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Cathode Materials and Chemistries for Magnesium
Batteries: Challenges and Opportunities

Zhenyou Li,* Joachim Häcker, Maximilian Fichtner, and Zhirong Zhao-Karger*

Rechargeable magnesium batteries hold promise for providing high energy
density, material sustainability, and safety features, attracting increasing
research interest as post-lithium batteries. With the progressive development
of Mg electrolytes with enhanced (electro-)chemical stability, tremendous
efforts have been devoted to the exploration of high-energy cathode materials.
In this review, recent findings related to Mg cathode chemistry are
summarized, focusing on the strategies that promote Mg2+ diffusion by
targeting its interaction with the cathode hosts. The critical role of the
cathode–electrolyte interfaces is elaborated, which remains largely unexplored
in Mg systems. The approaches to optimization of cathode–electrolyte
combinations to unlock the kinetic limitations of Mg2+ diffusion, enabling fast
electrochemical processes of the cathodes, are highlighted. Furthermore,
representative conversion chemistries and coordination chemistries that
bypass bulk Mg2+ diffusion are discussed, with particular attention given to
their key challenges and prospects. Finally, the hybrid systems that combine
the fast kinetics of the monovalent cathode chemistries and high-capacity Mg
anodes are revisited, calling for further practical evaluation of this promising
strategy. All in all, the aim is to provide fundamental insights into the cathode
chemistry, which promotes the material development and interfacial
regulations toward practical high-performance Mg batteries.

1. Introduction

The urgent demand to significantly reduce the carbon footprint
stimulates the development of electrochemical energy storage
(EES) technologies, which provide the most suitable output char-
acteristics for the application of renewable energies.[1] Lithium-
ion batteries (LIBs) represent the state-of-the-art EES technology
by exhibiting currently the most balanced application metrics.[2]

Consequently, the production already increases to gigafactory
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level and the market reaches out toward
e-mobility, smart grids, and even electric
aviation.[3] However, the long-term sup-
ply of raw materials on a tremendous
scale may be restricted by the low abun-
dance (22 ppm in the Earth’s crust) and
the current poor recycling rate (<1%)[4]

of lithium. Moreover, further pushing
the energy density by applying Li metal
anode faces intrinsic challenges associ-
ated with easy dendrite formation, which
raises critical safety concern.[5]

Tackling these challenges requires
transformative innovations by devel-
oping performance-wise competitive
chemistries that are less dependent on
Li, preferably based on earth-abundant
elements.[6] A more sustainable system
can therefore be achieved by applying
multivalent metals with a larger atom
fraction in the earth crust, for example,
magnesium (Mg) ion, as charge carrier.[7]

Compared to other storage ions, Mg2+

can be reduced to their metallic form
with a more homogenous morphology,[8]

exhibiting a dendrite-free deposition at
practical current densities.[9] The unique physicochemical prop-
erties enable safer implementation of a metal anode, which pro-
vides theoretically high volumetric capacity,[10] offering an alter-
native pathway to achieve high energy density systems.[11]

High-performance Mg batteries rely on the efficient and re-
versible shuttling of Mg2+ between the cathode and the anode.
However, the bivalent nature of the charge carriers renders a sig-
nificant polarizing effect, generating strong interactions with po-
lar species or moieties.[12] As a result, ion mobility in both non-
aqueous solutions (electrolytes) and solids (cathode materials) is
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limited.[13] The diffusivity of Mg2+ in solution environment can
be enhanced by promoting the dissociation of electrolyte apply-
ing either strong chelating solvent (such as ethers) or auxiliary an-
ions with high electronegativity (such as chloride ions).[14] Based
on these findings, various types of Mg electrolytes[15–17] were de-
veloped and further optimized with improved chemical and elec-
trochemical compatibility.

Compared to a solution environment, Mg2+ diffusion in solid
hosts is even more challenging: on the one hand there is no
assisting agent available in the solid environment to shield the
high charge density; on the other hand, ion hopping in rigid
crystal structures within relatively narrow spacing suffers from
even stronger interactions.[13] Despite progressive findings on
the screening and design of functioning cathode materials, the
lack of host structures that enables sufficient cation mobility
without compromising capacity or voltage remains a bottleneck
for the development of Mg batteries.[18,19]

Notably, recent findings indicate that the cathode chem-
istry of Mg systems might involve multiple rate-determining
processes.[20] In addition to solid diffusion, mass transfer at the
cathode–electrolyte interface needs to overcome high activation
energy associated with desolvation/dissociation.[21,22] The inter-
facial issue limits the magnesiation of cathode hosts to a low de-
gree, but also generates overpotentials that reduce the storage ef-
ficiency. In fact, without well-established model systems, inves-
tigation of the sluggish reaction kinetics at the cathode side re-
quires to consider all the ir-/reversible processes within the whole
charge loop.[23,24]

In this review, we put the solid diffusion of Mg2+ in a broader
context and summarize established strategies toward enabling vi-
able cathode chemistries for Mg batteries. Tackling the intrin-
sic issue of sluggish diffusion kinetics, approaches applied to
weaken the Mg2+–cathode interaction is first described in Sec-
tion 2. A focus will be on the development of insertion com-
pounds with flexible electronic configurations and favorable crys-
tallographic structures. Efforts made to reduce the charge density
of Mg2+ are also elaborated. Rather than isolating the solid diffu-
sion process, it is attempted to emphasize the importance of re-
lated crossover issues at the cathode side. This will be addressed
in Section 3, by highlighting how cathode interfacial properties
can be tuned to promote subsequent Mg diffusion. Alternatively,
we showcase systems that circumvent polarizing divalent ion dif-
fusion in Section 4, covering conversion cathodes and hybrid bat-
teries. Finally, we bring our perspective for better understanding
of the reactions and transport processes at the cathode side to-
ward designing practical Mg batteries.

2. Weaken the Mg2+–Cathode Interaction

Mg-ions suffer from sluggish mobility in solids due to their
strong interaction with polar groups of the host lattice, which
build up the diffusion pathways. Therefore, a comprehensive un-
derstanding of crystallographic structure as well as electronic
structure of the insertion compounds is essential to screen fa-
vorable geometries for Mg-ion migration. Meanwhile, the gained
knowledge allows fine tuning of the local structure by crystal en-
gineering strategies, which further reduce the migration energy
barrier. In addition, the ion–dipole interactions can also be alle-
viated if the double charge of the Mg-ion is properly shielded.

In this section, strategies based on the structural effect on Mg-
ion diffusion and novel Mg-based insertion chemistries are dis-
cussed.

2.1. Crystal Structure Design and Engineering

The redox potential of cathode materials determines the output
voltage of Mg metal-based full cells. A high-voltage cathode is
therefore of practical importance, as the electrochemical poten-
tial of Mg is 0.7 V higher than that of Li and 0.5 V higher than the
de-/lithiation of graphite,[25] leading to a considerable decrease
of the cell voltage. Since Mg2+ (0.72 Å) has a similar ionic radius
as Li+ (0.76 Å),[26] a simple thought would be to investigate Mg
storage capability in well-established high-voltage cathode mate-
rials for LIBs. However, significant degradation of storage perfor-
mance was evident in a broad range of candidates when shifting
from monovalent to Mg systems.[13,18] This implies different stor-
age properties and diffusion mechanisms of Mg2+ compared to
the monovalent ions. Therefore, developing lattice frameworks
for decent Mg mobility needs to consider the preferential coordi-
nation environment of Mg2+ and its motion behavior in solids.

2.1.1. Transition Metal (TM) Oxides: MnO2 and V2O5

Among the reported materials, manganese dioxide (MnO2) and
vanadium pentoxide (V2O5) seemed to arouse the most interest
due to their plentiful polymorphs and various oxidation states
of the TMs, which offer tunable electrochemical properties.[27,28]

The polymorphism of MnO2 originates from the six-coordination
of Mn by O, which can be either edge-shared or corner-shared
between the neighboring octahedrals with different stacking
orders.[29] The first studied polymorph was 𝛼-MnO2 (Hollan-
dite) with 1D diffusion channels as large as ≈5 Å in size,
which should provide enough space for the transport of Mg2+.[30]

Reversible de-/magnesiation of 𝛼-MnO2 got both experimental
and theoretical support, but was limited to a low Mg content
(Mg/Mn < 0.26).[31,32] Deep magnesiation led to collapse of the
diffusion tunnels[30] and amorphization of the material,[33] con-
tributing to a sharp increase of the migration barrier.

