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Benefiting from a higher volumetric capacity (3833 mA h cm™ for Mg vs. 2046 mA h cm™ for Li) and
dendrite-free Mg metal anode, reversible Mg batteries (RMBs) are a promising chemistry for applications
beyond Li ion batteries. However, RMBs are still severely restricted by the absence of high performance
cathodes for any practical application. In this review, we provide a critical and rigorous review of Mg battery
cathode materials, mainly reported since 2013, focusing on the impact of structure and composition on
magnesiation kinetics. We discuss cathode materials, including intercalation compounds, conversion
materials (O,, S, organic compounds), water co-intercalation cathodes (V,Os, MnO; etc.), as well as hybrid
systems using Mg metal anode. Among them, intercalation cathodes are further categorized by 3D (Chevrel
phase, spinel structure etc.), 2D (layered structure), and 1D materials (polyanion: phosphate and silicate),
according to the diffusion pathway of Mg2+ in the framework. Instead of discussing every published
Received 21st June 2018 work in detail, this review selects the most representative works and highlights the merits and challenges
DOI: 10.1039/c8cs00319j of each class of cathodes. Advances in theoretical analysis are also reviewed and compared with
experimental results. This critical review will provide comprehensive knowledge of Mg cathodes and

rsc.li/chem-soc-rev guidelines for exploring new cathodes for rechargeable magnesium batteries.

decades of innovation and engineering in materials and cell
design, the energy density of LIBs has reached 240 W h kg *
Since their invention in 1991, Li-ion batteries (LIBs) have and 670 W h L' at the cell level."> However, a ceiling in
gradually become the dominant mobile power source for various  capacity and energy density is expected when LIBs approach the
applications, especially consumer electronics. With over two theoretical limits of intercalation chemistry." Rechargeable
metal batteries, which pair metal anodes with various cathode
i ) o o materials, offer great promise for further improving battery
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b College of Chemistry and Chemical Engineering, Hunan University, Changsha capacity and lower reduction potential than intercalation
410082, China anodes (Fig. 1a). Among all metal anodes, the high capacity
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Fig.1 (a) Capacity and redox potential of various metal anodes;
(b) number of publications in the past two decades on the topic of
“magnesium batteries”.

(especially volumetric capacity of 3833 mA h cm™> for Mg vs.
2046 mA h cm ™ for Li), low reduction potential (—2.4 V vs. SHE)
and most importantly, dendrite-free deposition with 100%
coulombic efficiency in some electrolytes make Mg metal an
ideal anode.* For this reason, there has been a growing interest
in developing rechargeable Mg batteries in the past decade,
especially after 2013 (Fig. 1b).

Due to its bivalent nature, the diffusion of Mg”* in solid state
cathode materials is much more sluggish than monovalent
cations like Li", which leads to large voltage hysteresis and
low magnesiation degree for most materials.>” For this reason,
finding cathode materials with acceptable kinetics has become
the major challenge for the development of rechargeable
Mg batteries. In this review, we will survey efforts in this
field, especially those made after 2013, with a special emphasis
on the influence of structure and composition on magnesiation
kinetics.

This review is organized as follows: major attention will
be focused on intercalation materials, followed by conversion
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Fig. 2 An overview of cathodes for rechargeable Mg batteries.

materials. Elemental redox chemistries will be discussed in
some detail due to their unique advantages of either high
capacity or fast kinetics, while promising organic cathode
materials, water co-intercalation cathode materials and hybrid
battery systems are also briefly reviewed (Fig. 2). We will not
elaborate on every individual cathode material, but emphasize
the most representative cathodes. The theoretical and experi-
mental results will be compared to highlight the merits and
challenges of each class of cathode materials. We hope this
review can provide insights on the frontier of this emerging but
not fully exploited field.
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2. Intercalation

Intercalation compounds are the only commercialized cathode
materials for rechargeable LIBs because the topotactic inter-
calation reaction maintains their structure during discharge/
charge, guaranteeing good cycling stability and fast Li-ion
diffusion.>®° These compounds are also the most investigated
for rechargeable magnesium batteries (RMBs).

The kinetics of Mg intercalation are intrinsically dependent
on the ion mobility in these materials. In general, ion mobility is
mainly determined by three structural factors: (1) connectivity
between sites; (2) sizes of the diffusion channel/cavity and inter-
calant; (3) and interaction strength between the intercalant and host
structure. The site connectivity divides cathode materials into 3D, 2D
or 1D intercalation topology, which in turn affects the diffusion
behavior of a material dramatically, as in principle, a well-distributed
diffusion network should facilitate mobility by providing improved
tolerance towards defects and changes in lattice parameters.'®""
Moreover, the channel size should be large enough to accommodate
the intercalant. Finally, high mobility is facilitated by weak
interaction between the intercalant and host anion lattice.

Ab initio quantum calculation also confirms that multivalent
cation diffusion is firstly dependent on structure,* which
determines the diffusion pathway, then on its chemistry, which
determines the interactions between the intercalant and the
host anion lattice.”** In different structures, the coordination
preference of the multivalent cation dictates the energy
level change during migration along the possible diffusion
pathways, so that structures where the intercalants occupy the
non-preferred coordination can reduce the migration energy
barrier to ~525-650 meV, a value necessary for acceptable
migration kinetics at room temperature.

In the section below, we will discuss how the structure
affects the mobility and intercalation kinetics of Mg>" based
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on current experimental and theoretical understanding, especially
in spinel, layered, and olivine cathodes. We will expand our
discussion starting from structures with 3D diffusion channels
(Chevrel phase, spinel), and then structures with 2D diffusion
channels (layered structure), and finally, to structures with the 1D
diffusion channel (polyanion compounds).

2.1 Chevrel phase

Chevrel phase (CP) (MoeSs) is the first intercalation cathode
that shows reversible Mg storage capability.**™” It has a unique
structure where six Mo atoms reside on the faces of a cube,
forming an octahedron (Mog), and eight S anions (Sg) occupying
the corners of the cube (Fig. 3a)."®2° Therefore, its structure
possesses a quasi-simple-cubic packing of the MogSg super-
anions, in which 3a and 9b sites form 3D channels that are
available for Mg>* transport.’® The unique metallic electronic
structure of CP allows the easy accommodation of electrons
because within Mo, the electronic bonding is non-directional
and orbitals are highly delocalized. The neutralizing electrons
do not reside entirely (nor predominantly) on the Mog clusters,
but instead on the anions (Sg clusters). The charge carried by
Mg>" is mostly balanced by the S atoms, resulting in a screening
cloud that can effectively shield its 2+ charge.”* In short, the
highly delocalized orbitals and a screening cloud contribute to
realizing the fast diffusion of Mg®" at room temperature.
Generally, a migration barrier of ~525 meV corresponds to
ionic diffusivity of ~107'> em® s™' at room temperature,
representing the low limit for reasonable charge and discharge
time (~2 h in micron-size active particles). An increase/
decrease of 60 meV in the migration energy corresponds to
an order of magnitude decrease/increase in the diffusion. Since
diffusion time scales to the square of length, larger barriers can
be tolerated with smaller particle size: every order of magnitude
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Fig. 3 Crystalline structure and sublattices in Chevrel phase MogSg. (a) MogSg superanion and positions of highly symmetric 3a, 3b, and 9d sites
(viewed along the [211] direction). (b) Sublattice of 3a and 3b sites. (c) Outer-ring and inner-ring hopping between partially occupied inner and outer
sites. (d) NEB path for the hopping in Chevrel phase MogSg at dilute Mg concentrations. Reproduced from ref. 18 with permission from American

Chemical Society, Copyright 2017.
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in size reduction allows for two orders of magnitude smaller
diffusion constant."® Meanwhile, an increase in temperature
reduces the diffusion barrier.”>>* Based on nudged elastic
band (NEB) calculation, the inner-ring and outer-ring diffusion
energy barriers of CP are estimated to be 40 meV and 570 meV,
respectively, at dilute Mg concentration (Fig. 3d),'® which
explains the fast diffusion of Mg in CP.

Besides fast Mg®* diffusion, the special structure of CP
also facilitates charge transfer at the interface by aiding the
desolvation process.”” In a typical Mg electrolyte based on
transmetalation reaction between a Grignard reagent and a
Lewis acid like AICl;, Mg exists in the electrolyte in the form of a
complex cation, e.g. Mg,Cl;". The intercalation of Mg cation
requires first peeling Mg>" from the complex cation. Mo atoms
on the CP surface act as a catalyst to reduce the required energy
from 3000 meV to 200 meV, which facilitates the breaking of
Mg-Cl bond. Once Mg is intercalated, it leaves the counter ion
(C17) on the surface, bound to Mo (Fig. 4).>° The chlorinated
surface continues to interact with incoming MgCl" species and
form the neutral MgCl, unit, which may be released from these
surface adsorbates to reopen Mo sites on the surface and
permit continuous Mg-Cl bond breaking.

Benefiting from the high mobility of Mg** and fast inter-
facial charge transfer, MosSg has been the most successful
cathode material at room temperature to date, exhibiting
excellent intercalation kinetics and reversibility with a capacity
of 120mAhg 'at1.2V.*

As mentioned, reducing particle size will result in shorter Mg>"
diffusion length, thus improving the intercalation kinetics. To
investigate this, the electrochemical performance of nanosized
and microsized MogSg was compared.”® During the first discharge
process, the overpotential for nanoparticles to initiate the first Mg>*
intercalation was noticeably lower than for microparticles. During
the charge, more Mg*" ions were extracted, and the trapping effect
for nanoparticles was reduced. In addition, the kinetics of the
stabilized electrochemical reaction for nanoparticles was better.

A mathematical model was developed to investigate the
performance limiting factors of Mg/MogSs battery systems.>”
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Limitation analysis indicates that the solid diffusion and
kinetics in the higher voltage plateau limit the capacity and
increase the overpotential in the thin (20 pm) electrodes. The
polarization loss on charge is higher than that on discharge
because of the differences in the kinetics and solid diffusion
between the two reactions of the Chevrel phase. Also, the
model reveals that the performance of the cells with practical
electrode thickness (80 pm) would be subject to electrolyte-
phase limitations.

In short, the low voltage and capacity of MogSg remain a
major limitation, encouraging extensive efforts on other high
voltage or capacity intercalation materials. Among them, spinel
structures have received particular attention.

2.2 Spinel: from oxide to sulfide

In the close-packed oxygen (or sulfur) structures (face-centered
cubic fec for spinel and layered, and hexagonal close-packed
hep for olivine), the diffusion path for Mg alternates through
tetrahedral and octahedral sites along zigzag-shaped paths,
leading to diffusion topologies that are either tet — oct — tet
(Fig. 5a) or oct — tet — oct (Fig. 5b) (tri-vacancy hops),
depending on which site is stable.'” In a normal spinel, the
intercalating Mg”" initially resides in the stable tetrahedral site
(with energy Eg), then migrates through a three-coordinated
oxygen face (with energy E,) shared with the adjacent inter-
mediate octahedral site (with energy E;), and finally follows
a symmetric path to the next equivalent stable site (Fig. 5a).
In the layered and olivine structures, diffusion proceeds in a
similar fashion but between stable octahedral sites through
an intermediate tetrahedral site (Fig. 5b). Spinel compounds
belong to space group Fd3m with the general formula MgT,X,.
The anion X can be O, S, or Se. The cation T is octahedrally
coordinated by X, and these edge-sharing octahedra extend
in space and create 3D diffusion channels (Fig. 5a and 6)."?
The Mg diffusion energy barriers in spinel structures with
different transitional metals (T = Ti, V, Cr, Mn, Fe, Co, Ni) were
calculated and compared.® Results show that the transition
metal chemistry does not significantly affect the Mg>" diffusion
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Fig. 4 Mg desolvation and absorption in MoeSg from Cl™ -containing electrolyte. Reproduced from ref. 25 with permission from American Chemical

Society, Copyright 2015.
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Fig. 5 Low-energy ion migration paths in close-packed oxides adopt either (a) tet - oct — tet or (b) oct — tet — oct diffusion topologies: stable
insertion sites (E;), active sites (E,), and intermediate site (E;). Reproduced from ref. 12 with permission from American Chemical Society, Copyright 2015.

