rate reversible Zn** insertion in V,05."”

Polyanions

As in oxides, results on polyanion cathodes are mixed. Mg
intercalation in FeSiO, shows promise,””> while possible side-
reactions in others (such as Mn and Co-silicates)”’”*** have
obscured whether reversible intercalation can take place.”*’
Despite showing high Li- and Na-mobilities, NASICON
frameworks do not seem very promising for Mg intercalation
owing to the high Mg migration barriers calculated
theoretically’”” and sluggish Mg migration observed in
experiments.””"*”7*®  Theoretical calculations on specific
fluoro-polyanions show promise (e.g, Mg barrier is ~360
meV in FeSO,F),’" but experiments in the FePO,F structure
suffer from poor Coulombic efficiencies and low capacities.’”
While interesting diffusion mechanisms have been observed in
borates, with potential applications in other frameworks,”"” the
obtained capacities are low (~50% of theoretical capacity) even
at high temperatures. Prussian blue analogues, being able to
intercalate a diverse set of MV species (including electro-
chemically unexplored Sr** and Ba*),””"*’* are interesting
proof-of-concept structures, albeit with low energy densities.”'
Although Prussian blue structures may not find potential
battery applications, their stability and reversibility makes them
interesting counter and reference electrodes in a research
setting. In summary, among the class of polyanion materials,
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certain silicates (FeSiO,) and fluoro-polyanions (FeSO,F)
show potential but require rigorous experimental and
theoretical investigations to validate Mg intercalation and
understand any potential limitations.

While MV batteries show great promise as a means to move
beyond and out-perform Li-ion batteries, a number of practical
issues and open challenges must be addressed on the path to
technological utilization. There is a significant lack of
understanding on the complex reactions that may take place
between electrolytes, electrodes, current collectors, and all
other components, often leading to unidentified corrosion
reactions in experiments, which obscures true MV-ion
intercalation response. This is unlike for Li*-ion or Na*-ion
chemistries which are considerably more standardized and
therefore allows for more reliable and effective cathode
research. Hence, it is often challenging to determine if reported
electrochemical data in the literature (without supporting
characterization information) indeed corresponds to reversible
MV intercalation only. Overemphasizing the electrochemical
observations (e.g., gravimetric capacity, open circuit voltage,
rate performance, etc.) appears to be a common trend in
“novel” MV cathode studies, whereas spectroscopic character-
ization of the intercalation process is often overlooked. Hence,
rigorous characterization measurements, such as XRD, XANES,
TEM, and other techniques, are required at different states of
(dis)charge to truly validate MV insertion. Additionally,
theoretical data, if available, can be used to benchmark
experimental results and identify any possible discrepancies.
In this context, ab initio theory has been particularly good at
predictin§ electrochemical voltages within a ~0.25 V
window,”"' and very large discrepancies between measured
and calculated voltages should be a cause of concern. In
particular, voltages in the 1.0—1.5 V range for 3d-oxides, which
are generally expected to be much higher in voltage, are often a
sign of corrosion currents. The recently released MV-voltage
data on the Materials Project,'*” as part of the Joint Center for
Energy Storage Research (JCESR) effort, may be useful in this
regard.

Another common occurrence across MV cathode studies is
the significant variance of electrochemical data with electrolyte
species. The small stability window of most MV electrolytes
necessitates special electrochemical setups, such as hybrid cells
and three-electrode setups, for testing high voltage cathodes.
The Li-ion and Na-ion battery communities benefit from
standardized and consistent protocols, developed over the
years, for testing cathode materials and electrolyte stability. The
MV-ion battery field is in urgent need of similar protocol
standardization. Furthermore, a dependence of cell perform-
ance on electrolyte quantity should not be overlooked. Most
laboratory-scale experiments are performed in conditions of
considerable electrolyte excess (flooding cell setup), while
commercial battery cells strive to minimize this quantity for
reasons of energy density, safety and cost. Any viable MV
electrolyte/cathode combination should also be verified as
functioning well with limited quantities of electrolyte.

In summary, we would like to provide a number guidelines
for the field in terms of best practices and important
fundamental issues to focus on: (1) The role of H,O in MV-
ion intercalation needs to be better understood, especially given
that a few cathodes, such as V,0;, MnO,, etc., exhibit
significantly different electrochemical responses with (or
without) an aqueous electrolyte. While multiple experiments
have demonstrated that the presence of H,O in the electrolyte
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and/or electrode material improves MV-ion intercalation, the
mechanism by which this occurs is unclear. It is possible that
H,O in the cathode improves MV-ion mobility, either by
propping open the layered structures,'””’ or by providing
pathways with low coordination change for the MV-ion."** It
may also be possible that H,O moves with the MV ions in the
structure and assists with desolvation from the electrolyte. In
this regard, the role of H,O in generating cyclable protons,
which can inflate the electrochemical properties observed,
should not be overlooked. Understanding how H,O improves
intercalation, which might require concerted theoretical-
experimental studies, is critical so that one can target other
cointercalants with a less detrimental effect on the metallic
anode. (2) For Mg2+ and Ca**, conversion reactions are
competitive with intercalation for many potential cathode
materials. In addition, the corrosive nature of some electrolytes
can lead to corrosion currents overwhelming the response from
the cathode. Hence, at this early stage of the field, when no
standard electrolytes and cell designs are available, electro-
chemical characterization of cathode materials should always be
accompanied by structural characterization of the cycled
cathode materials to demonstrate that intercalation is indeed
taking place. (3) The field would benefit tremendously from
establishing some baseline cathode materials that can be used
across laboratories. Even for well-studied materials such as
MnO,, MoOj;, and V,0O;, electrochemical results vary greatly in
the literature and currently no “ground truth” capacity is known
for these materials, unlike what is the case for many current Li-
ion cathode materials. (4) Given the complex electrochemistry
occurring in MV cells, and the passivation of Mg metal with
many electrolytes, alternatives to standard two-electrode full
cells should be encouraged. For example, by using hybrid cells
with a reference electrode, more electrolyte choices become
available to test cathodes, and a more rigorous electrochemical
response of the cathode can be obtained. In this regard, the
development of good reference electrolytes for MV systems
represents a high priority. It is worth nothing that the
electrochemistry of several MV cathode materials is often
tested at elevated temperatures to facilitate MV ion mobility (as
suggested by Figure 12). Hence, the electrochemical results
always necessitate careful interpretation as temperature can
promote undesired side reactions (including phase trans-
formations) that contribute to the overall degradation of the
cathode. (5) The result of new investigations should be
compared and contrasted to previously published work and to
available theory predictions. In preparing this review, we often
found that the result of multiple studies could not be consistent
with each other. Indications that intercalation is implausible can
sometimes be inferred by comparing to ab initio predicted
properties, in particular for average voltages, diffusion barriers,
and changes of lattice parameters with intercalation, which have
become quite reliable in ab initio methods. While disagreement
with such theoretical predictions does not necessarily imply
that either theory or experiments are wrong, it usually does
indicate that a more complex phenomenon than topotatic
intercalation (typically assumed for first-principles results) is
taking place. Hence, such “disagreements” should be taken as a
caution and a starting point for further investigations.