To get more insights into the de-/magnesiation processes
in MnO2, a systematic electrochemical evaluation was carried
out for different MnO2 polymorphs with controlled physical
parameters.[27] The result suggested that the Mg storage per-
formance was almost independent on the crystal structure
(Figure 1a), having rather a strong correlation with the sur-
face area of the samples (Figure 1b). Further mechanistic anal-
ysis revealed a conversion pathway for MnO2 during the inser-
tion/extraction of Mg2+.[33] According to density functional the-
ory (DFT) studies, Mg2+ has strong affinity to O2−, which drives
the reaction toward the formation of MgO and MnO instead of an
intercalated MgxMnO2 compound (Figure 1c).[31] These findings
clearly indicate the unique features of Mg-based chemistry, when
compared with Li. Nevertheless, it should be mentioned that the
conversion mechanism of MnO2 is still controversial. On the one
hand, the DFT study considered kinetical hindrance of the phase
transition to a spinel structure.[31] On the other hand, the incom-
patibility between TM oxide and Cl-based electrolyte needs to be
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Figure 1. a) Mg storage in various MnO2 polymorphs. b) Relationship between the surface area of MnO2 and their initial magnesiation capacity.
The capital letters represent different MnO2 structures. Reproduced with permission.[27] Copyright 2015, Elsevier. c) Thermodynamics of Li and Mg
storage in MnO2. Reproduced with permission.[31] Copyright 2015, American Chemical Society. d) Voltage profiles of Mg storage in 𝛼-V2O5 at different
temperatures. e) Cycling performance of 𝛼-V2O5 at 110 °C. f) De-/magnesiation profiles of 𝛼-V2O5 at room temperature before and after activation at
110 °C. Reproduced with permission.[34] Copyright 2019, American Chemical Society.

clarified.[17] In fact, a very recent report demonstrated an impres-
sive reversible Mg storage in layered Mg0.15MnO2 by manipulat-
ing the solvation structure of Mg2+ in the electrolyte, pointing out
interfacial issues in addition to the sluggish diffusion.[20]

V2O5 is another high-voltage cathode material which has at-
tracted attention. With a typical layered structure, 𝛼-V2O5 pro-
vides theoretically high specific energy of 737 Wh kg−1 at ma-
terial level based on the storage of one Mg per V2O5 unit at a
voltage of ≈2.5 V.[28] But unlike MnO6 octahedrals, VO5 pyra-
mids are the building blocks that form the diffusion channels
with Mg2+ stored in an eight-coordinated site. In the material,
migration of Mg2+ has to undergo a drastic change of the coor-
dination environment through a three-coordinated site, requir-
ing a high activation energy of ≈1000 meV. Compared to 𝛼-V2O5,
𝛿-V2O5 offers a kinetically more favorable diffusion pathway for
Mg2+ by activating a multistep migration with a smaller coordi-
nation change.[28] However, despite of a more reasonable, but
still high migration energy of 600−760 meV, experimental vali-
dation of 𝛿-MgxV2O5 is still pending. In fact, 𝛿-MgV2O5 phase
(isostructural with 𝛿-LiV2O5)[35] can be obtained only by chemi-
cal magnesiation of 𝛼-V2O5.[36] Achieving such high Mg2+ con-
tent by electrochemical approach requires a two-electron redox,
which is challenging.[37] Practical Mg2+ insertion levels in various
V2O5 polymorphs from dry organic electrolyte are much smaller
(max. Mg0.3V2O5).[38]

A recent work demonstrated that high temperature (110 °C)
enables 𝛼-V2O5 to reversibly uptake and release one Mg2+,
amounting to a capacity of 280 mAh g−1, which is almost the the-
oretical value (Figure 1d,e).[34] A significantly improved capacity
of 100 mAh g−1 can be retained after the high temperature ac-
tivation when the cell is cycled at room temperature (Figure 1f).
However, structural characterizations indicate a different phase
transition than previously predicted,[36] neither 𝜖-Mg0.5V2O5 nor
𝛿-MgV2O5. Determination of the magnesiated compounds is
highly demanded to fully understand the redox processes that
contribute to the excellent performance. It should also be noted
that the study utilized an ionic liquid electrolyte, which might
circumvent desolvation of Mg2+.[39] Such interfacial phenomena
were also investigated in other studies[40] and will be discussed
in the following section.

2.1.2. Structural Design for Favorable Diffusion Pathways

In typical TM compounds, TM cations are surrounded by an-
ions, which build up the diffusion pathways for the intercalants.
Shifting from oxide framework down to sulfides or even se-
lenides provides an easier polarizable diffusion environment,
thereby leading to a smaller migration barrier. Taking layered
vanadium dichalcogenides as an example, Mg2+ occupies a ther-
modynamically stable octahedral site and has to pass through an
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Figure 2. a) Diffusion energy profile of Mg2+ in vanadium dichalcogenides. b) Battery performance of VSe2 against Mg. Reproduced with permission.[41]

Copyright 2019, American Chemical Society. c) Site preference and hopping mechanism in typical insertion cathodes. Reproduced with permission.[42]

Copyright 2015, American Chemical Society. d) Voltage profiles of Mg storage in spinel Ti2S4. Reproduced with permission.[45] Copyright 2016, The Royal
Society of Chemistry.

intermediate tetrahedral site to reach the next equivalent stable
site.[41] Even considering a dilute Mg concentration, the max-
imum barrier along the diffusion path for VO2 is as high as
1032 meV, which is far beyond the estimated energy thresh-
old required for moderate kinetics (525−650 meV). The value in
VS2 (593 meV) becomes more attractive, which further decreases
to 346 meV in VSe2 (Figure 2a).[42] The energetic advantage of
VSe2 gives rise to distinct intercalation plateaus in the voltage
profile with high reversibility (Figure 2b).[43] Other selenide com-
pounds also exhibit promising rate capability and deliver high
volumetric energy density, which can be even higher than that of
LiCoO2.[18,44] However, their practical application is restricted by
the low output voltage (≈1 V) and the environmental impact of
Se.

To design favorable diffusion pathways, site preference of the
intercalant is another key factor. Mg2+ prefers a six-coordination
while Li+ favors a four-coordination in the host structure.[46] In
both olivine and layered structure, the most successful cathodes
for Li storage, the stable insertion site is six-coordinated. Con-

sidering a minimum energy path, the intercalant needs to hop
through a four-coordinated tetrahedral site in order to migrate
between the adjacent octahedral sites.[41] As the tetrahedral site
is favorable for Li+, its oct–tet–oct hopping gets facilitated, re-
sulting in a low migration energy. On the other hand, migration
of Mg2+ from its preferential coordination site to an unfavorable
site leads to a high energy barrier that impedes Mg2+ mobility at
room temperature.[47] Following this guideline, materials that al-
low Mg2+ migration through an octahedral metastable site could
be promising candidates.

It was found that the spinel structure meets the abovemen-
tioned requirement, by providing stable tetrahedral sites for Mg2+

storage, which is bridged by face-shared octahedral intermediate
site (Figure 2c).[48] DFT calculations indicate that the energy
barrier for Mg2+ diffusion in various spinel oxides (Mn2O4,
Co2O4, Cr2O4, and Ni2O4) falls into the range of 650−850 meV,
which is smaller than that of layered oxides and already close to
the threshold value for moderate ion mobility.[49] Theoretically,
Mg insertion in spinel oxides could take place at a considerably
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Figure 3. a) Diffusion barrier for Mg2+ in layered MoS2 with different d-spacing. b) Asymmetric Mg distance in MoS2 molecular layers. Reproduced with
permission.[58] Copyright 2015, American Chemical Society. c) A comparison of Li+, Mg2+, and Al3+ intercalation in defect-free TiO2 and vacancy-doped
TiO2, respectively. d) Voltage profiles of defect-free TiO2 and vacancy-doped TiO2 upon de-/magnesiation. Reproduced with permission.[60] Copyright
2017, Springer Nature.

high voltage close to 3.0 V versus Mg, delivering a capacity
of >200 mAh g−1.[50] However, such promising performance
seems to be only possible at elevated temperature >150 °C in
experiments.[51] In addition to the high migration barrier, cation
disorder with the formation of a rocksalt structure results in
Mg2+ being stored at a stable octahedral site rather than the
desired tetrahedral site, which inhibits further Mg mobility.[52]

As a compromised approach, thiospinels with “softer” S an-
ions were proposed for Mg storage.[53] Compared to spinel oxides,
thiospinels exhibited reasonably low diffusion energy barriers
even down to 515 meV (in Mn2S4) for Mg2+, which is adequate for
moderate charging rate in a battery.[53] Experimental demonstra-
tion of reversible Mg insertion in thiospinel was first carried out
in Ti2S4.[45] As shown in Figure 2d, magnesiation of Ti2S4 spinel
exhibited a solid solution behavior with a voltage slope between
1.5 and 1.0 V, delivering a capacity of ≈200 mAh g−1 at 60 °C,
which outperforms the layered TiS2.[54,55] Multimodal character-
ization revealed only 10% volume expansion upon insertion and
a Mg2+ diffusivity of 5 × 10−10 cm2 s−1,[56] contributing to a fairly
good rate capability as well as cycling stability.[45] Room temper-
ature operation of the spinel Ti2S4-based Mg cell was also fea-
sible, but limited to a rather low C-rate (C/50). Interestingly, it
was found that Mg2+ first occupies the octahedral 16c sites in
Ti2S4 spinel instead of the tetrahedral 8a sites, as would expected
in a normal spinel.[57] The tetrahedral occupation occurs only at a
high Mg2+ content exceeding Mg0.6Ti2S4 and might block the mi-

gration of Mg2+ resides in the adjacent octahedral sites. This find-
ing might hint at possible high energy barriers related to inser-
tion into the stable tetrahedral site, which provides unfavorable
coordination for Mg2+. Full understanding of the abnormal occu-
pancy requires further investigation of other thiospinels such as
Mn2S4 and Cr2S4, however.

2.1.3. Engineering Mg2+ Diffusion Channels

Crystal engineering approaches herein refer to efforts devoted
to modifying the known structures for enhanced Mg storage.
An effective way to mitigate trapping effect of the host lattice is
therefore to increase the physical distance between Mg2+ and
the host lattice by enlarging the diffusion channels. This strategy
was validated in molybdenum disulfide, which has a layered
structure.[58] The weak van der Waals forces between molecular
layers renders a widely tunable interlayer distance.[59] Theoretical
investigation of Mg2+ in MoS2 shown in Figure 3a, indicated
a significant decrease of the diffusion barrier with expanded
interlayer distance. A comparable diffusivity to that of Li+ in
original MoS2 structure (d = 0.62 nm) can be achieved when
increasing the value to 0.772 nm (25% increase).[58] Further in-
creasing the d-spacing does not facilitate Mg mobility anymore,
but rather leads to an asymmetric Mg distance between the
layers, where Mg is only effectively bonding to one MoS2 layer
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(see Figure 3b). This resembles a surface reaction with the
coordination number of Mg2+ reduced from six to three. Such
storage mechanism was further revealed in other expanded 2D
transition metal sulfides (TMSs) such as TiS2 and was found
beneficial for accommodating larger Mg-based cations.[22]

In principle, this approach can be extended to any structures
that are constructed by weak van der Waals interaction, including
1D vanadium tetrasulfide,[61] 2D TM oxides,[62] and other layered
materials.[63] Even for spinel structures, a 5% volume expansion
is enough to bring down the migration barrier by ≈200 meV,
amounting to approximately four order of magnitude improve-
ment in diffusion.[55] However, it should be noted that expansion
of the structure by self-adjustment (e.g., disordering) is limited to
10%.[58] Stabilizing pillars (organics or water molecules) are nor-
mally applied to get a desired extend of enlargement. However,
the pillars also bring negative side effects by, for example, occu-
pying the Mg2+ sites, lowering the electronic conductivity of the
cathode, or triggering proton shuttling.[62,64] In addition, enlarg-
ing the distance between Mg2+ and the host lattice is penalized
by reduced voltage as well as low bulk density, leading to a lower
energy density.