Fig. 6 Crystal structure of spinel MgT,X4. The Mg atoms sit within
the yellow tetrahedral, and the T atoms sit within the blue octahedral.
The T atoms can be Ti, V, Cr, Mn, Fe, Co, and Ni, and the anion X can
be O, S, or Se.

barriers, which all lie within ~600 to 800 meV in the empty
lattice limit, higher than the ~525 meV threshold. Therefore,
Mg”* intercalation into those spinel oxides is not likely unless
the temperature is elevated and/or nanosized particles are
used. Despite Cr,0,4, Ni,O,4, and Co,0, having slightly smaller
diffusion barriers, spinel Mn,0, (Fig. 7a) is considered a better
spinel oxide cathode when thermodynamic properties are
also considered, since it has a high voltage and volumetric
capacity and acceptable volume change (less than 15%), and
more importantly, both its charged and discharged states are
thermodynamically stable.*?

Based on the calculated results, various sizes and morphol-
ogies of spinel Mn,0, (A-MnO,) with have been investigated
in non-aqueous electrolytes.”**° The nanoflakes of A-MnO,
(~50 nm in thickness and several hundred nanometers
in diameter) show quite a low degree of Mg”" intercalation
(<3 at% Mg per Mn,0,) and extremely high voltage hysteresis
in Mg(TFSI),-diglyme or propylene carbonate (PC) electrolyte at

8808 | Chem. Soc. Rev., 2018, 47, 8804-8841
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Copyright 2016.
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RT (Fig. 8a and b).?° Other than kinetic limitation, a phase
transformation from cubic spinel Mn,0, to tetragonal spinel
MgMn,0, during Mg>" intercalation is also cited as a probable
cause for the low magnesiation degree.*® The tetragonal spinel
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respectively. Reproduced from ref. 29 with permission from Wiley-VCH,

Copyright 2015. (c) Cyclic voltammetry (CV) of tetragonal MgMn,O4 (pink) and cubic MgMn,O, (purple) thin film. Reproduced from ref. 28 with
permission from American Chemical Society, Copyright 2015. (d) Typical voltage—capacity curves of tetragonal MgMn,O,4 for a magnesium-ion battery in
0.5 M Mg(ClOy,), in EC:DEC. Reproduced from ref. 30 with permission from Royal Society of Chemistry, Copyright 2015.

structure, a partially inverted spinel with a majority of Mn(m) in
the octahedral site as well as a fraction of Mn(wv) and Mn(u) in
the octahedral and tetrahedral sites, respectively, is considered
to block the Mg>" intercalation. To demonstrate this, both
phases were cycled in the same electrolyte, separately, and
the cubic phase exhibited reversible Mg>* electrochemical
activity with charge capacity approaching 250 mA h g ' (in
theory: 270 mA h g~ 1),*® while no significant insertion behavior
was observed for tetragonal phase (Fig. 8c), indicating that the
phase stabilization of spinel Mn,0, is critical to acquiring the
reversible electrochemical activity. However, opposite results
were obtained when tetragonal MgMn,0, nanoparticles were
employed with 0.5 M Mg(ClO,), in EC:DEC as the electrolyte,
which delivered a reversible capacity of 120 mA h g
(Fig. 8d).>° Such inconsistent results may be due to the different
current densities and particle sizes in the experiments.*®*°
Despite the low mobility of Mg>" in spinel Mn,0,,"*"***° redu-
cing current density and particle size can potentially enable
higher Mg storage in spinel Mn,0,, and these experimental
works seem to provide encouraging results to demonstrate this.
Nevertheless, a more systematic experimental study is neces-
sary to clear the confusion and confirm how phase transforma-
tion affects the capacity of spinel Mn,O,.

This journal is © The Royal Society of Chemistry 2018

Given the low mobility of Mg®" in oxide spinel, sulfide
spinels (thiospinel), which are expected to have higher Mg**
mobility due to the moderate increase of diffusion channel size
and less ionic interaction between Mg”* and the host structure,
were also investigated.””"** Similar to oxide spinel, Mg>*
diffuse in the thiospinel along zigzag-shaped paths through a
narrow, triangular aperture of three sulfur atoms (Fig. 5).
Calculation of Mg>* mobility in thiospinel with different transi-
tion metals (Ti, V, Cr, Mn, Fe, Co, Ni) shows that several thiospinel
compounds exhibit reasonable Mg”* mobility, including Mn,S,
(515 meV), Cr,S, (567 meV), and Ti,S, (615 meV) (Fig. 7b),” which
are slightly more than or close to the 525 meV threshold.
Comparison between DFT calculations and experimental results
shows that thiospinel TiS, have a ~200 meV reduction in migra-
tion barrier compared to spinel MnO,, which means ~4 order
of magnitude improvement in diffusion, though still higher
than MogSg. Considering the thermodynamic stability, voltage,
capacity, and migration activation energy, Cr,S,, Ti,S,;, and
Mn,S, emerge as the top three cathode candidates amongst
the 3d transition-metal thiospinel compounds.

To validate the theoretical prediction, thiospinel TiS, was
synthesized and tested in APC electrolyte at 60 °C, yielding an
initial capacity of 200 mA h g~ (corresponding to Mgy s4Ti,S,)

Chem. Soc. Rev., 2018, 47, 8804-8841 | 8809
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Fig. 9 Electrochemistry of C-Ti,S4 coin cells with an APC electrolyte and
a Mg negative electrode at 60 °C. (a) Discharge and charge curves of the
first and second (inset) cycles at various rates in APC/THF electrolyte.
(b) Capacity and coulombic efficiency (CE) evolution at a C/10 rate in
APC/G4 electrolyte (inset showing 99% CE). Reproduced from ref. 24 with
permission from Royal Society of Chemistry, Copyright 2016.

with an average potential of 1.2 V at C/20 (Fig. 9a).>* In addition,
it exhibits excellent rate capabilities, and the small volume
change during cycling promotes good capacity retention. Fourier
mapping on the electrochemical magnesiation of 0.8 Mg demon-
strated that ~30% of Mg”" occupied octahedral 16¢ sites and
~20% tetrahedral 8a sites, corresponding to the composition of
Mgfoct]y soMg]tet]o.150CUo 1 TiS4. In addition, Mg?* only occupied
octahedral sites in partially discharged Ti,S, (0.4 and 0.6 Mg/Ti,S,).
Therefore, a stepwise Mg”" intercalation mechanism is proposed:
octahedral 16c sites are filled first, followed by population of
tetrahedral 8a sites, which is driven by subtle thermodynamic
and kinetic factors. The experimental results partially confirm
simulations; however, the tri-vacancy hop mechanism employed
in simulations should be improved because it shows some
inconsistency with experimental results (Fig. 9b).

Compared with the Chevrel phase (M0gSg or MogSeg), spinel
compounds holds the potential to obtain high voltage and
capacity, and thus high energy density, as cathodes for RMBs.
However, Mg”* can hardly intercalate spinel compounds rever-
sibly at room temperature, which is their biggest obstacle.
Several methods have been used to remit the problem, such
as elevating the operating temperature, reducing the particle

8810 | Chem. Soc. Rev., 2018, 47, 8804-8841
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sizes, and increasing the volume of the spinel crystal structure.*
In addition, Mg desolvation process followed by surface diffusion
greatly affects intercalation overpotential. To our best knowledge,
there is no study on the Mg desolvation process at the surface of
spinel, which needs to be clarified in any future study concerning
the kinetics of spinel. For oxide and sulfide spinel, the gravimetric
capacities of sulfur spinel compounds are approximately 30%
lower than their oxide counterparts due to the added mass
of the S ion, in addition to the lower voltage. However, it is
possible that sulfur-based compounds, with their improved
intrinsic bulk cation mobility and less requirement (presumably)
for electronically conductive coatings, could achieve a higher
fraction of their theoretical energy density (~400 W h kg™ "), and
thus higher practical energy densities.”

2.3 Layered sulfide/selenide

As a typical layered material, layered TiS, can serve as a model
to investigate the thermodynamics and kinetics associated with
Mg intercalation into layered structures. Layered TiS, consists
of stacking sequences of TiS, slabs, each of which is composed
of a stacking of close-packed two-dimensional triangular
lattices of sulfur. Ti atoms occupy octahedrally coordinated
interstitial sites between sulfur planes (Fig. 10a).>*** Mg>" ions

b
N

Energy Barrier (eV) ©
222

©
[N}

3 . 2 3 4
Distance (A)
(@) Crystal structure and pathway and (b) migration barrier in

layered TiS,. Reproduced from ref. 33 with permission from American
Chemical Society, Copyright 2015.

Fig. 10
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diffuse between stable octahedral sites through intermediate
tetrahedral sites, where the energy exhibits a local minimum
before moving to the adjacent octahedral sites. The migration
barriers at the dilute Mg concentrations are calculated, and
the maximum barrier (1160 meV) occurs when Mg>* passes
through a triangle face created by three of the sulfur atoms of
the MgS, octahedron (point B in Fig. 10a and b).** The shortest
Mg-S distances along the migration path lie at the center of
the triangular face separating the tetrahedral and octahedral
sites, and the Ti-S bond length determines the size of diffusion
channels.

The electrochemical performance of layered TiS, was
measured in APC/THF at 60 °C.>* An initial discharge capacity
of 270 mA h g~ (0.56 Mg/TiS,) at a C/20 rate (inset in Fig. 11a)
was obtained. Three voltage plateaus are observed, and the
corresponding phase transformation is confirmed by in situ
XRD results (Fig. 11b and c). Both the experimental and calculated
results demonstrate that Mg®" can intercalate reversibly into
layered TiS,. However, the low mobility renders its performance
at RT unsatisfactory. Other than raising the temperature and
reducing the particle size, substituting Se for S in layered TiS,
could be an effective way to increase the mobility of Mg?*.>*"%”

Despite the absence of quantitative studies on how Se
substitution affects the thermodynamics and kinetics of Mg>*
intercalation into layered TiS,, qualitative analysis shows that
the substitution will enlarge the channel for Mg>* diffusion
(owing to the longer Ti-Se bond) and reduce the interaction
between Mg>" and the host lattice, especially at the center of
the triangle (point B in Fig. 10), where Mg”* encounters the
maximum energy barriers.>* For this reason, layered TiSe, holds
more possibility for practical use at RT, especially considering
its much higher volumetric capacity (~551 mA h cm™?)
than that of TiS, (~370 mA h cm™®). TiSe, (~10 um) was
employed as cathode at 25 °C and showed a specific capacity of
~108 mA h g~ in the first 50 cycles (Fig. 12a).*® In contrast,
TiS, can only achieve comparable capacity at 60 °C and with
smaller particle sizes.*

Above, we discussed how substituting S with Se affects the
diffusion of Mg>" in layered TiSe,, providing a reasonable
explanation for the better kinetics of TiSe, than TiS,. However,
this may not be the only reason that accounts for the improve-
ment in kinetics, as some research points out that the electronic
structure also plays an important role.>*** In transition-metal
chalcogenides, electronic delocalization happens in metal-
ligand units through orbital mixing because of good energy
and symmetry match, and the electronic wave function of
transition-metal chalcogenide spreads on both constituent
atoms.”* The charge density of the introduced electrons
distributes over metal-ligand units (Fig. 13a). In a system with
weak orbital mixing because of poor energy and/or spatial
overlap of orbitals, the electrons will be accommodated only in
the transition metal orbitals (Fig. 13b). In the case of selenides,
d-p orbital mixing is enhanced by high orbital overlap due to
the large 4p-orbital size of Se compared with that of oxides or
sulfides. Since the energy levels of valence atomic orbitals in
TiSe,, the 3d-orbital of Ti, and the 4p-orbital of Se are close to
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Fig. 11 (a) Discharge and charge profiles of layered TiS,. (b) Electro-

chemical discharge—charge profile at C/20 on the first cycle. (c) XRD
profiles. Reproduced from ref. 22 with permission from American
Chemical Society, Copyright 2016.

each other, the mixed electronic structure is expected around
Fermi energy (Fig. 13c), which enables a better accommodation
of electrons accompanying the intercalated Mg”", resulting in
good electrochemical activity for Mg storage (Fig. 12a) even with
micro-sized particles at RT.*® Likewise, layered VSe, (Fig. 12b)*®
and WSe,*> show good electrochemical activity for Mg”" inter-
calation at ambient temperature.

In view of many misunderstandings of the term orbital
hybridization, it is necessary to elaborate it in this review. Orbital
hybridization refers to mixing atomic orbitals into new hybrid
orbitals within a single atomic site. The phenomenon of adjacent
atomic orbitals with comparable energy from different atoms
overlapping and forming a covalent bond or delocalized bond
should be called orbital mixing, not orbital hybridization.
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Orbital mixing is dictated by the energy match between
neighbouring atoms’ orbitals and their symmetry. The more
closely the energy of adjacent atomic orbitals from different
atoms match and the better spatial overlap they have, the more
covalent the interaction is, and the electrons occupying the orbital
are more delocalized between the two or more atoms.