8. FUTURE OUTLOOK

The ability to store electricity in chemical devices represents
one of the most successful discoveries of the recent centuries,
and the last 30 years have witnessed a swift expansion of this
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field dominated mainly by Pb-acid, Ni-Metal hydride, and now
lithium ion batteries. The latter form the bedrock of millions of
portable devices (laptops, cameras, and various other tools). As
Li-ion batteries approach their energy density limit, new
technologies will be required to meet the rapidly growing
demands of grid-scale and portable electrochemical energy
storage. Utilizing intercalation batteries based on multivalent
chemistry represents a promising avenue in this regard, with
significant gains in energy density enabled by MV metal anodes,
which are less susceptible to dendrite growth than Li at
practical cycling rates, and are potentially safer and cheaper.

We have reviewed the progress and challenges associated
with MV cathodes, the discovery of which remains one of the
chief obstacles to a high energy-density MV battery prototype.
Contrary to the well-established Li-ion intercalation experi-
ments, the absence of minimal standard protocols to routinely
perform electrochemical intercalation experiments poses
substantial roadblocks for developing practical multivalent
cathode materials. Cathode improvements over the last 15
years have resulted in significant increases in MV full-cell
energy density, with spinel Ti,S, doubling the energy density of
Chevrel MogSs.

As the state-of-the-art thiospinel MV cathode material falls
short of energy density levels needed to compete with present
Li-ion technology, there is a demonstrable need for the
discovery of high energy-density cathodes. Oxides provide a
clear path to improved energy density at the expense of MV
mobility. Experimental results to date in both material classes
suggest that high voltage cathodes can be developed, albeit with
MYV mobility remaining a significant obstacle. Fortunately, the
vast chemical space of possible MV cathode materials remains
largely unexplored,73 and predictions of high mobility in new
material classes such as postspinels, silicates, and fluoro-
polyanions suggest that a covenant of peace between the two
contending parties, kinetic performance and energy density, can
be simultaneously attained.
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ACRONYMS

ABF-STEM annular bright field scanning electron trans-
mission microscopy

ACN acetonitrile

AES atomic emission spectroscopy
APC all phenyl complex

BatPac battery performance and cost

BVS bond valence sum

CE coulombic efficiency

CNT carbon nanotube

Cv cyclic voltammetry

DC direct current

DCC dichloro complex

DEC diethyl carbonate

DMC dimethyl carbonate

DOE department of energy

DOS density of states

DFT density functional theory

EC ethylene carbonate

EELS electron energy loss spectroscopy
EMIC 1-ethyl-3-methylimidazolium chloride
EDS energy-dispersive X-ray spectroscopy
EDAX energy-dispersive analysis of X-rays
EV electric vehicles
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EXAFS extended X-ray absorption fine structure
FTIR Fourier transform infrared spectroscopy
GITT galvanostatic intermittent titration technique
HAADF high-angle annular dark-field imaging
HRTEM  high-resolution transmission electron microscopy
ICP inductively coupled plasma

ICSD inorganic crystal structure database
MACC magnesium aluminum chloride complex
MMC Mg monocarborane

MV multivalent

NASICON Na super ionic conductor

NEB nudged elastic band

NMC333  LiNi,;3Mn,;3Co, /30,

NMR nuclear magnetic resonance

oCcv open circuit voltage

OEM original equipment manufacturer

OES optical emission spectroscopy

PB Prussian blue

PC propylene carbonate

PDF pair distribution function

PEO poly-ethylene oxide

PITT potentiodynamic intermittent titration technique
PPM parts per million

SAXS small-angle X-ray scattering

STEM scanning transmission electron microscopy
SCE saturated calomel electrode

SHE standard hydrogen electrode

TEM transmission electron microscopy

TESA bis(triftuoromethanesulfonyl)amide

TFSI bis(trifluoromethane)sulfonimide

TGA thermogravimetric analysis

THEF tetrahydrofuran

™ transition metal

USABC United States Advanced Battery Consortium
WAXS wide-angle X-ray scattering

XANES X-ray absorption near edge spectroscopy
XAS X-ray absorption spectroscopy

XRD X-ray diffraction

XRF X-ray fluorescence

XPS X-ray photoelectron spectroscopy
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