Other than engineering the “natural” diffusion channels re-
sulted from ordered atomic packing, creating new voids in known
structures could also be a feasible option. The idea is to partially
circumvent Mg migration through the original high-barrier diffu-
sion pathways, by building additional tunnels with low activation
energy. Introducing cationic vacancies in anatase TiO2 unlocked
its electrochemical activity upon reversible de-/magnesiation at
room temperature (Figure 3c,d).[60] Compared to the defect-free
TiO2 (25 mAh g−1), vacancy-doped TiO2 delivered a significant
improved capacity of 165 mAh g−1 with excellent rate capabil-
ity and cycling stability. At a high vacancy level (22%), a vacancy-
mediated diffusion mechanism was revealed, indicating its ki-
netic advantages. Similar observations were made on MoO3,
where F− substitution generated Mo vacancies that offered addi-
tional basal plane diffusion pathways for fast Mg2+ migration.[65]

Due to the high tendency of cation disordering with Mg,[49]

cation vacancies in TM compounds may also provide a thermo-
dynamically favorable driving force for Mg2+ insertion. Ideally,
highly concentrated vacancies with homogeneous distribution
among the cathode structure could build a percolating network,
serving as Mg diffusion highways.[66] Note that a high vacancy
level means an off-stoichiometry of the redox active TM to a large
extent, reducing the accessible capacity. On the other hand, an-
ionic vacancies in TiO2 were found feasible as well to promote
Mg diffusion,[67] probably by providing a less-oxygen environ-
ment. Overall, defect chemistry opens a new avenue for effi-
cient Mg storage, calling for further exploration in high-voltage
cathodes.[51]

2.2. Compounds with Delocalized Electronic Structure

The bivalency of Mg2+ not only leads to kinetic limitations im-
peded by strong electrostatic interaction with the host lattice,
but also alters the thermodynamic preference by forming stable
conversion products.[31] Hosting a double charged Mg2+ would
have greater impact on the local structure than a monovalent Li+

occupancy. In addition to the lattice environment, local charge

balancing and polarizability of the host structure are equally
important.[68] This is particularly the case for the TM compounds.
Typical TM ions can only afford one-electron redox and their coor-
dination is sensitive to oxidation states, inducing local structural
deformation upon magnesiation.[13,69] To have smaller influence
on local electronic structures, strategies that allow proper charge
allocation among the lattice are desired. From thermodynamic
point of view, this would require multiple redox centers to pro-
vide their valence bands at a similar energy level that renders the
compounds with delocalized electronic structure.[43]

2.2.1. Cluster Compounds

In 2000, Aurbach et al. demonstrated the first Mg cell proto-
type with excellent rate capability and remarkable cycle life.[7]

This breakthrough was possible by applying Chevrel phase
Mo6S8 cathode, which exhibits high Mg2+ mobility at room
temperature. The high ionic conductivity of the Chevrel phase
originates from its unique cluster structure constructed by
Mo6S8 blocks, where a Mo6 octahedron is caged by an S8 cube.[70]

Due to the metallic Mo–Mo bonding inducing delocalized elec-
tronic structure, six Mo in the octahedron share the double
charge (Mg2+ at outer ring site as shown in Figure 4a), resulting
in only minor change of their oxidation state.[71] There is an addi-
tional storage site for Mg2+ with a charge transfer toward S (Mg2+

insertion in the inner ring), but this process suffers from intrinsi-
cally slow kinetics (see Figure 4b) and is fully accessible only at el-
evated temperature.[72] Replacing S with Se could retrieve the ca-
pacity from anionic redox, as is evident in the Mo6Se8 cathode.[73]

However, applying TM cluster compounds as cathode materi-
als is a strategy that compromises Mg2+ mobility with specific
capacity as well as voltage. The reduced capacity is attributed
to the involvement of many heavy TM components in the cath-
ode. On the other hand, redox reactions relying on metallic
bonds generally provide low voltage, for example, considering
an extreme case, that alloy compounds are used as anode.[75]

In fact, the Chevrel phase Mo6S8 provided a practical capacity
of ≈70 mAh g−1 at 1.1 V at room temperature.[7] Orthorhombic
Mo9Se11 is another cluster compound that delivered a reversible
capacity of only ≈20 mAh g−1 at ≈1 V.[76] Shifting from chalco-
genide to oxide clusters can theoretically increase the energy den-
sity, which still remains to be experimentally validated after being
proposed now for more than 10 years.[77]

In an attempt to replace the TM with lighter elements, Zhang
et al. reported fullerene (C60) as Mg host, which provided an ini-
tial capacity of ≈50 mAh g−1.[74] By using this highly conjugated
carbon framework, the redox potential could be increased to 1.5 V
versus Mg (see Figure 4c). This work demonstrated a possible im-
provement by using highly conjugated organic compounds. Note
that, Mg2+ diffusion in organic compounds also benefits from
their structural flexibility with large intramolecular spaces.[78] A
detailed evaluation of the organic cathodes for Mg2+ will be pre-
sented in Section 4.

2.2.2. Simultaneous Cationic and Anionic Redox

Another approach to enable multi-center redox but do not rely
solely on TM is to involve anionic redox in addition to the cationic

Adv. Energy Mater. 2023, 2300682 2300682 (6 of 29) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 4. a) Mg2+ insertion into Chevrel phase Mo6S8. Reproduced with permission.[71] Copyright 2017, American Chemical Society. b) Diffusion energy
profile of Mg2+ at outer site (charge transfer toward S) and inner site (charge allocation to Mo6 octahedron). Reproduced with permission.[72] Copyright
2017, American Chemical Society. c) Electrochemical performance of fullerene cathode for Mg. Reproduced with permission.[74] Copyright 2015, The
Royal Society of Chemistry.

redox. Ideally, both cationic and anionic redox take place at a sim-
ilar voltage, so that the extra charges could be allocated homoge-
neously on each redox center.[43] Simultaneous cationic and an-
ionic redox (SCAR) can therefore be triggered in transition metal
chalcogenide (TMC) compounds when valence orbitals of the TM
overlap with the chalcogenide orbitals in the energy diagram.[68]

The overlapping valence orbitals enable internal electron ex-
change, generating a delocalized electronic structure among the
lattice frame as shown in Figure 5a. Moreover, unlike the classi-
cal ionic compound with TMs, the SCAR-based TMC compounds
provide bondings with higher covalency.[42] In this way, the over-
all polarizability of the cathode structure is enhanced, resulting
in a weaker interaction environment for Mg2+ diffusion.

Compared to S, Se provides larger 4p orbitals with higher en-
ergy, allowing more overlap with the TM bands.[80] In fact, or-
bital mixing was first demonstrated with a layered TiSe2 cath-
ode for Mg batteries.[43] Galvanostatic cycling of the micron-sized
TiSe2 cathode displayed a capacity of ≈120 mAh g−1, which is

close to the theoretical value of 130 mAh g−1 based on Ti4+/Ti3+

redox, with only slight decay after 50 cycles (Figure 5b). A negli-
gible change of d-spacing from 6.01 to 6.07 Å after 0.5 Mg2+ in-
tercalation was revealed by ex situ XRD measurement, indicating
a weaker interaction between the shuttling ion and the cathode.
A similar Mg storage performance was further confirmed in a
VSe2 cathode,[42,43] indicating potential kinetic advantages of the
selenide compounds.

In order to reach a higher voltage and be more sustain-
able, efforts were made to extend this approach to TMSs.[81,82]

The SCAR chemistry is therefore conceptualized in a VS4 cath-
ode, where S is in a dimer form (S2

2−), which enables or-
bital mixing.[68] The cathode delivered a reversible capacity of
330 mAh g−1 (≈1.2 Mg2+) at 100 mA g−1 for 20 cycles in a
tetrakis(hexafluoroisopropyloxy)borate Mg[B(hfip)4]2-based elec-
trolyte (Figure 5c), despite a considerable decay in the long-term
cycling. Interestingly, DFT analysis suggested that the disulfide
groups, which bridge the adjacent V, not only participate in the
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Figure 5. a) Schematics show delocalized electronic cloud among transition metal–ligand compounds. b) Cycling of TiSe2 against Mg and the cor-
responding change of d-spacing upon Mg intercalation. Reproduced according to the terms of the CC BY license.[43] Copyright 2015, The Authors,
published by Springer Nature. c) Mg storage in VS4 (left) and the band structure of VS4 (right). Reproduced according to the terms of the CC BY
license.[68] Copyright 2020, The Authors, published by Wiley VCH. d) Electrochemical performance of MgyFexCo1−xS2. Reproduced with permission.[79]

Copyright 2020, American Chemical Society.

redox, but also actively support Mg2+ transport by flexible adjust-
ment of their position.[68] Other TMSs with disulfide groups such
as CoS2 and FeS2 were also investigated. While each individual
compound could only host limited amount of Mg2+, a cationic
doping gave rise to a considerable improvement of the capacity
as presented in Figure 5d.[79] With highly reversible cationic (Fe
and Co) and anionic (S) redox, the optimized Fe0.5Co0.5S2 cathode
delivered a stable capacity of 154 mAh g−1 after 100 cycles. Fur-
ther improvement in the capacity to 175 mAh g−1 was achieved in
an amorphous TiSx material, but only at an elevated temperature
of 60 °C.[83]

When shifting from selenide to sulfide, reversibility of the
SCAR chemistry seemed to be reduced. A mechanistic investiga-
tion of VS4 upon de-/magnesiation pointed out a parasitic con-
version reaction. This deteriorates the crystal structure and takes
place at a similar voltage as the insertion process.[84] As side prod-
ucts such as V0 and MgS forms, the Coulombic efficiency of the
system may be severely influenced. Therefore, it remains chal-
lenging for the SCAR-based compounds to involve anionic redox
with a small structural deformation, and this is also an uncharted
territory. On the other hand, the electrophilic disulfide groups
might raise concern of the cathode–electrolyte compatibility.[80]

As most of Cl-based Mg electrolyte are nucleophilic, a proper se-
lection of electrolyte could clarify the issue.