The orbital mixing theory is further validated by the rever-
sible Mg storage in titanium trisulfide (TiS;).*® The crystal
structure of TiS; consists of chains of trigonal prismatic [TiSe]
units sharing opposite faces along the b-axis (Fig. 14a).*®™*
Neighbouring chains are connected laterally into slabs parallel
to the (001) plane and separated by a van der Waals gap, which
allows Mg”* insertion into the space between chains. As the
energy level of the S 3p orbital (—11.60 eV) is close to that of the
Ti 3d orbital (—11.04 eV), the electronic structure is spread over
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Copyright 2015.

80

cluster-like [TiS;] units by d—p orbital mixing. In the electronic
structure, electrons introduced by the Mg®* insertion process
are accommodated into a d-p orbital mixed electronic state, in
which electron density is delocalized over both Ti and S atoms.
In addition, the local electrostatic interaction between Mg>" and
the host lattice could be suppressed through the delocalization of
electron density. Thus, micro-sized TiS; shows the first discharge
capacity of 140 mA h g™' at 10 mA g~ ' and RT (Fig. 14b),
corresponding to Mg concentration of Mg, 3,TiS;, which is further
confirmed by a low migration barrier of 292-698 meV calculated
along the [010] direction (Fig. 14c and d).*° This value is much
lower than that in spinel and layered TiS, (615-1160 meV) and
also the ~525 meV threshold.

Since d-p orbital mixing contributes to the good electro-
chemical performance of TiSe, and TiS;, further study based on
the electronic structure could open a new way to design cathode
materials for RMBs.

2.4 Layered vs. spinel: TiS,

Based on calculated and experimental results,”**>>? spinel and

layered structures are compared systematically in this section
using TiS, as an example. Mg>" tends to occupy the octahedral

This journal is © The Royal Society of Chemistry 2018
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sites in both layered and spinel TiS,, with diffusion mediated
by hops between octahedral sites that pass through adjacent
tetrahedral sites (Fig. 5b and 10a). The calculated voltage
profile for layered Mg,TiS, shows three plateaus (Fig. 15a),
corresponding to three stable Mg-vacancy orderings: Mg, xTiS,,
Mg, ,3TiS,, and Mg, TiS,, while the sloping regions at low and
intermediate Mg concentration can be ascribed to solid solu-
tions characterized by Mg-vacancy disorder.*® In contrast,
spinel Mg, TiS, exhibits a sloping voltage profile (Fig. 15b) as
x varies between 0 and 0.5 in Mg, TiS,, which represents more of
a solid solution across the entire composition range. As we have
discussed before, both spinel and layered TiS, hold high
diffusion barriers for Mg>*.”** To improve the mobility of
Mg”*, an effective method is to increase the size of the diffusion
pathway by increasing the c-lattice parameter or crystal volume.
In layered Mg, ,3,TiS,, increasing the c-lattice parameter by 5%
or 10% lowers mobility barriers to 900 and 550 meV (Fig. 15c),
while in spinel Mg, ,3,TiS,, a 5% volume increase lowers the
mobility barrier to 680 meV (Fig. 15d). The results indicate
that both layered and spinel TiS, are sensitive to the size of
octahedral and tetrahedral sites, and artificially increasing the
distance between layers in layered TiS, and the crystal volume
of spinel TiS, benefits Mg>" mobility.

The interaction between the intercalants (the cation) and
the host (the intercalation compound) can be understood by
evaluating the degree of remixing between the transition metals
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Fig. 15 Voltage curve for (a) spinel and (b) layered Mg,TiS, calculated with Monte Carlo simulations at 300 K. Migration barriers in (c) spinel
and (d) layered TiS, for different volume expansions. Reproduced from ref. 33 with permission from American Chemical Society, Copyright 2015.
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Fig. 16 Charge remixing upon insertion of Mg in the tetrahedral site
of (a) layered and (b) spinel TiS, with identical S-S bond lengths. Areas
of charge accumulation are shown in yellow, while depletion is shown
in blue. Sulfur atoms are shown as large black spheres, Ti as small purple
spheres, and Mg at the center as an orange sphere. Bonds are drawn in
gray. Reproduced from ref. 33 with permission from American Chemical
Society, Copyright 2015.

and anions of the host. Charge difference plots were compared
for Mg insertion into tetrahedral sites of layered and spinel TiS,
(Fig. 16),*® in which the remixing in the spinel tetrahedral sites
is more evenly distributed than that in the tetrahedral site of
layered TiS,. In spinel, each S anion coordinating a tetrahedral
Mg site mixes with three Ti (Fig. 16b). In layered TiS,, only one
of the four S anions coordinating a tetrahedral Mg site mixes
evenly with three Ti (the top sulfur atom in Fig. 16a), while the
remaining three S mix primarily with only one Ti each and
partially mix with two additional Ti that are “shared” by the
other S anions. Such a higher coordination of the S sublattice
with Ti is likely to distribute the remixing over more Ti-S
bonds, accounting for much of the lower migration barrier in
spinel compared to that in layered TiS,.**

The migration barriers for Mg hops in layered and spinel
TiS, correlate with the difference in energy between octahedral
and tetrahedral site occupancy. Several factors contribute to the
energy difference between tetrahedral and octahedral sites:
the size of sites, the flexibility of coordinating ions, and the
electrostatic energy. Also, more complex quantum mechanical
effects exist, including the flexibility of adjacent ions to remix
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as the positively charged cation migrates from one site to another.
However, no unambiguous ways can disentangle the role of
purely electrostatic interactions from the quantum mechanical
interactions responsible for remixing.

The conclusion drawn in this charge remixing calculation is
also in accordance with the aforementioned d-p mixing
mechanism,*®*® in which high Mg migration mobility and
low migration barrier are expected when the electronic struc-
ture of the transition metal (d orbital) overlaps more with the
electronic structure of the anion (p orbital) so that charge can
be better distributed over the Ti-S/Se bonds.

Summarizing the above discussions, several measures can
be taken to improve the migration kinetics of Mg”" in inter-
calation cathodes: (1) increasing temperature, which can
improve the Mg>" activity.”>** (2) Downsizing the particles of
cathodes, which will shorten the diffusion distance of Mg”* in
cathodes.®* (3) Substituting O with S and Se. The substitution
will reduce the ionicity of the hosts and enlarge the channel for
Mg>" diffusion, both of which weaken the interaction between
Mg>" and the host lattice.”***® Besides, the substitution will
decrease site energy difference along the diffusion pathway,
contributing to Mg>" hopping.*® (4) Employing compounds
with similar d-p orbital energy, which can contribute to the
accommodation of charge brought by Mg>*, according to the
d-p mixing mechanism discussed above.***®® (5) Using tran-
sition metal ions that readily shift by more than one valence
state, such as Mo, as they are likely to be more flexible in
remixing as Mg migrates through the crystal.

2.5 Layered oxides

In the last section, we discussed layered sulfides/selenides.
Despite layered sulfides comprising a large group among
inorganic compounds, TiS, stands out as a model system for
our discussion because of extensive experimental, theoretical and
computational studies. In this section, our discussion proceeds to
layered oxides, also a very rich family of inorganic materials.
Unfortunately, we could not find a similar representative
example to focus on, so we will expand the discussion to several
typical oxides.

Similar to layered sulfide, the weak van der Waals force
between layers renders layered oxides presumably good inter-
calation compounds, and their higher voltage vs. sulfide makes
them more attractive in terms of energy density.>'* Besides,
their structural flexibility, which can accommodate the expected
severe structural deformations upon insertion of Mg>",>*~” also
makes layered transition metal oxides a promising cathode
candidate for RMBs.

2.5.1 V,0s. V,05 has received the most attention for Mg
batteries among all layered oxides.”” ™ Its lattice is comprised of
layers of alternating edge- and corner-sharing VOs pyramids
(Fig. 17), with the intercalant atoms (yellow spheres) located between
the layers.®® The main difference between o and & polymorphs lies in
the different stacking of layers along a direction (perpendicular
to the b-c plane; Fig. 17b). When intercalated into V,0s, Mg
atoms occupy the center of four VOg octahedrons running along
the a-direction of the orthorhombic lattice. The calculation

This journal is © The Royal Society of Chemistry 2018
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a)

Fig. 17 (a) The V,Os structure of both the o and & polymorphs on the b—c
plane, with the yellow spheres indicating the intercalant sites; (b) the o and
8 polymorphs on the a—b plane. Reproduced from ref. 65 with permission
from Royal Society of Chemistry, Copyright 2015.
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Fig. 18 Activation barriers for Mg diffusion in (a) a-V,Os and (b) 6-V,0s.
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Society, Copyright 2015.

shows that the migration barriers in the & phase
(~600-760 meV) are much lower than those in the o phase
(~975-1120 meV), with the respective migration energies
adopting ‘“valley” and “plateau’” shapes, which can be attributed
to the changes in the coordination environment of Mg along the
diffusion path (Fig. 18).>*®" In the o phase, Mg migrates between
adjacent 8-fold coordinated sites through a shared 3-fold
coordinated site (activated state), a net 8 —» 3 — 8 coordination
change, while in the & phase, Mg migrates between adjacent
6-fold coordinated sites through two 3-fold coordinated sites
separated by a metastable 5-fold coordinated ‘valley”, a net
6 - 3 » 5 — 3 — 6 coordination change.®’ Hence, for Mg**
that prefers a lower coordination number, an o« to 9 transition
upon Mg”>" insertion in V,0s is likely.

In order to systematically evaluate the difference of o- and
8-V,05 in Mg insertion/extraction, the interlayer spacing,
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average voltage, and thermodynamic stability of o- and §-V,0s5
were calculated.®” The interlayer spacing in o- and §-polymorphs
were calculated for empty V,Os and intercalated MgV,05
(Fig. 19a). At the same intercalant composition, the § structures
consistently have larger layer spacing than o (~3-5% larger).
The change in the layer spacing is much smaller in & (less
than 2%) than o (9-14%). The higher layer spacing, plus the
smaller coordination changes, contribute to the lower migration
barriers of the § phase. The average voltage of 3-V,05 (2.56 V) is
higher than that of o-V,05 (2.21 V) (Fig. 19b). In the de-intercalated
limit, 0-V,0s is thermodynamically stable, while & phase is meta-
stable at RT. In the intercalated state, § phase is more stable than o
(by 75 meV per atom) (Fig. 19¢c), aligning well with the preferred
coordination environment of Mg”", and accordingly, the insertion
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Fig. 20 Typical galvanostatic titration curve of a V,Os thin-film electrode
in 0.1 M MgTFSl5 in AN (current density = 0.5 pA cm™). Reproduced from
ref. 57 with permission from American Chemical Society, Copyright 2013.

voltage is higher for § than o (Fig. 19b). Considering the lower
energy barriers, larger layer spacing, higher average voltage, and
moderate thermodynamic stability, -V,O5 is a more promising
cathode candidate for RMBs.

However, no experimental results have been reported for
Mg>" intercalated into 8-V,0s to date, which is likely related to
the possibility of metastability in the de-intercalation limit at
RT. On the other hand, reversible Mg intercalation/de-intercalation
was observed in thin-film «-V,05 with nanoscale thickness
(~100 nm).”” A capacity of 150 mA h g~', corresponding
to Mg, 5V,0s, was achieved with the voltage of ~2.35 V at
0.5 pA cm ™ (Fig. 20), in agreement with the calculation results,
which predicted a voltage drop at xy;z ~ 0.5 due to the formation
of a stable Mg vacancy ordering.®!

In another work, “solvent” molecules are incorporated in the
cathode structure, which can presumably “shield” the charge on the
Mg electrostatically and attenuate the structural distortions.®>*”
Xerogel V,05 (V,05-nH,0) comprises a “bilayer” arrangement of
V,05 layers (Fig. 21),°>%® in contrast with the monolayer in a- and
8-V,05.527° A single bilayer of V,0j5 is made up of two individual
V,05 monolayers (red polyhedra in Fig. 21), and intercalated
guest species and H,O molecules are present in the space
between two bilayers. Such a bilayered framework host, with
the interbilayer spacing of ~13.5 A,”" can provide the structure
flexibility to adapt to the geometry of the intercalant ions by
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Fig. 22 Galvanostatic charge—discharge curves of V,05:nH,O in 1.0 M
Mg(TFSI),/diglyme electrolyte at 20 pA cm™2. Reproduced from ref. 67
with permission from American Chemical Society, Copyright 2016.

adjusting the interlayer separation. While each mole of H,O
added (removed) to (from) the structure results in an increase
(decrease) of the interbilayer spacing by ~2.8 A, the intercalated
Mg>* will lead to a decrease in the spacing.

The cycling of xerogel-V,05 in Mg(TFSI),/diglyme electrolyte
achieved a discharge capacity of ~50 mA h g~" (0.25 Mg/
V,05-nH,0) at 20 pA ecm 2 (Fig. 22).°” A plausible mechanism
for the intercalation process was proposed: during discharge, a
solvation shell (diglyme) coordinated Mg”* enters the V,05-nH,0
bilayer and largely sheds the lattice water, resulting in the
compression of interlayer distance ascribed to the attraction
between V,0s5 layers and Mg complex. Upon galvanostatic
charge, Mg coordinated clusters are pulled out of the lattice,
accompanied by free diglyme molecules and/or a reservoir of
composed diglyme filling the lattice to compensate the void,
resulting in the largest interlayer distance. This mechanism
appears to be reversible at the expense of further electrolyte
decomposition, likely accounting for a slightly gradual capacity
escalation, and Mg metal passivation via decomposed electro-
Iyte species and the removal of lattice water. However, the
intercalation mechanism needed to be further confirmed in
view of the large overpotential. The function of crystal water,
whether just maintaining the crystal structure or improving the
kinetics of Mg** diffusion, is still unknown.

Fig. 21 The structures of the fully magnesiated (xug = 0.5) and the fully demagnesiated xerogel structures, with 1H,O per formula unit of V,Os, are
displayed in a and b, respectively. Reproduced from ref. 66 with permission from American Chemical Society, Copyright 2016.
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Fig. 23 (a) Crystal structure of layered a-MoOsz (with Mo ions in violet,
six-coordinated by oxygens in red); layers stack along the b axis. Reproduced
from ref. 5 with permission from American Chemical Society, Copyright 2017.
(b) Galvanostatic titration curve of a-MoOs thin-film electrode in 0.1 M
Mg(TFSI),/AN solution (current density = 0.3 uA cm~2). Corresponding
dQ/dV plot is provided in the inset. Reproduced from ref. 57 with permis-
sion from American Chemical Society, Copyright 2013.

2.5.2 a-MoO;. Sharing a similar layered structure with V,0s,
orthorhombic a-MoQ; is known as an intercalation host for
monovalent and divalent cations.”>”® It is built up by double
layers of edge- and corner-sharing [MoOg] octahedra, which are
held together by weak van der Waals attraction forces, with the
interlayer distance of ~6.929 A (Fig. 23a).**""> When inter-
calated into a-MoO3, Mg”* occupies the sites within and between
0-MoOj layers, running along the c-axis.”” The migration barriers
were calculated to be 880 meV, corresponding to the diffusion
constant of 10~"7 ecm® s~ ', much higher than the ~525 meV
threshold, indicating sluggish diffusion kinetics.>””””7® A thin
a-MoO; film (~100 nm) electrode was prepared to reduce the
diffusion path for the intercalating ion, somewhat mitigating
the sluggish kinetics.>” o-MoO; film delivered a magnesiation
capacity of ~220 mA h g~*, corresponding to 0.59 Mg**/MoOs;,
with voltage of 1.7-2.8 V at 0.3 pA cm > (Fig. 23b). The
voltage difference (0.2-0.4 V) between the magnesiation and
de-magnesiation process of a-MoOj; (Fig. 23b), 3-6 times larger
than that for V,05 film,”” indicates greater kinetic limitations.
The large overpotential and some degree of irreversibility may be
due to the voltage-induced structural damage,®® lower electronic
conductivity of demagnesiated Mo00;,*"*> and some possible
conversion reactions at the surface of a-Mo00;.%* Therefore,
modifications are needed to make o-MoO; a promising cathode
candidate for RMBs.

2.5.3 MoO, gF,,. To enhance the kinetics of Mg intercala-
tion, M0O, gF,, with the a-MoO; structure was prepared by
mild fluorination.?* The introduction of fluorine liberates an
electron that is delocalized over the entire Mo-O layer in the
ac plane, which will increase the electronic conductivity of
Mo0, sFo,.5>%” Delocalization, introduced by fluorine atoms,
contributes to the accommodation of charge introduced by Mg>*
intercalation and reduces the diffusion barrier of Mg>".”” Like
in a-MoQj3, when intercalated into MoO, gF, », Mg2+ ions occupy
the sites within and between MoO, gF, , layers, running along
the c-axis. Meanwhile, the migration barriers are lowered
to ~490 meV, smaller than the 525 meV threshold.””
Micrometer-sized MoO, gF,, delivered a first-discharge capa-
city of ~40 mAh g " at 5 pA, which increased to ~70 mAhg™"
(0.25 Mg2+/M002.8F0.2) in the 18th cycle, better than the
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Fig. 24 (a) Voltage profile for MoO, gFog» over the first 18 cycles and
(b) capacity versus cycle number. Electrolyte is 0.2 M Mg(TFSI), in PC.
Reproduced from ref. 84 with permission from American Chemical
Society, Copyright 2016.

micron-sized a-MoO; (Fig. 24),% indicating halogen substitu-

tion may be a viable strategy for improving the kinetics of
layered oxides.®®

2.5.4 Mo0,5,yV0q.s. Slow Mg diffusion in layered oxide-
based cathodes (V,05 and o-MoO;) can be managed by the
orthorhombic Mo-V oxides with open-tunnel structure.®® The
structure of Mo-V oxides contains layers, each of which is
stacked by corner-sharing to form a microporous framework
with three-, six-, and seven-membered ring tunnels (Fig. 25a
and b).**"°> The diameters of the six- and seven-membered ring
channels are approximately 3 and 5 A, respectively,”® which can
provide facile diffusion of Mg>". In Mo-V oxides, molybdenum
or vanadium ions, which can change by two or more oxidation
states, facilitate local electroneutrality and lower the barriers to
Mg** diffusion.**?”

Mo, 51y VOg.s (~200 nm in diameter) achieved a capacity of
397 mA h g~ ' (1st discharge) at C/70 and RT, corresponding to
3.49 Mg”* per formula unit (Fig. 25¢). The attainable capacity
dropped to ~114 mA h g~ " and 90 mA h g™ at rates of C/40
and C/12, respectively. An intercalation reaction mechanism is
confirmed by the continuous XRD peak shifts with increasing
Mg concentration.®® Hence, combining mixed transition metal
ions in oxides with an open-tunnel structure might contribute
to the Mg”" intercalation. Despite the low Mg mobility in
the material, in view of its high capacity and cycle stability,
Mo, 5+yVOqss might warrant further theoretical and experi-
mental investigation.

2.6 Polyanion

Above we discussed oxides, sulfides, and selenides with 3D and
2D diffusion pathways as cathodes for RMBs. In this part, we will
further discuss polyanion compounds with 1D diffusion channel.
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with permission from American Chemical Society, Copyright 2016.

Given their great success in LIBs,”*®® polyanion compounds

(mainly olivine) could be promising cathodes for RMBs.

The olivine structure consists of a distorted hexagonal close-
packed (hcp) framework of oxygen with tetrahedral sites occupied
by P or Si and two distinct octahedral sites: 4a occupied by Mg or
Li, and 4c occupied by M ions (M = Fe, Mn, Co) (Fig. 26a).””
4a sites form linear chains of edge-sharing octahedrals,

a

Fig. 26 (a) Crystal structure of olivine compounds. Red, oxygen; yellow,
Si or P; green, transition metal (M) at 4c sites; and blue, Mg or Li at 4a sites.
(b) 2D view of olivine structures along the (100) plane. Si/P atoms are
neglected for simplicity. Reproduced from ref. 97 with permission from
Royal Society of Chemistry, Copyright 2012.

8818 | Chem. Soc. Rev., 2018, 47, 8804-8841

favoring the diffusion of ions along the 1D channel while
maintaining the topology of olivine during cycling.”®°® Each
4a site connects the two nearest neighboring 4c sites, forming a
zigzag 1D chain (Fig. 26b).

2.6.1 Phosphates. Mg>" ions diffuse in olivine FePO, along
the “wave-like” path from the octahedral (O) sites to the
tetrahedral (T) sites (Fig. 27a)."°° The migration barrier of
Mg>" in FePO, is 580 meV, corresponding to a diffusivity
of 107" cm® s, while the migration barrier in the magne-
siated FePO, (Mg, sFePO,) is 1025 meV, much higher than the
~525 meV threshold, corresponding to a diffusivity constant
of ~107?° ¢cm® s, indicating that removal of Mg>" from
Mg, sFePO, is not possible (Fig. 27a). Olivine FePO, only
delivered a capacity of ~12 mA h g " at 20 pA cm™ > (Fig. 27b),
6% of its theoretical capacity, which is attributed to surface
amorphization that prohibits the electrochemical reaction
from penetrating deeply into the bulk.'® The amorphization is
explained by the thermodynamically metastable intercalated
product (Fig. 27c), which is demonstrated by calculations and
the failure to synthesize Mg, sFePO, via the solid state route.

2.6.2 Silicates. Similarly, Mg>" ions diffuse in silicate along
the 1D channel from octahedral sites to tetrahedral sites
(Fig. 26).”” The migration barriers in MgMSiO,; (M = Fe, Mn,
Co) were calculated to be 740-770 meV (Fig. 28a),'®" which
is higher than the ~525 meV threshold, corresponding to a
diffusivity constant of ~107'® em® s™, too high for Mg>" to
diffuse in silicates.

The majority of reports on silicates are presented by the
same research group'® "% and demonstrate their high capa-
city and stable cycling performance. However, the reported
average voltages are significantly lower than calculated results
(Fig. 28b).” A more recent study re-examined silicates under
the same conditions, but little capacity was achieved.'”

The metastable orthorhombic MgFeSiO,, with tetrahedrally
coordinated Mg (Fig. 29a), delivered a reversible capacity of
~330mAhg 'at ~2.5V,6.62mAg ', and 55 °C (Fig. 29¢)."*°
The improved kinetics could be due to the tetrahedrally coordi-
nated Mg, less favorable in energy than octahedrally coordinated
Mg, which favors the Mg>" diffusion.

This journal is © The Royal Society of Chemistry 2018
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In summary, reversible magnesiation of phosphate is
prohibited by the surface amorphization, which blocks the
electrochemical reaction from penetrating deeply into the bulk
phase. Limited by high migration barriers, diffusion of Mg>" in
normal silicates is not possible unless at elevated temperature.
Utilizing the less stable tetrahedrally coordinated Mg site in
silicates can achieve superior Mg diffusivity and improved
kinetics for Mg insertion/extraction. Despite some inconsistency
in the full-cell studies, probably due to the electrochemical setup
and electrolytes, it is worthwhile to further investigate Mg>"
intercalation into olivine silicate, given the promise of excellent
energy density and safety.

2.7 Open framework

The open framework structure is a system containing voids
with sizes ranging from a few angstroms to hundreds of
angstroms.''' "> The large channels and interstices, beneficial
for ion intercalation, fundamentally distinguish the open frame-
work structure from other intercalation compounds.'*® A typical
example is the Prussian blue analogues (PBAs). PBAs have a
typical formula of A,M;[M'(CN)s], in which M and M’ refer to
transition metal and CN refers to the ligand, which connects
all transition metals and therefore forms an open framework
(Fig. 30).""°™"* The triple-bonded CN ligands increase the
separation between M and M’ ions and open up the structure
for ion and small molecule insertion. Intercalated ions are likely
to be at least partially hydrated,"**'** and larger hydrated ions
occupy the interstitial A sites (4.6 A in diameter) and diffuse
along the open (100) channels (3.2 A in diameter).'** Materials
in the PBA family have been explored for reversible monovalent,
divalent, and trivalent ion insertion.’?*'**"'?” However, the
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Fig. 30 Structure of a PBA AM,[M'(CN)gl-nH,O. Cations A and water
are accommodated in A-sites. M and M’ are transition metal ions. Repro-
duced from ref. 118 with permission from The Electrochemical Society,
Copyright 2015.

impact of various transition metals in PBAs on the thermo-
dynamics (theoretical capacity and voltage) and kinetics (diffusivity)
of the intercalation process requires further study.