2.3. Screen the Double Charge of Mg2+: Cointercalation

Apart from the cathode structures, strategies aiming at screen-
ing the high charge density of Mg2+ were also developed. These
strategies focused mainly on the establishment of new interca-
lation chemistries, which involved an assisting agent that coin-
tercalates with Mg2+. Alternatively, attempts were also made by
functionalizing the diffusion tunnels of the host structures with
some of those shielding agent. In order to reduce the overall
charge density of the Mg-based intercalants, the assisting agent
can be either anions (such as Cl−),[22] which reduce the net
charge, or small molecules (e.g., H2O and DME)[85,86] that in-
crease the total volume of the cations.

2.3.1. Intercalation of MgCl+

Cl− ions greatly enhance the ion transport of various Mg elec-
trolyte by promoting their dissociation with the formation of elec-
trochemically active MgxCly

+ species.[87,88] Compared to Mg2+,
these MgxCly

+ species are monovalent cations with a larger size,
resulting in a much smaller charge density. Therefore, these
Mg–Cl multimeric clusters exhibit faster solid diffusion kinet-
ics, among which MgCl+ is thermodynamically most stable and
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Figure 6. a) Energy profiles for Mg2+ and MgCl+ diffusion in TiS2 with different interlayer spacing. b) Cycling performance of expanded TiS2 with MgCl+

intercalation. Reproduced according to the terms of the CC BY license.[22] Copyright 2017, The Authors, published by Springer Nature. c) A comparison
of electrolyte required with Mg2+ and MgCl+ storage. Reproduced with permission.[91] Copyright 2019, Elsevier.

smallest in size.[89] As reported, replacing Mg2+ with MgCl+ inter-
calation into an interlayer-expanded TiS2 (d= 10.9 Å) led to a dras-
tic reduction of diffusion barrier from 0.51 to 0.18 eV (Figure 6a),
corresponding to more than five orders of magnitude higher
diffusivity.[22] Notably, the MgCl+-based intercalation chemistry
also enhanced the interfacial reaction kinetics by circumvent-
ing the Mg–Cl dissociation, which is energetically unfavorable
(kinetic barrier > 3 eV).[90] With this synergetic effect, MgCl+

storage in a pillared TiS2 provided a capacity of 150 mAh g−1 at
240 mA g−1 for 500 cycles (Figure 6b).[22]

To accommodate the larger cations without severe steric effect,
an expanded structure seems to be a prequisite to enable Mg–Cl
cointercalation. Such a structure can be obtained either by crys-
tal engineering during material synthesis[92] or via in situ forma-
tion during initial cell cycling with pillar agent as additive in the
electrolyte.[61] The latter approach seems more practical and ad-
ditional synthetic steps for structural expansion can be avoided.
However, attention should be paid on the selection of the pil-
lars as electrolyte additives, as they should have minimal impact
on the equilibria in the Cl-based electrolyte.[14] Additionally, al-
though MgCl+ intercalation was reported in a VOPO4 cathode,[63]

applying the approach in high-voltage oxide materials remains
questionable. The corrosive nature of Cl− raises compatibility is-
sues with metal oxides.[17] Another limitation of the MgCl+ coin-
tercalation process is the consequence of low specific energy at
cell level. Particularly under lean electrolyte conditions, the spe-
cific energy of systems with MgCl+ storage might be reduced by
2/3 when compared to the Mg2+ storage (see Figure 6c).[91]

2.3.2. Intercalation of Solvated Mg2+

Solvent molecules with highly polarizing groups (such as O-
containing groups) coordinate strongly with Mg2+. With the in-

tercalation of solvated Mg2+, the solvation shell can effectively
shield the double charge of Mg2+ ions and thereby reduce their
electrostatic interactions with the host lattice. Water is the small-
est molecule that contains O. It was found that the electrochem-
ical performance of various oxide materials improves with the
H2O content in Mg electrolytes.[86,93] The capacity increase was
impressive as reported in MnO2, which provided a stable capac-
ity of >200 mAh g−1 at ≈2.6 V versus Mg in an electrolyte with
10 m H2O.[86] On the down side, water is stable only within a nar-
row electrochemical window of 1.23 V, making it challenging for
building Mg batteries with high cell voltage.[94] Beyond that, pro-
tons would be generated by the hydrolysis of water, which is also
a common side reaction in aqueous batteries that contributes to
the overall capacity. In extreme cases, proton shuttling might pre-
vail over Mg2+ intercalation even in dry electrolyte conditions.[95]

Therefore, a careful interpretation of the electrochemical perfor-
mance by combining elemental, redox, and structural analysis is
necessary.[96] A thorough understanding of the storage mecha-
nism would be beneficial for further developing strategies that
allow dominant hydrated Mg2+ intercalation by suppressing the
proton shuttling.

A more practical concern on the water-containing electrolyte
is their incompatibility with Mg metal anode.[97] This issue could
be alleviated by involving crystal water as pillar in the cath-
ode structure, for example, Mg0.3V2O5·1.1H2O.[98] However, due
to the strong interaction between Mg2+ and water molecules,
the stability of the hydrated structures and their compatibility
with metal anode upon repeated de-/magnesiation requires fur-
ther experimental validation. To reproduce the favorable behav-
ior of hydrated Mg2+, organic solvent molecules with similar
physicochemical features are promising. This strategy is pre-
viously impeded in the Cl-based electrolytes where close co-
ordination between Mg2+ and solvent was hindered by strong
Mg–Cl interaction.[14] The development of Cl-free simple-salt Mg
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Figure 7. a) Schematics of [Mg(DME)3]2+ intercalation into an expanded MoS2 structure. Reproduced with permission.[20,85] Copyright 2018, The
Authors. b) Some typical methoxyethylamines. c) A scheme shows the effect of solvation structure on Mg intercalation. d) Voltage profiles of
Mg–Mg0.15MnO2 cell with and without methoxyethylamine additive. Reproduced with permission.[20,85] Copyright 2021, The Authors, published by
AAAS.

electrolytes paved the way for the intercalation of solvated Mg2+

ion, which is readily available in the electrolyte.[99] Initial ef-
fort was made in graphite with a flexible molecular layers.[100]

Thermodynamically, Mg2+ dose not intercalate into graphite, but
forms a trinary compound with glyme-based solvent in graphite.
Although the cointercalation process was both thermodynami-
cally and kinetically favorable, the large size of the solvated ions
led to significant expansion of the host structure, leading to amor-
phization of the graphite layers.[100]

Similar to graphite, 2D TMS also has a flexible layered struc-
ture. Intercalation of Mg(DME)3

2+ into an expanded MoS2 struc-
ture was demonstrated in a Mg[B(hfip)4]2/DME electrolyte
(Figure 7a).[85] Multimodal characterizations by means of 4D-
STEM and XPS confirmed the de-/intercalation of Mg2+ together
with DME, accompanied by a phase transition from thermo-
dynamic stable 2H-MoS2 to metallic 1T-MoS2, with enhanced
charge transfer. Furthermore, the phase transition with certain
structural distortion was found beneficial for hosting solvated
Mg2+, resulting in a capacity of 120 mAh g−1 for 100 cycles.[85]

Inspiringly, further applying this strategy in high-voltage ox-
ides was recently reported.[20] The success of solvated Mg2+ in-
tercalation into a layered Mg0.15MnO2 was enabled by a proper
design of the solvation structure in the electrolyte. It was discov-

ered that methoxyethyl-amines (Figure 7b) with tailored chain
length provided a less compact coordination to Mg2+ with het-
erogeneous donor atoms. The flexible solvation structure allowed
adjustable configuration with a low reorganization energy for in-
tercalation into the layered oxide (see Figure 7c). By coupling with
a Mg anode, the cell delivered a high capacity of 190 mAh g−1 with
cell voltage of 2.4 V (Figure 7d), amounting to an energy den-
sity of 412 Wh kg−1.[20] The promising result highlighted another
merit of the cointercalation strategy, to push the thermodynamic
limit by establishing ternary intercalation chemistries based on
Mg.

3. Promoting Charge Transfer at
Cathode–Electrolyte Interfaces

As mentioned before, cointercalation strategies also address
interfacial issues related to dissociation (in the Cl-based elec-
trolyte) and desolvation (in the Cl-free electrolyte) of Mg-based
cations.[22,85] According to DFT calculation, the energy barrier for
breaking the Mg–Cl bonds can be twice higher than that for Mg2+

diffusion within layered TiS2.[22] Similarly, desolvation energies
for Mg2+ are also more than twice as for Li+ in various organic
solvents.[101] These results indicate that interfacial charge trans-
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Figure 8. a) Schematics showing Mg intercalation into the Chevrel phase Mo6S8 in a Cl-based electrolyte. Reproduced with permission.[90] Copyright
2015, American Chemical Society. b) STEM-EDS of a K-contained 𝛼-MnO2 after magnesiation. Reproduced with permission.[33] Copyright 2014, American
Chemical Society.

fer in Mg batteries might be a rate-determining step rather than
solid diffusion. While the interfacial issue is well-recognized for
Mg anode, the cathode interfaces with more complex processes
is still an emerging field that deserves more attention.[17,102]

3.1. Cathode Interfacial Phenomena in Mg Batteries

With such a high dissociation energy, the first question came
to mind is why the Chevrel phase Mo6S8 exhibits an excellent
cycling stability in the APC electrolyte.[7] Therefore, a detailed
study was conducted on the interfacial processes and interca-
lation mechanisms of the Mo6S8 upon magnesiation.[90] It was
learnt that the (100) surface of Mo6S8 serves as a catalyst for
promoting the dissociation of the MgxCly species (Figure 8a).
The surface exposed Mo atoms could reduce the activation en-
ergy sharply from 3 to 0.2 eV, by interacting with Cl atom in the
MgxCly clusters.[90] Considering the critical role of Cl− in the plat-
ing/stripping of Mg anode, the outstanding Mg storage perfor-
mance of Chevrel phase Mo6S8 seemed to rely on the Cl-based
electrolyte.[17,103]

However, it does not necessarily mean the insertion of
Mg2+ in the Mo6S8 cathode from a Cl-free electrolyte is
impossible.[104] This argument was experimentally validated with
the Mg[B(hfip)4]2/DME electrolyte, in which the Chevrel phase
Mo6S8 cathode delivered a stable capacity of 65 mAh g−1 at
50 mA g−1 for more than 600 cycles.[105] In fact, the dissocia-
tion of Mg compounds in the Cl-free electrolyte with weakly co-
ordinating anions (WCAs) is supported by the ethereal solvent

molecules, which have weaker coordinating strength than Cl−.[14]

In general, desolvation process in the Cl-free electrolyte to break
the Mg–O (solvent) bond should be energetically more favorable
than Mg–Cl dissociation in the Cl-based electrolyte. Nevertheless,
a thorough understanding of the magnesiation processes as well
as interfacial processes in the Cl-free electrolyte is still pending,
which would allow a direct comparison with those in the Cl-based
electrolyte.

Another advantage of the Chevrel phase Mo6S8 associated with
its superior ionic conductivity is that it allows bulk diffusion
even in micron-sized particles at room temperature.[106] Unfor-
tunately, this is an exceptional case among the discovered cath-
ode materials for Mg batteries. In most cathode hosts, the slug-
gish diffusivity of Mg2+ limits its penetration depth into the cath-
ode bulk, forming a core–shell structure in large particles. Due
to relative high Mg2+ content in the surface region, undesired in-
terfacial processes could take place. An amorphous layer was re-
ported on the surface of 𝛼-MnO2 cathode (see Figure 8b), consist-
ing mainly the conversion products.[33] A similar layer was found
on olivine FePO4, where Mg2+ insertion led to strong structural
distortion, and thereby surface amorphization.[47] In both cases,
the amorphous layer, even with a thickness of few nanometers,
could already prevent further electrochemical reactions into the
depth, resulting in a low capacity.

Due to the limited penetration depth of Mg2+, size effect is
prominent in most of the cathode materials, even in sulfide cath-
odes with moderate voltage.[107] To fully extract the electrochem-
ical performance and to reach a more homogeneous magnesia-
tion state, reducing particle size is a feasible approach.[108] At the
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expense of volumetric density, this strategy promotes the discov-
ery and the development of new compounds for Mg storage.[109]

While such strategies allow a better evaluation of the Mg hosts,
attention should be paid on more severe side reactions due to
larger surface area. In the form of nanoparticles, materials gen-
erally have higher (electro-)chemical reactivities, also to other cell
components that supposed to be inert.[110] As the side reactions
could contribute to the measured capacity, careful evaluation is
required for these materials and their possible interphases. To
the best of our knowledge, studies of cathode–electrolyte inter-
phases remain largely unexplored in Mg batteries.[111]

3.2. Enhancing the Cathode–Electrolyte Compatibility

To enable a reversible cathode chemistry in Mg batteries, a proper
electrolyte selection is crucial. The choice of electrolyte should
also consider the compatibility with Mg metal anode, which en-
ables high-energy full-cells. However, metallic Mg readily forms
surface passivating film consisting MgO and Mg(OH)2 etc. even
after fresh polishing under protective atmosphere. To get rid of
the native passivating layer, aggressive electrolytes mostly con-
taining Cl-based Lewis acidic moieties were applied, serving as
scavengers.[17] The scavengers that are capable of removing the
oxide layer should in principle also react with other oxide materi-
als, for example, oxide cathodes.[16] In fact, their nucleophilic na-
ture further limits their chemical compatibility with electrophilic
electrodes that contain S–S bonds or redox-active organics, which
are widely investigated in the community.

To this end, the development of new electrolyte with enhanced
electrochemical stability as well as chemical stability is highly de-
manded, among which non-nucleophilic Mg compounds that do
not contain Cl components attracted most attention. In search
for suitable anions, Mg(BH4)2 was first reported, however with
limited anodic stability of ≈2 V versus Mg.[112] As Mg2+ is highly
polarizing, bulky anions with monocharge were proposed that
weaken the interaction with Mg2+ via delocalized electrons. Fur-
ther taking into account the oxidative stability led to the design of
carborane anions[104] and fluorinated alkoxyborates,[99] both pro-
vided electrochemical windows up to 4 V versus Mg, and exhibit
excellent Mg plating/stripping efficiency. Simple-salt Mg com-
pounds with WCAs represent a new research direction toward
more practical Mg electrolytes that can be benchmarked for the
evaluation of high-voltage cathode materials.

In addition to anions, the solvent choice is another decisive
factor when it comes to cathode–electrolyte compatibility. It does
not seem to be a major concern in LIBs, due to the use of carbon-
ate solvent which is stable at high voltages. However, solvents
that have been experimentally validated to support reversible Mg
plating/stripping are only ethers, whose oxidative stability is only
up to ≈3.5 V versus Mg as free molecules.[17] Indeed, the elec-
trochemical window of ether-based electrolyte can be extended
either kinetically or via coordinating with Mg2+. Even though,
these intrinsic properties of ethereal solvent would raise concerns
on the stability during long-term cycling, which becomes even
critical in more practical lean-electrolyte conditions. Screening
more suitable solvent for Mg batteries is challenging as a lot of
crossover issues have to be addressed in parallel. However, recent

findings with cosolvents for Mg batteries may serve as a guideline
for further discovery of solvent beyond ethereals.[20]

To enhance the cathode–electrolyte compatibility, efforts were
also made to introduce protective layer on the cathode materi-
als that separate the cathode chemistry from the electrolyte.[113]

A successful development of the strategy allows the use of elec-
trolytes that are otherwise incompatible with the cathode mate-
rials. The protective layer can be formed in situ by partial elec-
trolyte decomposition during battery cycling, typically known as
cathode electrolyte interphase (CEI) in LIBs. As such interphases
developed in Mg electrolytes have been found mostly passivat-
ing to Mg2+, identifying suitable CEI components for Mg cath-
odes is challenging. Thus, designing well-functioning CEI layers
through optimization of electrolyte formulation is still a small,
but emerging field and may yield fast interfacial transport to sup-
port subsequent bulk diffusion in the cathode.[114]

Alternatively, a protective layer could also be developed artifi-
cially by coating onto the particles of cathode materials. An ideal
cathode coating should be chemically inert to the electrolyte, but
also conduct Mg2+ and be electrochemically stable at the oper-
ating voltage window. Concerning the sluggish solid diffusion
of Mg2+, applying combinatory kinetic strategies to coating ma-
terials with high (electro-)chemical stability may be more fea-
sible. Such strategies include controlling the thickness of the
coating, building a porous coating layer, or introducing vacan-
cies that allow Mg hopping.[115] As predicted by DFT calcula-
tions, MgF2, Mg(PO3)2, and MgP4O11 could be promising can-
didates for protecting high-voltage cathode materials from elec-
trolyte degradation.[113]

3.3. Optimizing the Solvation Structure of Mg-Ions

While cointercalation strategy circumvents the desolva-
tion/dissociation processes at interfaces, another approach
to tackle the interfacial issue is optimizing the solvation struc-
ture of Mg in the electrolyte to lower the energy barrier for
desolvation. In view of the solvation environment in an elec-
trolyte solution based on a single Mg compound, anions and
solvents are competing in coordinating with Mg2+ (Figure 9a).[14]

Therefore, a trade-off has to be made between easier desolvation
and adequate dissociation with the main anions, which guar-
antees sufficient ion transport in the electrolyte. Achieving this
goal requires optimization of the electrolyte formulation, for
example, by a proper design of the main anions, a fine selection
the solvent, or the introduction of additives. Investigations on
the solvation structure of Mg2+ that have been carried out so far
are mostly targeting at more reversible anode reactions.[20,116,117]

However, if successfully developed, these strategies could also
promote interfacial processes at cathode, as the desolvation of
Mg2+ is important for cathode chemistry as well.