Reversible Mg>" intercalation was demonstrated with
nickel hexacyanoferrate (NFCN), showing an initial capacity of
~40 mA h g ' in Mg(TFSI),/PC electrolyte and increasing
to 80 mA h g™' in the 50th cycle (Fig. 31a), with a relatively
high potential of ~2.9 V vs. Mg/Mg”" and low overpotential
(Fig. 31b)."?8

8820 | Chem. Soc. Rev., 2018, 47, 8804-8841

Apart from the study in organic electrolyte, PBAs, including
nickel hexacyanoferrate,'*® manganese hexacyanomanganate,'*®
copper hexacyanoferrate,"'*"** and K, ;Cu[Fe(CN)g]o.-3.6H,0,"*°
are also reported to intercalate Mg”" reversibly in aqueous electro-
lyte (details in the following section). In order to investigate the
different mechanisms of Mg”* intercalation in PBAs in aqueous
and nonaqueous electrolyte, PBA composed of Cu and Fe ions was
studied using both aqueous and organic electrolytes."*® The redox
potential of CuFe-PBA was approximately 3 V vs. Mg/Mg>" in
electrolytes with Fe™/Fe" as the main redox active species. It
delivered negligible capacity in organic electrolyte, while a
capacity of 40-60 mA h g~* at 1C rate was achieved in aqueous
electrolyte, suggesting that incomplete desolvation in the
aqueous electrolyte could alleviate the electrostatic interaction
of Mg”" with the framework constituents, resulting in fast
diffusion of Mg®" ions (Fig. 31c and d)."*®

Reversible Mg”* intercalation into PBAs is demonstrated
both in organic and aqueous electrolytes, indicating that
open framework structures with large voids can tolerate the
diffusion of highly polarizing Mg>* and co-intercalation of
water molecules. However, the limited energy densities yielded
by most PBAs frameworks hinder their practical application
in RMBs.

3. Conversion cathode

Other than intercalation compounds, materials undergoing
conversion reaction, which can achieve higher energy density
in theory, are also investigated. In contrast to intercalation
cathodes, magnesiation and de-magnesiation of conversion

This journal is © The Royal Society of Chemistry 2018
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Copyright 2015.

materials break chemical bonds and create new ones during
the insertion and extraction of Mg."*''* According to
eqn (1), cathode particles typically convert into nanocomposite
particles comprising metal M nanoparticles dispersed in a
Mg;»,X matrix during magnesiation. The morphology and
spatial correlation of the new phases may be controlled by
diffusion coefficients of cations and anions, by electronic and
ionic conductivity of new phases, as well as by interfacial
energies. Conversion reaction usually occurs during ion inser-
tion when the electrode materials do not have open ion diffu-
sion channels, or the number of inserted ions exceeds the
maximum available sites. Materials of this type include many
transition metal oxides, sulfides, chloride, etc. Some manga-
nese oxides, e.g., a-MnO, and ramsdellinte-MnO,, despite their
open channels for ion transport, are shown to undergo conver-
sion reaction due to the strong distortion that damages the
structure integrity.'**

M#X,, + %Mg =M+ Mg, ), X (1)

This journal is © The Royal Society of Chemistry 2018

3.1 MnO,

Transition metal oxides are the most studied conversion
material for Mg batteries due to their richness of compositions
and crystal structures, especially manganese oxide. Mn atom
usually coordinates with six O atoms, forming a MnOg octahe-
dron. Such octahedra act as the building blocks for different
polymorphs of MnO,. Depending on the size and orientation of
the open channel between these octahedral building blocks,
MnO, can be categorized as a-, -, y-, d-, and A-phases, with a
2 x 2,1 x 1, and 2 x 1 sized 1D tunnel, 2D tunnel and 3D
tunnel, respectively (Fig. 32)."*°

3.1.1 o-MnO,. o-MnO, (also hollandite phase) has 2 x 2
sized tunnels (Fig. 32), providing large ion transport channels.
For this reason, its use has been demonstrated as an inter-
calation cathode for LIBs.'**'*° Since the size of the channel
(~5 A) is much larger than the size of Mg?* (0.86 A), transport
of Mg>" along the channels is speculated to be energetically
feasible.'**™** For Mg concentrations less than 0.25 in 0-Mg,MnO,,
the migration barriers of ~300-600 meV (Fig. 33a) are comparable

Chem. Soc. Rev., 2018, 47, 8804-8841 | 8821



Chem Soc Rev

Spinel (A) Birnessite ()
Fig. 32 Common polymorphs of MnO, and predicted sites for Mg inter-
calation. The purple and yellow spheres and surrounding the octahedra
denote spin-up and spin-down Mn atoms and MnOg octahedra, while the
black spheres and surrounding gray polyhedra denote potential intercala-
tion sites for Mg ions in the structure. Reproduced from ref. 135 with
permission from American Chemical Society, Copyright 2017.

to those for Li diffusion in typical LIB cathodes.'*> At Mg
concentration higher than 0.25, the diffusion barrier signifi-
cantly increases to ~1300-1400 meV, much higher than the
threshold of ~525 meV, suggesting that the insertion of Mg**
beyond 0.25 is not kinetically practical."*

It was experimentally demonstrated that when a low magnesium
concentration was intercalated (0.14 or 0.26 Mg/0-MnO,), o-MnO,
showed good cycling performance. When a high magnesium
concentration was intercalated (0.47 Mg/a-MnO,), the capacity faded
quickly, in accordance with the calculations.'*>'**'*¢ Attempts
have been made to advance the cycling performance, including
adding acetylene black into a-MnO, to enhance its electronic
conductivity'** and stabilizing o-MnO, tunnels with K" cation,**
but without success.

The experiment on MnO, with various morphologies further
revealed that the magnesiation process was strongly governed
by the active surface area of MnO, (Fig. 33b)."** Microscopic
and spectroscopic investigations found that an amorphous
layer was generated in the a-MnO, after the first electrochemical
magnesiation,®® while crystalline grains were still observed in
the center of the nanorod, forming a core@shell morphology.
Manganese was reduced to Mn>" in the shell, whereas Mn**
remained in the core. This experimental observation indicates
that the discharge of alpha-MnO, results in a conversion
reaction outcome.

To reveal why the conversion reaction occurs during magne-
siation of o-MnO,, a comprehensive analysis was conducted."*"
The most stable phase of discharge products is calculated to be
the mixture of crystalline MgO and manganese oxide (Fig. 34a),

8822 | Chem. Soc. Rev., 2018, 47, 88048841
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Fig. 33 (a) Mg hopping barrier in the ground states of a-Mg,MnO,.
Reproduced from ref. 141 with permission from American Chemical
Society, Copyright 2015. (b) Initial discharge—charge profiles of a-MnO,
nanorods (A, B, and C) with different surface areas (231, 149, and 30 m? g%,
respectively). The cells were operated at a current density of 0.02 mA cm—2
under room temperature. Reproduced from ref. 143 with permission from
Elsevier, Copyright 2015.

which, however, may not form in practical operation due to
kinetic hindrance from phase transformation. The energy to form
amorphous Mg,MnO, is lower than that to form intercalated
a-Mg,MnO,, and the voltage for the formation of amorphous
oxides is always higher than that for the intercalation reaction
(Fig. 34b), indicating the thermodynamic preference for the
reaction to occur via the conversion path. Besides, volumes of
amorphous oxide are reduced compared to the intercalated
crystalline compounds (Fig. 34c), which are beneficial for
relaxing the expansion caused by the insertion of Mg, further
improving the thermodynamic stability of amorphous Mg,MnO,,
relative to intercalated «-Mg,MnO,. Therefore, two possible
reaction routes exist (Fig. 34d): the direct conversion from
the beginning, which is thermodynamically preferable, or
starting with partial Mg-intercalation, followed by the structure
destruction. Even if the metastable intercalation could occur, the
concentration of intercalated Mg is limited to o-Mgy 1,5MnO,,
beyond which the structure of the intercalated compound
undergoes a strong tetragonal-to-orthorhombic distortion,
resulting in the formation of magnesium and manganese
oxides. Above all, the conversion path is thermodynamically
preferable to the intercalation path, consistent with the experi-
mental observation that the discharge of «-MnO, forms an

This journal is © The Royal Society of Chemistry 2018
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(a) Birnessite crystal structure showing a water monolayer between the MnO; sheets. (b) Electrochemistry of §-MnO,/carbon cloth for RMBs in

the nonaqueous electrolyte at C/10. Reproduced from ref. 149 with permission from American Chemical Society, Copyright 2016.

amorphous shell of magnesium and gradually reduced
manganese oxides.

Other than o-MnO,, few studies are performed on other 1D
MnO, structures, either due to the small size of the tunnel ()
or the complexity of the structure,'3>143147:148

3.1.2 8-MnO,. 3-MnO,, or birnessite, consists of stacked
MnO, planes with structural water in the interlayer space and
the interlayer distance of ~7 A, which provides a 2-dimensional
diffusion path for Mg** (Fig. 35a)."*’

Mg>" intercalation into 8-MnO, has been reported under
aqueous conditions,'*®**° which will be discussed in the
following section. In 0.25 M Mg(TFSI),/diglyme electrolyte,
3-MnO, showed a capacity of ~135 mA h g~ ' after 20 cycles
at C/10 before the capacity slowly decayed (Fig. 35b)."*

This journal is © The Royal Society of Chemistry 2018

A conversion mechanism takes place during cycling in the
non-aqueous electrolyte, with the formation of MnOOH, MnO,
and Mn(OH), upon discharge, which might result not only from
the slow diffusion kinetics of Mg”" but also the presence of
surface bonded TFSI™ blocking the intercalation. No calculations
on the diffusion barriers of Mg>" in §-MnO, have been done,
nor for the thermodynamic stability of intercalated products.
However, according to the experimental results, the diffusion
barriers are probably too high to intercalate Mg**.

For spinel A-MnO,, as discussed in Section 2, a very low
degree of magnesiation was obtained (<3 at% Mg per A-MnO,)
in non-aqueous electrolyte.>* However, no convincing evidence
exists for Mg>" intercalation into A-MnQO,. Based on the discussion
on o-MnO, and -MnO,, a conversion reaction may also happen,

Chem. Soc. Rev., 2018, 47, 8804-8841 | 8823
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generating amorphous magnesium and manganese oxide,
which block the further magnesiation of A-MnO,. This spec-
ulation needs to be further confirmed.

3.2 Chalcogenide

3.2.1 CuS. As ion diffusion in solid state and the desolvation
process upon interfacial charge transfer are thermally activated
processes,”* > high temperature testing is necessary for many
materials that do not show electrochemical activity at RT. Recently,
Nazar et al. proposed a high temperature test protocol and success-
fully realized reversible Mg intercalation/de-intercalation in both
spinel** and layer TiS,>* at 60 °C. Also, with a modified Swagelok
cell in APC/G4, CuS with 5-10 mm particles achieved an initial
discharge capacity of 550 mA h g~ " at 150 °C, corresponding to
98% of the theoretical capacity (Fig. 36),">> in contrast to its
negligible capacity at RT. Although the high temperature helps
to overcome the low mobility of Mg**, it also increases the
kinetics of parasitic reactions. Further work, such as binder
optimization and nanosizing Cus particles,'*® needs be done to
achieve comparable capacity at lower temperature.

3.2.2 Cu,Se. According to the discussion in Section 2,
selenides can present better kinetics than oxides and sulfides.
B-Cu,Se, as a super ionic conductor due to the high mobility
of Cu’,"*”"**° has been demonstrated to be feasible for the
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Fig. 36 Galvanostatic discharge and charge curves of CuS cycled at:
(@) 25 °C in APC-THF; (b) 60 °C in APC-THF; (c) 150 °C in APC-G4.
Reproduced from ref. 155 with permission from Royal Society of Chem-
istry, Copyright 2016.
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reversible displacement reaction, which is a subcategory of
conversion reactions.'®*'®> When used as the cathode for
RMBs, B-Cu,Se delivered a specific capacity of ~120 mA h g *
at 5 mA g ! (Fig. 37a), which increased to 230 mA h g~ * (88.5%
of its theoretical capacity) with nanosized crystals (Fig. 37b) at
RT (Fig. 37¢)."® Despite the high capacities at RT, the practical
application of -Cu,Se is limited due to the heavy and poisonous
selenium.