The solvent effect on the intercalation of Mg2+ was inves-
tigated with a thin-film V2O5 electrode in a Mg(ClO4)2-based
electrolyte.[40] It was found that acetonitrile (ACN) has a low sol-
vation energy, enabling reversible Mg2+ intercalation into the
V2O5 cathode from the Mg(ClO4)2/ACN electrolyte (Figure 9b).
However, the charge transfer across the cathode interface was im-
peded by the presence of DME even in a small amount, which al-
ready led to the formation of more stable Mg(DME)3

2+ ions with
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Figure 9. a) Solvent and anions are competing in coordinating to Mg2+. Reproduced with permission.[14] Copyright 2020, Elsevier. b) Change of the
solvation structure in the Mg(ClO4)2/ACN electrolyte with the addition of DME. Reproduced with permission.[40] Copyright 2018, Wiley.

much higher desolvation barrier. This result could explain why
various cathode materials exhibited promising electrochemical
performance in the ACN-based electrolyte, but failed to be trans-
ferred to full-cell configurations against Mg metal anode with a
DME-based electrolyte.[118]

From practical perspective, ethers are the only type of solvent
discovered so far that enables reversible Mg plating/stripping.
Although a direct comparison of Mg2+ insertion from different
glyme-based electrolytes is still pending, investigation of the des-
olvation pathways at Mg anode may provide guidelines for a sim-
ilar process at cathode interface. Therefore, a recent study high-
lighted desolvation as a limiting step for Mg deposition in Cl-free
electrolytes.[117] To break the compact solvation structure, the ini-
tial desolvation of Mg2+ in Mg[B(hfip)4]2/glyme electrolytes to
free the first coordination site was found the most energy in-
tensive process. Tackling this issue, cosolvents that have strong
chelating groups but form more flexible solvation sheath with
DME were proposed (see Figure 7c), exhibiting excellent interfa-
cial charge transfer properties at both cathodes and anodes.[20,119]

In addition to solvents, electrolyte additives could also regulate
the solvation structure by providing auxiliary anions. A fine tun-
ing can be achieved by balancing out the relative association
strengths between the main anions and the auxiliary anions that
generate cooperative effect for fast cathode reactions.[116] Overall,
further efforts in this research direction can be devoted to the de-
velopment of novel electrolyte and the discovery of co-/solvent or
electrolyte additives for Mg batteries.

4. Systems That Circumvent Ion Diffusion in Ionic
Crystals

As the diffusivity of Mg2+ in solids is rather limited, strate-
gies that bypass its de-/insertion processes in rigid crystal struc-
tures at the cathode, yet still allowing the implementation of a
metallic Mg anode, could be a game changer. Bulk diffusion of
the divalent charge carriers can be circumvented by triggering
heterogeneous redox reactions at the cathode–electrolyte inter-
faces, including mainly the Mg–S (Se) chemistry,[120] but also
the emerging enolization reaction in small molecular organic
compounds.[9] Therefore, their Mg storage performance heavily
depends on the use of a conductive matrix, wherein the active
material is homogeneously loaded. As charge transfer is mostly
attributed to interfacial reactions, fast redox kinetics can be guar-
anteed. A major challenge of the cathode with heterogeneous
reactions is the formation of soluble intermediates, which leak

into the electrolyte, limiting the reversibility of the cell. Targeting
this issue, redox active polymers were developed, exhibiting fast-
charging capability in Mg batteries.[121] The coordinating poly-
mers allow fast Mg storage by offering molecular chains with
weak intramolecular forces, which enables easy access of Mg2+

from the electrolyte. The ionic mobility can be further enhanced
by the segmental motion of the flexible chain-like structures,
which is energetically favorable for both intermolecular and in-
tramolecular hopping.[78] Besides, approaches were also estab-
lished by completely getting rid of Mg2+ storage at the cathode
side. Typical examples are hybrid or dual-ion systems that incor-
porate the shuttling of monovalent ions at cathode side and the
redox of Mg at anode, both of which have fast redox kinetics.[122]

4.1. Heterogeneous Redox Systems: Sulfur, Selenium, and Iodine
Cathodes

Enabling liquid phase redox reactions is an obvious approach to
circumvent the diffusion restrictions of divalent ions in solids.
Despite providing this advantage, these soluble active species
face the challenge of migration from the cathode matrix and re-
distribution in agglomerates. The mechanisms and approaches
to overcome these issues are pointed out in the following.

4.1.1. Sulfur Redox System

Conversion-type materials and compounds, which do not (solely)
rely on ion diffusion within the crystal lattice, are suitable al-
ternatives to intercalation cathodes—with sulfur being the most
popular representative due to its high capacity and abundance.
However, its low electric conductivity of 10−28 S m−1 requires a
conductive host, wherein sulfur agglomerates with large thick-
ness have to be avoided to enable fast sulfur redox reactions
(Figure 10).

The most popular host materials are carbons, which com-
bine high electric conductivity with high surface area. Thus,
in recent years, many different carbon-based materials like
amorphous mesoporous carbon (AMC),[124] Ketjenblack,[125]

activated carbon cloth (ACC),[123,126–128] CMK3,[129,130]

rGO,[131] N-doped graphene,[132] CNT,[124] MWCNT,[133] and
MWCNT + graphene[134] were utilized in Mg–S batteries. To
achieve a uniform sulfur distribution therein, different ap-
proaches like mechanical intrusion, liquid impregnation, melt,

Adv. Energy Mater. 2023, 2300682 2300682 (13 of 29) © 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

 16146840, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202300682 by K
arlsruher Inst F. T

echnologie, W
iley O

nline L
ibrary on [29/06/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advenergymat.de

Figure 10. a–d) Schematic reduction mechanism of a sulfur/carbon composite cathode (exemplarily ACC/S) with the different kinetic processes occur-
ring during the three stages of discharge. e) CV of Mg–S cells at different scan rates and f) the corresponding kinetic fitting of the peak current (i = avb,
with i: peak current density, v: scan rate). Reproduced with permission.[123] Copyright 2017, Wiley.

Figure 11. a) AIMD-calculated diffusion coefficient for Mg2+ in MgSx (x= 1–4 and 8) at 600 K. Reproduced with permission.[123] Copyright 2017, Wiley. b)
The three different crystal structures of MgS with the cubic rocksalt structure being the thermodynamically most stable. Reproduced with permission.[138]

Copyright 2017, International Union of Crystallography. c) AIMD-calculated migration barrier for Mg2+ ions along the migration paths in MgS (943 meV).
Reproduced with permission.[139] Copyright 2019, American Chemical Society.

or vapor infiltration were applied in the past decade. However,
due to the solubility of sulfur and especially polysulfides, redis-
tribution of sulfur species during cycling may occur, resulting
in large agglomerates, blocking of conductive surfaces, and an
active material gradient toward the current collector.[135,136]

Besides the slow migration of electrons, the solid-state diffu-
sion of Mg2+ within carbon, sulfur, and magnesium sulfide is
also sluggish (Figure 11a). Consequently, the kinetic characteris-

tics along discharge differ due to the reaction in liquid and solid
phase and the changing environment within the cathode. While
in Stage I/II both, surface and bulk magnesiation occurs to result
in mixed kinetics, Stage III only involves bulk magnesiation with
diffusion-controlled kinetics (Figure 10d–f). While the diffusivity
in amorphous MgS2 is still sufficient, it significantly drops, when
crystalline MgS is formed—either in hexagonal wurtzite struc-
ture (hcp)[133] or cubic structures (fcc) like zinc-blende[134,137] and
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Figure 12. a) Voltage profile of a Mg–S cell with Mg-reference electrode during (i) first and (ii) second discharge–charge cycle. The dotted line reflects
the quasi reversible potential during GITT measurement. Reproduced with permission.[144] Copyright 2021, Wiley. b) Discharge and GITT curves with
different S/C ratios. Reproduced with permission.[123] Copyright 2017, Wiley. c) Discharge (C/20) and GITT curves at different temperatures. Reproduced
with permission.[125] Copyright 2020, Elsevier.

rock-salt.[138] While wurtzite and zinc blende exhibit tetrahedral
coordination of Mg2+ cations, the rocksalt structure represents
the thermodynamically most stable and dense structure with
Mg2+ octahedrally coordinated by S2−, which results in hampered
reoxidation and Mg2+ diffusion, respectively (Figure 11b). This is
in line with the calculated high migration barrier for Mg2+ ions in
Mg-chalcogenides (Figure 11c), that correlates with the bandgap
(migration barrier/bandgap in eV): MgO (1.851/6.02) > MgSe
(0.95/3.00) > MgS (0.943/2.94) > MgTe (0.939/2.79).[139] De-
spite the ab initio predictions of wurtzite and zinc blende ex-
hibiting 3.4 and 12.2 meV/atom higher formation energy than
the rock-salt lattice, both structures are found at the end of
discharge,[133,134,137] which might be beneficial in subsequent re-
oxidation.

The slow solid-state diffusion becomes even more crucial
as the solubility of MgSx species in non-polar solvents like
THF or glymes is two orders of magnitudes lower (<50 mm)
compared to their lithium counterparts.[140–142] Thus, the sul-
fur utilization and capacity gain in Mg–S cells is low and the
redox reactions—especially the liquid–solid conversion during
discharge and the subsequent solid–liquid conversion during
charge—exhibit slow kinetics and provoke large overpotentials
(Figure 12a,b). Due to the ionic diffusion being a thermally acti-
vated process[22,143] and the polysulfide solubility being enhanced
with temperature, the average discharge potential is significantly
increased at higher temperature[125] (Figure 12c). Therefore, in
contrast to publications solely blaming the Mg anode for the cell

overpotential,[141] the cathode also contributes to overpotentials
in significant manner.[144] Indeed, the Mg deposition is dominat-
ing the charge overpotential, yet it remains constant[141] or is even
declining[128]—at least with Li electrolyte additives (Figure 13).
The discharge overpotential, however, is governed by the sulfur
reduction, especially in the final stage (Figure 13b) due to above-
mentioned reasons. With the redistribution and agglomerates in
mind, an increase of these overpotentials with cycle number is
likely.

4.1.2. Selenium and Se–S Mixtures

Selenium is another conversion material under research due to
its higher electric conductivity compared to sulfur (1 × 10−3 vs
5 × 10−28 S m−1) at similar volumetric capacity (3265 vs
3459 mAh cm−3).[145] However, there are also drawbacks like
the lower cell voltage and lower gravimetric capacity (680 vs
1675 mAh g−1) as well as its toxicity and higher raw material cost.