Displacement reactions open a path to search a new class of
electrode materials for RMBs. However, to date, only a few
copper compounds have been reported to follow the displace-
ment mechanism, because of the high mobility of copper ion.
Further study on other metal compounds with high mobility
needs to be done.

3.3 Chloride

Given the slow solid-state diffusion of Mg”", a novel conceptual
Mg battery is proposed to address the kinetic hurdle by using
chloride as the cathode.'®® In these materials, the formed
MgCl, can easily dissolve into the electrolyte, avoiding the
sluggish solid state Mg*>* diffusion, thus achieving ultrafast
rate capability. AgCl/Mg battery achieved an initial discharge
capacity of 178 mA h g~ (95.2% of the theoretical capacity) at
0.12C (23 mA g~ ') with a flat plateau of ~2.0 V (Fig. 38a). Even
at 10C, the capacity remains at 104 mA h g~ (Fig. 38b), which
is the highest rate capability ever reported for RMBs and
can be attributed to the high mobility and high reversibility
of Cl™ anion species.

In view of the high solubility of chloride in organic electro-
Iyte, AgCl/Mg battery suffers from poor cyclability. Also, the
energy density of the AgCl/Mg battery system is compromised
by the amount of electrolyte required to dissolve the discharged
product, MgCl,."** Nevertheless, its high rate capability makes
the AgCl/Mg battery suitable for special applications requiring
high rate, such as unmanned planes.

3.4 Organic compounds

As discussed above, inorganic intercalation materials are limited by
the slow diffusion of Mg>", along with low intrinsic conductivity. An
alternative approach is to use redox-active organic materials in
which intermolecular forces may be weaker than those in inorganic
materials and which thus interact less strongly with Mg>".° In
contrast to the valence change of the transition metal in inorganic
cathodes, the redox reaction is based on the charge state change of
the electroactive organic group or moiety in organic cathodes.'®> ¢
The abundance and diversity of organic materials, benefiting
from their flexible structure and tunability, can provide an
opportunity for high-capacity and high-rate organic cathodes
for RMBs, especially in terms of the resource sustainability and
environmental friendliness.

An typical organic material is quinone.'®® 2,5-dimethoxy-1,4-
benzoquinone (DMBQ) was reported to have low solubility in
electrolyte,’”® high theoretical capacity (319 mA h ¢ *),"”! and
much slower capacity decay upon cycling in LIBs.'”® However,
when used as cathode for RMBs, its capacity faded fast, and low
discharge voltage and large overpotential (~ 1 V) were observed,

This journal is © The Royal Society of Chemistry 2018
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which was likely due to the incompatibility of electrolytes
with metal Mg."”?

Another two magnesium electrolytes, Mg(TFSI),-MgCl,/
DME and Mg(TFSI),/diglyme, were applied to study DMBQ."”"

This journal is © The Royal Society of Chemistry 2018

Mg(TFSI),-2MgCl,/DME, which is capable of plating/stripping
Mg (Fig. 39a), enabled Mg-DMBQ batteries with a discharge
potentials of ~2.0 V (Fig. 39b), higher than the previously
reported potential (1.1 V)."**'”> However, a considerable capacity
loss, caused by electrode dissolution, was observed upon cycling.'”*

In addition to DMBQ, two new quinone-based polymers,
2,6-polyanthraquinone (26PAQ) and 1,4-polyanthraquinone
(14PAQ) (Scheme 1), are reported.’”® In contrast to the slow
capacity fading of 26PAQ, 14PAQ showed the best cycling
stability in the Mg(HMDS),-4MgCl,/THF electrolyte. Beyond
the considerable capacity loss in the first few cycles, more than
1000 cycles with slight loss of capacity and good rate capacity of
14PAQ were achieved (Fig. 40a)."”® Unlike the structurally rigid
polymer chain of 26PAQ, the redox-active quinonyl moieties in
14PAQ lie on the side of the main polymer chain (Scheme 1),
allowing the rotation flexibility of anthraquinonyl groups along
the polymer chain. The rotation flexibility helps to minimize
the space hindrance and relax the structural stress of the
polymer, which in turn provides better structure stability for
14PAQ."”® In addition, upon discharging, the inserted Mg>* species
can be better stabilized by the two adjacent carbonyl (C—0) groups
via the chelating effect, which has also been demonstrated to
account for the enhanced cycling performance.'”*

PAQS was also investigated as the cathode for RMBs with
three different non-nucleophilic electrolytes: [Mg,Cl;—~6THF]
[HMDSAIC;] in THF (MHCC), MgCl,-AICl; in THF (MACC),
and MgCl,-Mg(TFSI), in a mixture of THF and glyme (MTCC).
Capacities between 150 and 200 mA h g~ ' at 1.5-2.0 V were
obtained (Fig. 40b)."”> Among the three electrolytes, MTCC

Chem. Soc. Rev., 2018, 47, 8804-8841 | 8825
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showed the best performance in terms of capacity and rate
capability, but without significant improvement in long-term
cycling over MHCC and MACC."”?

In summary, benefitting from their low cost and environ-
mental benignancy, organics can be promising cathodes
for RMBs. Yet, some challenges remain: the development of
electrolyte systems to suppress electrode dissolution, discovery
of more efficient electroactive structures, understanding of the
charge/ion transport mechanism, and approaches to improve
electrode stability.

4. Water co-intercalation

As discussed above, the kinetics of intercalation cathodes with
organic electrolytes are limited by the slow interfacial charge
transfer and sluggish diffusion. Studies have revealed that trace
water in organic electrolyte can co-intercalate with Mg>*, which

8826 | Chem. Soc. Rev., 2018, 47, 8804-8841
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permission from Wiley-VCH, Copyright 2016.

1
9,
N
o
S
o
o

= 3
E 90 75 &
= =
& =
S 60 50 o
g 2
(0] o
o ] | ox O
g a = 1C (260 mA g 25 3
2 ol _® 2C (520 mA g"') lo
© 0 200 400 600 800 1000
cycle number

b 2.5 [T 1g powderll MTCC /l PAGS 1

S 20 -

& L) L

o) -

15 F

)

- E

£ 1o} CRo

L —— 4" cycle
0.5 — 5" gycle | 2 H 1 =

L
100 150
Capacity (mAh g-1)

0 50 200

Fig. 40 (a) Mg—14PAQ cycling performance in the Mg(HMDS),-4MgCl,/
THEF electrolyte: capacities and coulombic efficiency profiles at the current
rates of 1C and 2C (1C = 520 mA g~%). Reproduced from ref. 173 with
permission from Wiley-VCH, Copyright 2016. (b) Galvanostatic curves for
cycling of PAQS in MTCC between 0.5 and 2.5 V with a current density of
50 mA g~*. Reproduced from ref. 175 with permission from Wiley-VCH,
Copyright 2015.

could accelerate both interfacial ion transfer and ionic diffu-
sion because of the screening effect,>%:3%:60:149130,176

The important role of water in wet electrolyte during Mg>*
intercalation is investigated in o-V,0s without H,O in the
structure. o-V,05 achieved the capacity of 260 mA h g~" using
1 M Mg(TFSI),/G2 with 2600 ppm water in the electrolyte

This journal is © The Royal Society of Chemistry 2018
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(Fig. 41a), much higher than 60 mA h g in the dry electrolyte
system (with 15 ppm H,0) (Fig. 41b).°® NMR results indicate
that protons might participate in the intercalation process.
However, the content of intercalated protons, as well as the

PR <

&
1—)a

Fig. 42
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relationship between proton intercalation and water concen-
tration in electrolyte, are yet to be explored.

To identify which species (e.g,, desolvated magnesium ions,
protons, hydronium ions, water- or solvent-solvated magnesium
ions, or any combination of these) are intercalated into the host
structure during electrochemical reduction, the crystal structure of
the magnesium-inserted o-V,0s, electrochemically reduced in the
wet organic electrolyte, was studied.””” The refined crystal struc-
ture was compared with the original V,0s structure (Fig. 42).
Distortions from the original VO; square pyramidal symmetry
can be clearly found (Fig. 42b), where V1 and V3 maintain the
five-coordination with oxygen, while V2 has only four oxygen
atoms, like a tetrahedron. Eight oxygen atoms with similar
center-to-oxygen distances of ~2.47 A coordinate the Cv_1 site
(Fig. 42c). Therefore, the Cv_1 cavity size is sufficient for a single
ion (Mg”* or proton), but too small for solvated magnesium, such
as Mg(H,0),”" or Mg(solvent, H,0),”", or for H;O" or H,O.

The Cv_2 site is coordinated by 12 oxygen atoms with various
center-to-oxygen distances (average of 2.76 A) (Fig. 42c). Even
though this cavity appears to be slightly larger than Cv_1, it is
unlikely occupied by species other than single magnesium or
protons because the closest distance to lattice oxygen, not the
average value, is the determining factor for its suitability. The
closest distance of the 12 center-to-oxygen distances in Cv_2 is
shorter than 2.25 A. The Cv_3 site is surrounded by nine oxygen
atoms with an average center-to oxygen distance of 2.48 A
(Fig. 42c), which, similarly, is too small to accommodate H,O
or larger chemical species other than single magnesium ions or
protons. Consequently, the only species intercalated into the
vanadium pentoxide can be Mg>" and H*, and not the other
species (Mg(H,0),>", Mg(solvent, H,0),>", H;0" or H,0), which
is not consistent with the previous simulation.®® Yet, it is still
unclear about how many H" ions are intercalated, and further
work needs to be done.

(a) Crystal structure of the pristine V,Os, (b) Mg-inserted V,Os, and (c) local structures surrounding the cavity sites, denoted as Cv_m (m =1, 2, 3)

in panel b. The numbers denote interatomic distances. Reproduced from ref. 177 with permission from American Chemical Society, Copyright 2017.

This journal is © The Royal Society of Chemistry 2018
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In xerogel V,0s5 with structural H,O (Fig. 21), water
co-intercalation with Mg>" depended on water activity in the
electrolyte, ranging from full co-intercalation in the wet condi-
tion to none in superdry conditions (Fig. 43a). The measured
voltages would change if co-intercalation of the solvent/electro-
lyte with the redox ion occurs, leading to a co-dependence on
the solvent/electrolyte chemical potential (Fig. 43b). The Mg”>*
intercalation voltage was calculated to be higher in a wet
electrolyte than in a dry electrolyte.

Birnessite MnO, with structural H,O (Fig. 35a) achieved
increasing specific capacity as the water concentration in
acetonitrile-based electrolyte rose, in conjunction with decreased
overpotential values (Fig. 43c).">® As the water concentration in
the electrolyte increases, the water content in birnessite MnO,
host becomes higher (Fig. 43d), which confirms the insertion
of hydrated Mg®". The maximal number of water molecules
that are co-intercalated into Birnessite MnO, together with each
Mg>" is around 3.

In wet electrolyte, the proton intercalation will always occur,
while the amount of intercalated protons are related to the
water activity. The hydrated Mg”* intercalation depends on the
sufficient interlayer space of cathodes. Even though the capa-
city and rate capability of Mg”" intercalation into cathodes can
be improved by the presence of water in organic electrolytes,
this approach has some drawbacks. It leads to a large effective
radius of the intercalated moieties, which may lead to excessive

178,179
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structural deformations of the host. Also, wet solutions are
not compatible with magnesium anodes. The feasibility of
Mg>" co-intercalation with polar organic molecules, which
can screen the interaction between Mg®" and the host lattice,
is worth investigating.

5. Elemental redox chemistry

As introduced above, cathodes based on intercalation and con-
version mechanism suffer from limited energy density. With
regard to the high energy density system, the ideal materials to
couple with Mg are O, and S. Mg/O, system exhibits a higher
energy density of 3900 W h kg™ ' than Li/O, if MgO is the final
product, while the Mg/S system offers a theoretical energy
density of 1722 W h kg™, both of which are over ten times
higher than that of Chevrel phase (140 W h kg™ ).