The redox processes in a Mg–Se cell follow a similar pathway
compared to their sulfur analogues,[146] also forming soluble
intermediates, that is, polyselenides (MgSen, n ≥ 4), while a
higher utilization of active material is achieved due to the higher
electrical conductivity. Due to latter, the Se/CMK3 cathode offers
a lower voltage hysteresis and better rate capability compared
to a S/CMK3 cathode—however at a lower discharge voltage
(note the elevated temperature of 50 °C in this study).[145] A
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Figure 13. Investigation of the overpotential evolution in three-electrode Mg–S cells. a) First cycle and b) ongoing cycling with 0.2 m MgHMDS + 0.5 m
LiTFSI electrolyte. Reproduced with permission.[128] Copyright 2015, American Chemical Society. c) First cycle and d) Mg-anode potential in the ongoing
cycles with 1 m MgTFSI + MgCl2 in DME electrolyte. Reproduced with permission.[141] Copyright 2017, Wiley.

compromise in terms of capacity and conductivity is offered
by SeSx compounds (x = 1–3)—with SeS2 featuring the best
electrochemical performance, that is, a small hysteresis and
impressive capacity retention at 1C. However, its performance at
room temperature is rather poor, indicating that the thermally
activated Mg2+ diffusion still represents the bottle neck. Again,
the most probable origin is the reduction and reoxidation of
the crystalline product, with SeS2 exhibiting the smallest over-
potentials compared to Se and S in CV measurements. Thus,
even cathodes with high SeS2 loadings of 8 mg cm−2 show a fair
capacity of 700 mAh g−1 at 0.2C (5.6 mA cm−2).

4.1.3. Other Strategies to Enhance S/Se Redox Reactions

There are indeed approaches in Mg–S/Mg–Se research to tackle
the slow cathode kinetics in the final reduction process applying
either 1) polar solvents to enhance the poly-sulfide/selenide solu-
bility, 2) redox mediators with catalytic effect, or 3) copper current
collectors and additives contributing to the capacity gain.

The application of polar solvents with high donor number
is beneficial for Mg-conversion cathodes as the solubility of
polysulfides can be greatly enhanced utilizing more sulfur ac-
tive material. Additionally, the S3

•− radical would be stabilized
in solution[142] enabling faster kinetics to the final product
(Figure 14). A promising performance in terms of overpotentials,
capacity gain, and cycling stability was recently reported apply-
ing DMSO[144]—however with a special anode-protected cell as
polar solvents passivate bare Mg metal in direct contact. Despite
reports on the development of protective layers (so called artifi-
cial SEI) of the Mg surface, which enable the use of carbonates
as solvent,[147] there is no study which could proof a long-term
cycling of Mg batteries with polar solvents like DMSO or DMF.
Nevertheless, this research direction holds great promise to fun-
damentally alter the redox mechanism and the kinetics therein.

Another option is the application of redox mediators—
either by host functionalization via heteroatom doping (N-doped
carbon,[134] N-doped graphene,[132] and N and Co co-doped ZIF-
C[148]) or by adding functional nanoparticles to the cathode (car-
bon black and TiN,[140] Co,[149,150] and VN[150]) and separator inter-
layer (TiS2,[151] CNF,[152] rGO,[148] and Mo6S8

[153]). However, the
beneficial effect is rather small and vanishes with cycling,[140] due
to abovementioned reorganization of sulfur species and blocking
of reaction sites.

In recent years, the use of copper in Mg–S and Mg–Se cells
has attracted attention—either as Cu current collectors,[154–157]

Cu nanoparticles,[158,159] or Cu foam interlayer.[145] Recently, also
Ni foam has been applied as current collector.[157] In all studies,
the in situ formation of sulfides and selenides (Cu2S/CuS, CuSe,
or NiS) during cycling contributes to the capacity gain in the
initial cycles. In subsequent cycles, the sulfides provide prefer-
able adsorption sites for sulfur species, which mitigates their dif-
fusion in the electrolyte. Furthermore, the use of nucleophilic
electrolytes is enabled. Beside the chemical confinement of poly-
sulfides, copper sulfides and selenides are also applied as sole
active material CuS,[143,160–164] Cu3S2,[165] Cu9S5,[166] CuSe,[167]

Cu2−xSe,[168] Cu–Se@MC,[169] or CuS1−xSex.[170] Therein, it
is reported that the mechanism does not follow a classical
conversion, but a displacement reaction between Mg2+ and
Cu2+.[161,162,168]

Applying additives, which function as both, redox mediator
and active material might be indeed a promising approach to en-
hance the capacity gain and cycling stability. However, attention
has to be paid to the attainable energy density as copper com-
pounds, especially in case of macroscopic foam, introduces the
cell weight and volume, at increased costs. Similar to cathodes
with low sulfur loading, seemingly good results might be mis-
leading and the concept might not hold considering realistic cell
setups.[158]
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Figure 14. Influence of the electrolyte solvent on the polysulfide solubility. a) UV–vis spectra of polysulfide solutions, b) discharge–charge cycle, and c)
capacity retention of Mg–S cells applying non-polar (DME) and polar solvents (DMF and DMSO). Reproduced with permission.[144] Copyright 2021,
Wiley.

Despite abovementioned approaches like uniform distribution
of nanoparticles within a cathode host to shorten the diffusion
path, polar solvents to stabilize crucial soluble intermediates or
the introduction of redox mediators like cathode additives, cur-
rent collectors, or separator interlayers to enhance the redox ki-
netics, the dissolution and diffusion of active material out of
pores or even the cathode will lead to redistribution and par-
tially inactive agglomerates. This emphasizes the intrinsic limita-
tion of solid–liquid conversion materials (e.g., S, Se, and SeS2)—
namely the slow diffusion of Mg2+—to finally become fatal for
the cell performance.

4.1.4. Iodine Redox System

Similar as sulfur, iodine redox also undergoes a liquid–solid re-
action pathway. In the presence of Mg2+, I2 is initially reduced to
I3

2− with the formation of an intermediate compound Mg(I3)2,
which is highly soluble in ether-based electrolytes. However, its
final discharge product MgI2 is insoluble.[171] Compared with
Mg–S batteries, Mg–I2 batteries provide a higher voltage of 2.1 V
and a lower capacity of 211 mAh g−1, resulting in an energy
density of >400 Wh kg−1.[172] In addition to the cell voltage, an-
other advantage of Mg–I2 chemistry over Mg–S redox is the bet-
ter compatibility with Mg metal anode. The presence of soluble
iodide intermediates in the electrolyte allows reversible Mg plat-
ing/stripping rather than anode passivation, which is the case for
Mg–S system. In fact, I2 was applied as an electrolyte additive that

rendered extended cycle life in Mg–S batteries.[173] Overall, the
Mg–I2 chemistry offers favorable electrochemical kinetics. How-
ever, the formation of soluble intermediates leads to redistribu-
tion and agglomeration of the active species, which is detrimen-
tal for cycling stability as I2 and iodides have low electronic con-
ductivity. Furthermore, its dependence on the electrolyte amount
needs further optimization strategies to control the soluble inter-
mediate species.

4.2. Polymer Cathode with Flexible Molecular Structure

The abovementioned approaches rely on dissolution of in-
termediates and at least partial liquid phase conversion. To
avoid the dissolution, active material redistribution, and poly-
sulfide/selenide shuttle, a quasi-solid-state mechanism is pro-
posed in Li–S batteries, which relies on the physical confine-
ment in micropores and the formation of a CEI layer via elec-
trolyte decomposition—commonly carbonates. As this approach
is based on the solid-state diffusion of cations through the CEI or
the carbon host, its utilization in Mg systems is precluded due to
the insufficient solid-state diffusion. However, a solid–solid con-
version is indeed achieved with covalently bound redox centers
and redox-active polymers.

4.2.1. Covalently Bound S and Se

A popular approach to realize solid phase conversion in
lithium batteries is the application of covalently bound
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Figure 15. a) Galvanostatic cycling of a Mg–PDTDA cell. b) Proposed redox process for DMcT, Reproduced with permission.[174] Copyright 2007, Elsevier.
c) CV of a Mg–SPAN cell applying 0.8 m Mg[B(hfip)4]2 in G2/G4 electrolyte with potential versus Mg–CE and Mg–RE and d) the proposed reduction and
oxidation pathway therein. c) Reproduced with permission.[175] Copyright 2020, Elsevier. d) Reproduced according to the terms of the CC BY license.[178]

Copyright 2020, The Authors, published by Wiley VCH.

sulfur in molecules or to a polymer backbone. To date,
2,5-dimercapto-1,3,4-thiadiazole (DMcT),[174] poly-2,20-
dithiodianiline (PDTDA),[174] sulfurized poly(acrylonitrile)
(SPAN),[156,174–179] and selenized poly(acrylonitrile) (SePAN)[180]

have been investigated as potential cathode material in Mg–S
and Mg–Se cells, respectively.

The redox pathway differs according to the applied polymer—
exemplary proposed redox processes are illustrated in
Figure 15 for DMcT and SPAN with a stepwise reduction
and oxidation of the S-chain covalently bound to the polymer
backbone. This concept requires sufficient wetting of the active
material with electrolyte to avoid a kinetic limitation due to
solid state diffusion of Mg2+ ions. However, as depicted in
Figure 15c, the solid conversion to the final product MgS is
accompanied with large overpotentials. For this reason, hybrid
electrolytes were applied in recent years to take advantage of
the fast monovalent-ion diffusion to function as mediator and
enhance the cathode kinetics (see Section 4.3.2).[176–180]

Note that despite such cathode concept, partially polysulfides
are generated—as the anode shows some sulfur residues at its
surface in post-mortem analysis.[175] Despite being beneficial for
the kinetics, this results in active material loss and possible an-
ode passivation. As the cycling stability nevertheless is greatly en-
hanced, this might also stem from elemental sulfur residues after
active material synthesis.

4.2.2. Redox-Active Polymers/Organic Cathodes

Compared to the rigid and dense crystal structures of inorganic
materials, organic compounds bounnded by weak intermolec-
ular forces generally have loosely packed structures, providing

energetically more favorable ionic pathways.[181] Particularly, the
conjugated molecular structures allow easy charge delocalization
that boosts the kinetics of the redox reactions enabling divalent
Mg-ion storage at a higher current rate. Moreover, the merits of
resource abundance and structural tunability add up to sustain-
ability and electrochemical tailorability.