51 Mg-0,

Nonaqueous metal/oxygen batteries possess high theoretical
energy densities (Fig. 44a)."%°'®* Chemistries based on alkali
metals, such as Li/O,,'811837185 Na/O,, 81:186:187 and K/0,,"®® are
the most studied, while Mg/O, chemistry receives much less
attention. In a Mg/O, cell, the half-reactions (2) and (3) could be
anticipated at the gas electrode.'®® A Mg/O, cell with a MgO
discharge product would exhibit theoretical volumetric and

This journal is © The Royal Society of Chemistry 2018
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gravimetric energy densities of approximately 14 kW h L™" and

3.9 kW h ke ', respectively, surpassing Li/O, cells that dis-

charge to Li,O, (8.0 kW h L™ and 3.4 kW h kg™ ') (Fig. 44)."%°
Mg? + 0, +2e = Mg0,(2.91 Vvs. MgZ"%)  (2)

2Mg? + 0, + 4e” = 2MgO(2.95 V vs. Mg>")  (3)

2MgO, = 2MgO + O, (4)

3 r——r————

Q
w

Voltage (V)
N

15}

05 L H " s s " "
0 2 4 6 8 10 12

Capacity (WMAhcm2)

Fig. 45

Chem Soc Rev

The mechanism of Li/O, system is well understood, in
which oxygen reduction via a one-electron transfer is the
most kinetically favorable and leads to the formation of LiO,
(Li* + 0, + &7 — Li0,)."*%"! As LiO, is highly unstable, it
further reacts to form lithium peroxide (Li,O,), either by a one-
electron-transfer electrochemical process (LiO, + Li" + e~ —
Li,0,) or by disproportion reaction (2LiO, — Li,O, + 0,)."*® In
contrast, the reaction mechanism for Mg/O, cell remains poorly
understood.

Density functional theory calculations are employed to char-
acterize the discharge/charge mechanisms on the surfaces of
plausible discharge products, MgO and MgO,."** MgO,-Based
cells were predicted to be much more efficient: superoxide-
terminated facets on MgO, crystallites enabled high round-trip
efficiencies approaching 90% (Fig. 44b) and low overpotential,
ranging from 0.11 to 0.18 V for discharge and 0.07 to 0.33 V for
charge, which are slightly lower than 0.35 and 0.68 V for discharge
and 0.2 and 0.4 V for charge with Li,O, as the discharged product
in the Li/O, system.'®* In contrast, cells discharged to MgO exhibit
low round-trip efficiencies (30%), which were rationalized by
the presence of large thermodynamic hysteresis (the calculated
discharge/charge voltages of 1.15/~4 V). This trend of
superoxide-based cells exhibiting much lower overvoltage and
higher round-trip efficiencies than those that discharge to a
peroxide is consistent with the behavior of other metal oxygen
batteries based on potassium'®® and sodium.®*'*

Experiments were performed to probe the discharged and
charged products and verify the reaction mechanism. During
the first cycle (Fig. 45a), the discharged product comprises
roughly 70% MgO and 30% amorphous MgO, on a volumetric
basis (Fig. 45b). This product was formed after electrochemical
superoxide formation (eqn (2)), through chemical precipitation
and disproportionation steps (eqn (4)).'*® The recharged
positive electrode contains a small amount of residual MgO
(Fig. 45c), suggesting that MgO, decomposes first during char-
ging, followed by the slower MgO decomposition. Accordingly,
the reaction pathway is concluded: during discharge, MgO, is
firstly formed, followed by partial MgO, decomposition to MgO

(a) Discharge/recharge cycles for a room-temperature Mg/O; cell. SEM images of the positive-electrode surface on the side closest to the O,

gas inlet: (b) an electrode after first discharge and (c) an electrode at the end of first recharge; the dashed circles represent boundaries of the regions that
were directly exposed to O, through perforations in the Pt-coated current collector. Reproduced from ref. 189 with permission from American Chemical

Society, Copyright 2015.

This journal is © The Royal Society of Chemistry 2018
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through a disproportionation step; during charge, MgO, decom-
poses first, followed by more limited MgO decomposition.

According to the calculated and experimental results, several
measures can be taken to improve the performance of the
Mg/O, system. By using a redox mediator, MgO can be cycled
reversibly via a liquid-phase reaction pathway, with lower over-
voltage and higher capacities. Increasing the oxygen pressure
and reducing the operation temperature can produce MgO,
rather than MgO, resulting in much higher round-trip efficiency.
Besides, the development of electrolytes with higher O, solubility
and ionic conductivity could facilitate improvements in both the
capacity and rate capability.

Based on the analysis above, iodine was added into Mg(ClO,),-
DMSO electrolyte to form iodine-DMSO complex by a charge-
transfer interaction between DMSO and the bonds of the iodine
molecule to catalyze the decomposition of MgO."** The catalytic
cycle for the Mg-O, electrode was proposed by combining the
decomposition of MgO with the > /31~ redox couple (Fig. 46a).
Mg-O, batteries with iodine showed a discharge capacity
of 2131 mA h g " and charge capacity of 1590 mA h g in
the first cycle, in contrast to no charging behavior without
iodine (Fig. 46b). Similarly, 2,2,6,6-tetramethylpiperidine-
oxyl (TEMPO)-anion complex was also employed to catalyze
the decomposition of MgO during the charge of Mg-oxygen
battery, which exhibited rechargeable behavior over several

8830 | Chem. Soc. Rev., 2018, 47, 8804-8841

cycles (Fig. 46¢).'®> Also, two dual redox mediators, 1,4-benzo-

quinone (BQ) and 5,10,15,20-tetraphenyl-21H,23H-porphine
cobalt(1) (Co(u)TPP), were introduced to facilitate both the
discharge and recharge processes of Mg-O, battery operations,
showing promising results.'*®

On the basis of the calculations, MgO,-based cells can
achieve high round-trip efficiencies and low thermodynamic
hysteresis. The development of electrolytes with higher O,
solubility facilitates MgO, production. Recently, a nonaqueous
Mg/O, cell based on the all-inorganic magnesium aluminum
chloride complex in dimethoxyethane electrolyte (MACC/DME)
with higher O, solubility and ionic conductivity was demon-
strated to exhibit a high discharge capacity (Fig. 46d)."®” How-
ever, poor rechargeability is observed, which is explained by the
formation of an insulating film product, a mixture of Mg(ClO,),
and MgCl, likely from the decomposition of electrolyte.'®”
An additional impedance rises from an inert film formation
on the Mg negative electrode, which can be attributed to the
detrimental O, crossover.

Overall, despite some progress, there are several challenges
for pursuing Mg/O, with substantial performance improvement:
(1) the traditional ether-based electrolytes are not compatible
with oxygen chemistry; (2) the dissolved O, in electrolytes will
passivate the Mg anode; (3) redox mediators in electrolytes may
react with the Mg anode.

This journal is © The Royal Society of Chemistry 2018
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5.2 Mg-S

As a high capacity cathode material (1675 mA h g~ '), sulfur has
attracted intense interest in Li-S and Na-S systems.'*®*>°! The
combination of Mg with sulfur offers a theoretical capacity of
957 mA h g~ with an average voltage of 1.77 V, corresponding
to the energy density of 1722 W h kg™, over four times that of a
commercial LiCoO,/graphite cell.*** However, compared to the
substantial progress in Li-S batteries, the study of Mg-S
batteries is still in the early stage. One major challenge is to
discover a suitable electrolyte that is chemically compatible to
the electrophilic sulfur and capable of reversible Mg deposition/
dissolution.?®® In addition, similar to issues of Li/S batteries, dis-
solution of polysulfide and its shuttling effect, low active material
utilization, and fast capacity fade are also expected.’**?% In
order to solve these challenges, the discovery of suitable
electrolytes and a fundamental understanding of the mechanism
of Mg/S chemistry are of paramount importance.

Quasi-equilibrium discharge of Mg/S battery has revealed
that sulfur reaction occurs through three consecutive steps.
Stage (I) is elemental sulfur to long-chain polysulfide, showing
a short slope at 2.5-1.5 V (Sg + Mg>* + 2~ — MgS;g (2.5-1.5 V)).
Stage (II) is chain-shortening of polysulfide, showing a long
plateau at 1.5 V (MgSs + 3Mg>" + 6~ + 4Mg$, (1.5 V)). Stage (III)
is solid-state transition from short-chain polysulfide to MgS,
showing another slope at 1.5-0.5 V (MgS, + Mg”>* + 2~ — MgS
(1.5-0.5 V)) (Fig. 47a).2°°*” The reaction in stage (II) shows the
fastest kinetics with small overpotential due to the synergetic
effect of a fast surface reaction enabled by the dissolved
polysulfide and the relative fast Mg®" diffusion in the amor-
phous MgS,, while stage (III) suffers from the slowest kinetics
and high polarization because of solid-state magnesiation from
MgsS, to MgS (Fig. 47b-e).

Several measures are applied to improve the performance of the
Mg/S system: the use of new electrolytes and/or additives,”**>"*
cathode design,”"*'* and Li" activating MgS, species.”** Progress
has been achieved, but the reported electrochemical performance
(discharge/charge curve, voltage hysteresis, etc.) has many dis-
crepancies (Fig. 48). These discrepancies likely result from the

Chem Soc Rev

kinetics limitation of the magnesiation of sulfur, which can
alter the discharge curve to different representations due to
different kinetics at different stages. Factors that can affect
kinetics include current, sulfur loading (S/C ratio), carbon host,
and electrolyte chemistry. As for the large voltage hysteresis
observed in some studies, the Mg anode overpotential is
probably the main cause.”"’

Significant progress has been achieved regarding electrolyte
development and the fundamental understanding of the reaction
mechanism. Yet, low sulfur loading (both sulfur/carbon ratio and
sulfur/electrolyte ratio) and short cycling stability remain major
challenges to convert Mg/S chemistry into usable technology.
Some strategies from the Li/S system are translatable to the
Mg/S system to tackle these challenges, e.g., engineering
the carbon host to achieve high sulfur loading, using highly
concentrated electrolyte, and customized separators or special
current collector (chemi- or physisorption) to suppress shuttle
effect and achieve better cycling stability, as demonstrated by
recent experimental studies.”’®*'° In addition, concerns regarding
the passivation of Mg anode by dissolved sulfur species may not
be a threat, as recent studies point out that SEI conducting Mg
ion can also form on Mg anode.”"**"*

5.3 Mg-I,

To address the sluggish solid-state diffusion and the slow
interfacial charge transfer discussed above, a two-phase (solid-
liquid or liquid-solid) reaction pathway is considered a promising
direction. I, is considered a good two-phase reaction cathode
because I, and its partial reduction product, Mg(I3),, have high
solubility in ether-based electrolytes, while its final reduced
product, Mgl,, is insoluble.*"® The reaction mechanism for the
magnesium/I, batteries is proposed as follows:

3L, + 2 + Mg>" - Mg(l3), 2.8-2.0V (5)
Mg(I,), + 4e~ + 2Mg>" - 3Mgl, 2.0-1.3V  (6)

A rechargeable Mg/I, battery provided a high capacity of
~200 mA h g™, an average voltage of 2.0 V at C/4 (Fig. 49a),
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(@) Thermodynamic equilibrium potential and three stages for sulfur reduction process. Schematic of sulfur reduction mechanism: (b) the

structure of the carbon/sulfur composite cathode. (c) The kinetic processes during discharge. (d) Concentration of Mg in Mg—S binary compound. (e)
Sulfur reduction mechanism. Reproduced from ref. 207 with permission from Wiley-VCH, Copyright 2017.
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corresponding to 400 W h kg™', and excellent long-cycle
stability with a capacity retention of 94.6% after 120 cycles at
C/2 (Fig. 49b).>"® The rate capability of this battery is remark-
able and demonstrates the potential of enhancing Mg battery
performance by bypassing the solid state diffusion. The elec-
trolyte is 2 M Mg-HMDS in tetraglyme, in which the coulombic
efficiency for deposition/stripping of Mg is 94.5%, with the
overpotential of 0.34 V. Therefore, the high coulombic effi-
ciency and stable cycling performance for Mg/I, full cells are
achieved with the excess of Mg.

The success of this proof-of-concept Mg/I, may open an avenue
towards utilizing soluble redox couples not relying on solid-state
Mg** diffusion for high-performance cathodes of RMBs.

6. Hybrid system

As discussed above, RMBs suffer much from the sluggish solid-
state diffusion of Mg>", leading to the absence of viable cathodes,
which has severely restricted the development of RMBs.>'® One
potential approach is to circumvent the intercalation of clumsy
Mg>" by coupling the Mg metal anode with a mature LIB cathode
in a mixed Mg>*/Li" electrolyte. Thus, the hybrid battery chemistry
simultaneously combines the high-capacity/high-voltage LIB

This journal is © The Royal Society of Chemistry 2018
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cathodes, fast Li" intercalation, and the high-capacity/dendrite-
free Mg anode.”'®*' During discharge, Li" is inserted into
cathodes and Mg is dissolved from Mg foil into the electrolyte,
while during charge, Li" is extracted from lithiated cathodes and
Mg is deposited onto Mg foil (Fig. 50a).

Several intercalation compounds have been used for this hybrid
battery concept (Fig. 50).>'°?*° In addition to hybrid MLIBs, hybrid
Mg”/Na" and Mg”/K* ion batteries are also reported based on
the similar reaction mechanism with MLIBs, showing some
progress.”***® They all show significant performance improvement
compared to a pure Mg system, which is mainly attributed to the
insertion of Li". To unravel the origin of the electrochemical proper-
ties of hybrid systems at the atomistic and macroscopic levels,
theoretical and experimental investigations were conducted.>*” Ener-
getically preferable occupation sites for the first ion (either Mg”* or
Li") were calculated in the primitive MogSs crystal structure at
multiple stages of discharge, and based on that, various paths of
Mg*" and Li" could be predicted (Fig. 51).>*” The insertion chemistry
at the cathode strongly depends on the Li" activity in the electrolyte.
Increasing Li" activity (aLi") leads to thermodynamically more
favorable lithiation in MogSg rather than magnesiation.

The chemical composition of the deposit in the Mg**/Li"
mixed-ion electrolyte was examined.>'®**® All XRD peaks of the

This journal is © The Royal Society of Chemistry 2018

deposition can be assigned to Mg, and no peaks can be indexed
to Li or Mg-Li alloy, which was further verified by electron
energy loss spectroscopy (EELS). Although Li" might electro-
chemically react with the deposited Mg to form Li-Mg alloy in
the potential range of Mg deposition, results of several experi-
mental works confirm that the deposition was pure magnesium
with no detectable lithium.*'%>3®

Despite the significantly enhanced kinetics due to Li inser-
tion in the hybrid system, an intrinsic limitation exists for this
concept. In the traditional rechargeable battery, electrolyte only
functions as an ion conductor, so its weight does not compro-
mise the overall energy density of the full cell. In the hybrid
system, however, the electrolyte also works as an ion reservoir,
i.e., storing the Li" needed for cathode intercalation. For this
reason, when evaluating the energy density of hybrid systems, it
is necessary to consider the amount of electrolyte to make a fair
comparison.

In summary, great demonstrations of hybrid systems have
been shown in literature using different electrolytes and inter-
calation compounds. Nevertheless, the influence of electrolyte
amount needs to be thoroughly studied to justify the potential
of this concept. In addition, the influence of Li intercalation on
Mg diffusion also needs to be examined, as co-intercalation

Chem. Soc. Rev., 2018, 47, 8804-8841 | 8833
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could have a positive effect on Mg diffusion, which has never
been investigated before.

7. Conclusion and perspective

The dawn of the 21st century has witnessed the great success
of LIBs, which now power a spectrum of applications in our
daily life, including portable devices, power tools, and EVs. As
LIBs approach their limit, new technologies are inevitable to
meet the growing demands on energy storage. Despite LIBs
continuing to dominate many applications due to their good
combination of several performance indexes, including energy
density, power density and cycling stability, we believe other
chemistries will become more competitive in certain applica-
tions where one or two performance indexes are critical. The
rechargeable magnesium battery, coupling the high volu-
metric capacity of Mg metal with the safety benefit due to
lack of dendrite formation, is highly suitable for applications
where volumetric energy density is critical, e.g.,, portable
electronics.

In this review, we have reviewed the latest progress of RMB
cathodes, generally categorized by intercalation compounds,
conversion materials, elemental redox chemistry, and new
mechanisms/concepts, including water co-intercalation and
hybrid systems (Table 1).

Among these, intercalation compounds (with 3D, 2D, and
1D diffusion channel) are the most studied. Charge transfer
kinetics and Mg diffusion in solids, especially the latter, are
limiting the performance of intercalation compounds. Mg
diffusion in the intercalation compounds highly depends on
their structure and chemistry, manifested in (1) connectivity
between sites; (2) sizes of the diffusion channel/cavity and
intercalant; and (3) interaction strength between the intercalant
and host structure. Chevrel phase shows the best kinetics
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because of the highly delocalized electrons effectively shielding
the charge of Mg”', along with the facilitated charge transfer
due to the catalytic effect of surface Mo atoms. For a given
structure, the chemistry of compounds plays the determining
role. Taking spinel compounds as an example, in which Mg
migrates along the tet — oct — tet pathway, both experiments
and calculations show sulfides have better kinetics than oxides
due to the lower migration barriers of Mg ion, because the
larger sulfur anion leads to increasing size of the diffusion
channel and the smaller electronegativity induces less inter-
action between Mg>" and host anion lattices. Such structural
and chemical effects on intercalation kinetics are generalizable
to other intercalation compounds, including layered structures.

For polyanions, due to the thermodynamic instability of
magnesiation products and high Mg** migration barriers,
magnesiation of olivine phosphate is prohibited by surface
amorphization. While several reports on olivine silicate
(MgFeSiO,, MgCoSiO, etc.) achieved reversible Mg”" intercala-
tion, it needs to be validated by more experimental and theo-
retical investigations. With the potential of good Mg>" diffusion
kinetics and high energy density, the possible utility of olivine
silicates is worth pursuing further.

To improve the kinetics of Mg intercalation, measures can
be taken, including: (1) choosing structures with large diffusion
channels; (2) replacing anions with soft ones (S or Se) or
incorporating monovalent anions (F, Cl etc.) to decrease the
interaction between hosts and intercalants; (3) utilizing mixed
transition metal ions (Mo, V, etc.) in inorganic compounds to
enhance charge redistribution brought by Mg>* intercalation;
(4) reducing particle sizes to decrease the Mg>" migration
length; and (5) elevating temperature to improve the mobility
of Mg?*. In addition, greater understanding of the charge
transfer process at the cathode/electrolyte interface is necessary
for engineering the surface of intercalation compounds for
better interfacial reaction Kkinetics. Further systematic

This journal is © The Royal Society of Chemistry 2018
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Table 1 Summary of cathodes for rechargeable Mg batteries

Chem Soc Rev

Diffusivity Potential Capacity
Structure Materials (meV) W) (mAhg™) Ref.
Intercalation 3D Chevrel phase MogSg 360a 0.99,71-1.3 120 7,14 and 18
Spinel Mn,0, ~650-850°  2.86,% 2.9 270° 13 and 29
Ti,S, 615,% 550 0.89,% 1.2 216,% 200 7 and 24
2D Layered sulfide/ TiS, 1160° ~1 115 22 and 33
selenide (trigonal)  TiSe, ~1 130,% 110 38
VSe, ~1 110 38
Monoclinic TiS; 292-698¢ ~1.2 83.7 46 and 49
Layered oxide o-V,05 975-1120°  2.21,°2.35 150 57, 61 and 65
8-V,05 600-760" 2.56 61 and 65
-Mo0Oj; 880“ 1.8 210 57 and 77
Mo0, Fo » 490° 70 77 and 84
MO,.51,VO00.:5 ~2.1 235 89
1D Olivine FePO, 580-1025¢ ~2 12 100
Silicate 740-770¢ ~2.1-4 97 and 101
Open Prussian blue Nickel 2.9 80 128
framework  analogues (PBAs) hexacyanoferrate
Fullerene C60 1.2-1.6 50 115
Conversion Oxide -MnO, ~2 80 142, 143 and 146
3-MnO, 150 149
Chalcogenide CuS 1.3-1.6 200 155 and 156
Cu,Se ~1.2 230 163
Chloride AgCl 2 178 164
Organic materials DMBQ ~2 100 171
PAQ 1.7V 150 175
14PAQ 1.6-1.7 105 173
Water co-intercalation 0-V,05 260 60
Birnessite MnO, 2.8 231.1 150
Elemental redox Mg-0, ~2.9¢ ~1300° 182 and 189
chemistry Mg-S 1.77¢ 957,% 600 206 and 210
Mg-1 2 200 215
Hybrid system Mg/Li ion batteries 216 and 229

% Calculated results.

investigation is also required on oxides (A-MnO,) and poly-
anions to clear confusions due to some inconsistent results in
the literature.

Many conversion cathodes are being investigated, including
transition metal oxides (MnO, etc.), sulfides and selenides
(CusS, Cu,Se etc.), and chloride (AgCl etc.). Due to the thermo-
dynamic instability of the magnesiation products, amorphiza-
tion occurs on the surface of various manganese oxides after
initial intercalation, despite the existence of open tunnel for
diffusion in their structures. Such amorphous film prevents
Mg>* further intercalation, causing low capacity and significant
irreversibility. Amorphization does not occur in layered oxides
(V,0s, M0Oj etc.), and whether it will happen in other transi-
tion metal oxides with open tunnels needs to be further
investigated. Sulfides (TiS,, Ti,S4, and TiS; etc.) and selenides
(TiSe,, WSe, etc.) with layered and spinel structure have been
reported to undergo an intercalation reaction, while CuS and
Cu,Se without Mg>* diffusion channels demonstrate a displa-
cement reaction, which enables fast magnesiation kinetics as a
result of the high mobility of copper ions. Such great perfor-
mance suggests that displacement reaction could be a promis-
ing direction to explore conversion cathode materials with fast
kinetics. Chlorides undergo a solid-liquid two-phase reaction

This journal is © The Royal Society of Chemistry 2018

during magnesiation because the formed MgCl, can dissolve
into the electrolyte. The two-phase reaction can significantly
increase the kinetics due to circumvention of solid state Mg
diffusion, which comes at the cost of fast capacity fading.
Such ultrafast kinetics permits chloride suitable for special
applications requiring high rates.

Organic materials (DMBQ, 26PAQ, 14PAQ, and PAQS) are
reported to show faster kinetics than inorganic compounds due
to the weak interaction between Mg”* and organic molecules. The
severe dissolution and low electronic conductivity are limiting
their performance, which can be mitigated by developing
new electrolytes, organic polymerization, and improving the
structure stability.

Mg/O, and Mg/S can provide high theoretical capacity and
energy density. Mg/O, suffers from high overpotential and
irreversibility due to the inert discharged products (MgO).
Some redox mediators are introduced to catalyze the decom-
position of MgO, which can improve the reversibility of Mg/O,
systems, but the reaction with Mg metal anode needs to be
carefully investigated. Methods can be taken to enhance the
reversibility, including increasing oxygen pressure, reducing
operation temperature, and developing electrolytes with higher
O, solubility to produce more reversible MgO,, etc. For the Mg/S

Chem. Soc. Rev., 2018, 47, 8804-8841 | 8835
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system, significant progress regarding electrolyte development
has been made. The fundamental understanding of reaction
mechanisms has been achieved, in which a three-stage reaction
mechanism corresponding to long chain polysulfide formation,
chain shortening to MgS,, and formation of MgS has been
revealed, with the kinetics and thermodynamics of each stage
carefully investigated. Yet, low sulfur loading and short cycling
stability remain major challenges to convert this promising
chemistry into usable technology. To address these issues,
lessons can be learned from Li/S chemistry, which includes the
use of additives, highly concentrated electrolyte, customized
separators and special current collector (chemi- or physisorption).

Water co-intercalation has achieved improved magnesiation
kinetics in some oxides (alfa-V,0s, xerogel V,0s5, and birnessite
MnO,). Proton cycling has been widely demonstrated. Some
fundamental questions remain to be addressed: the amount
of intercalated protons; whether hydrated Mg”>* is cycled;
how co-intercalation improves the kinetics by increasing Mg**
mobility or reducing the desolvation energy.

Regarding hybrid systems, prototype cells have been demon-
strated to work reversibly with different intercalation com-
pounds. Further investigations need to examine carefully how
electrolyte amount compromises the energy density of the
system, given that the electrolyte needs to store sufficient ions
for hybrid systems to work. In addition, the influence of Li
intercalation on Mg diffusion needs to be clarified. Considering
the limited energy density, hybrid systems may be a good
choice in certain applications where safety and fast discharge
and charge are the priority.

Compared with the success of LIBs, rechargeable Mg
batteries are still at the infant stage. Despite some remaining
challenges, the last decade has witnessed significant progress
in the understanding of reaction mechanisms and kinetic
limitations of many cathode materials, providing precious
insights and guidelines for future research. Fortunately, the
vast chemical space of new structures and chemistries remains
unexplored, which provides possibilities for feasible cathodes
with better kinetics and higher energy density. We hope this
review will act as a call for more efforts into rechargeable
magnesium batteries, an emerging and exciting new direction
in energy storage research, especially in cathode materials.
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