Organic materials have increasingly attracted attention as fea-
sible cathode candidates for high-energy and high-power Mg
batteries.[182,183] Quinone-based materials have been intensively
studied. They are n-type compounds in which the carbonyl
groups as the redox center undergo a reversible enolization
reaction, offering a discharge voltage of >1.5 V versus Mg.
Dimethoxybenzoquinone (DMBQ) was the first organic cath-
ode probed in Mg battery systems using different electrolytes.
By coupling with the electrolytes including Mg(ClO4)2 in 𝛾-
butyrolactone,[184] Mg(BF4)2 in EC/PC, Mg(ClO4)2 in PC, and
Mg(TFSI)2 in diglyme,[185] DMBQ cathode exhibited poor elec-
trochemical performance in terms of low discharge voltage,
large charge over-potential, and low reversibility mainly due to
the unsatisfactory properties of the electrolytes. In contrast, the
Mg cells with DMBQ cathode showed a flat voltage plateau at
2.0 V with an initial discharge of 226 mAh g−1 in the electrolyte
Mg(TFSI)2–MgCl2 in DME.[185] However, rapid capacity fade was
observed and a reversible capacity of 74 mAh g−1 was obtained
after 30 cycles due to the high solubility of DMBQ and the ineffi-
ciency of the recharge.

The dissolution of organic molecules into the electrolyte
is one of the general shortcomings of this type of electrode
materials. Fortunately, it can be effectively circumvented by
use of insoluble polymers. In addition, an appropriate se-
lection of electrolyte generally represents a key for enabling
reversible Mg batteries and plays a vital role in achieving high
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Figure 16. a) Enolation redox reaction equation of 14PAQ. b) Galvanostatic discharge–charge curves and c) cycling performance of Mg–14PAQ cells
with Mg(HMDS)2–MgCl2 electrolytes. Reproduced with permission.[187] Copyright 2016, Wiley. d) Discharge–charge profiles Mg–14PAQ cells with
Mg[B(hfip)4]2 electrolytes in tetraglyme (G4). e) Ragone plots showing the performance of 14PAQ cathodes with different Mg electrolytes. f) Cycling
performance of Mg–14PAQ cells in Mg[B(hfip)4]2 electrolytes in DME (G1) and tetraglyme (G4). Reproduced according to the terms of the CC BY
license.[188] Copyright 2021, The Authors, published by Wiley VCH.

performance. A comparative study of poly(anthraquinonyl
sulfide)-based cathodes with various electrolyte systems revealed
that Mg(TFSI)2–MgCl2 electrolyte enabled better electrochemi-
cal performance (a reversible capacity of about 50 mAh g−1 after
100 cycles) compared to the systems with Mg(HMDS)2–AlCl3 or
MgCl2–AlCl3 electrolytes.[121]

Poly-1,4-anthraquinone (P14AQ) has also been considered as a
promising organic cathode for Mg batteries because it combines

the features of a low LUMO energy level correlated to a high re-
duction potential and relatively high capacity based on the two-
electron enolation reaction (Figure 16a).[186] The Mg–P14AQ sys-
tem displays a discharge voltage of 1.6 V in Mg(HMDS)2–MgCl2
(HMDS: hexamethyldisilyzide) electrolyte and a long-cycling-life
of 1000 cycles with 90% of capacity retention at a rate of 1C
(Figure 16b,c).[187] While these chloro-complex-based systems
have been the most employed electrolytes in Mg battery research
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due to their electrochemical stability and ease of preparation, it
has been revealed that the charge storage mechanism with the
Cl-containing electrolytes involves MgCl+ shuttling instead of di-
valent Mg2+ ions as charge carriers, which leads to a reduced en-
ergy density at cell level.[91]

In the past, substantial research efforts have been
devoted to rational design of stable and efficient Mg
electrolytes.[14] In particular, Cl-free non-corrosive magnesium
tetrakis(hexafluoroisopropyloxy) borate (Mg[B(hfip)4]2)-based
electrolytes possessing high oxidative stability (>4 V) and high
ionic conductivity (≈11 mS cm−1) provide new prospects for
the realization of high-performance Mg batteries.[99,189] By
employing the Mg[B(hfip)4]2/tetraglyme (MBR/G4) electrolytes,
the P14AQ composite-based cathodes (denoted as 14PAQ@KB)
exhibited superior electrochemical performance in terms of
rate capability, high-power, high-energy density, and long-term
cycling stability (81 mA h g−1 after 1000 cycles) as shown in
(Figure 16d–f).[188] This study indicates that the charge stor-
age mechanism of organic cathodes upon de-/magnesiation
differs with the used electrolytes and that optimizing the
electrolyte–electrode combinations is crucial for achieving high-
performance Mg batteries. Further, it has been reported that
pyrene-4,5,9,10-tetraone with four carbonyl groups could reach a
specific capacity of 315 mAh g−1 and a cell voltage of 2.1 V versus
Mg with the boron cluster Mg(CB11H12)2-based electrolytes.[9]

Recently, p-type organic materials have also been investigated
for high-voltage and high-power Mg batteries. Magnesium-based
dual ion batteries consisting of redox polymer (poly(vinyl car-
bazole) [PVCz]) cathodes and de-magnesiated alloy-type anodes
(3Mg/Mg2Sn) in Mg(TFSI)2/ACN exhibit a cell voltage of ≈3 V
and stable cycling properties with a capacity retention of 94.2%
after 2000 cycles (see Figure 17a,b).[190] Another 3-V Mg sys-
tem has been demonstrated with a polytriphenylamine (PTPAn)
composite cathode and Mg metal anode in a Mg[B(hfip)4]2-based
electrolyte.[191] Through the interaction between amine func-
tional groups of the polymer cathode with the [B(hfip)4] anions,
reversible redox at the amine N center was achieved (Figure 17c).
As a result, the PTPAn cathodes showed superior rate capabil-
ity and a long-cycling performance at 10C (Figure 17d,e). The
dual-ion Mg cells via an anion-storage mechanism provide a
promising approach toward high-power density Mg batteries. It
is worth mentioning that the energy density of dual-ion systems
at cell level is generally limited by the requirement of a rela-
tively large amount of electrolyte as both cation and anion act
as charge carriers. Nevertheless, due to the two-electron trans-
fer per Mg2+ ion and double mole ratio of the counter anions
in the electrolytes, the amount of electrolyte for the divalent
dual-ion systems might be substantially reduced, leading to im-
proved energy density compared to the respective monovalent
systems.

To summarize, organic cathodes with intrinsically favorable
redox kinetics can be considered as promising candidates for
high-energy Mg batteries. Recent studies indicate that a proper
combination of cathode and electrolyte is crucial for achieving
high-performance organic Mg batteries. The advancement in Mg
electrolytes with favorable electrochemical properties is acceler-
ating the development of Mg batteries with long cycle life and
improved rate capability.

4.3. Hybrid Systems

Mg hybrid batteries refer to Daniell-type cells, where a cathode
which is hosting monovalent charge carrier (such as Li+ and Na+)
is coupled with a metallic Mg anode (see Figure 18a).[122] This
concept requires a high Coulombic efficiency, that is, reversibility,
as the monovalent ions only stem from the dual-salt electrolyte
with no additional reservoir. Without physical separation of the
carriers, the charge compensation for redox reactions at cath-
ode is fulfilled by kinetically favorable monovalent cations while
the anode processes are governed by thermodynamics in favor
of Mg plating/stripping.[192] Therefore, the hybrid concept could
potentially combine the fast kinetics and high energy efficiency
of monovalent charge carriers with an energy-dense metal anode
with high safety.

4.3.1. Hybrid Electrolyte with Insertion Cathode

As the cathode accommodates monovalent ions, host structures
developed for LIBs or SIBs were intensively investigated. In ad-
dition to the abovementioned advantages, the high-voltage cath-
odes add more practical value to the energy storage system espe-
cially when it comes to cell or pack level. As a proof-of-concept,
Yagi et al. demonstrated a Mg–Li hybrid cell with a LiFePO4 cath-
ode, which delivered an initial capacity of 120 mAh g−1 at 2.5 V
versus Mg.[122] The cycling performance of the system was largely
improved by employing a graphite foil current collector, which
is more stable against the Cl-based electrolyte.[194] Interestingly,
the Mg–Li system exhibited superior battery performance over
pure Li system at low temperature, highlighting its potential
application scenario. With the development of Mg electrolyte,
other host structures including layered oxide and spinel oxide
that provide redox reactions at higher voltages were studied.[195]

The LiMn2O4 spinel cathode was cycled against Mg anode in a
Mg(TFSI)2–LiTFSI electrolyte, showing a cell voltage of 2.8 V at
0.2C. Further optimization of cathode structure and its compati-
bility with electrolyte might result in a 3 V class Mg metal cell.

Compared to Mg–Li hybrid systems, Mg–Na hybrid cells
can be more sustainable and cost effective, and promising for
large-scale application. To this end, a Prussian blue analogue
NaxFe2(CN)6 was reported in a hybrid cell configuration.[196]

The Berlin green cathode delivered a reversible capacity of
143 mAh g−1 at an average voltage of 2.2 V versus Mg. When
considering the total weight of cathode, electrolyte (Na reservoir)
and anode, the cell provided a specific energy of 135 Wh kg−1 and
could be cycled up to a specific power of 1.67 kW kg−1. Inspired by
this work, further investigation on a Na3V2(PO4)3 cathode show-
cased a Mg–Na hybrid system, which exhibited an average cell
voltage of 2.6 V with a capacity of 100 mAh g−1.[197] Benefiting
from the excellent Na-ion mobility in the NASICON-type struc-
ture, fast charging of the cell was demonstrated with 86% capac-
ity retention at 10C. Beyond the NASICON structures, a higher
specific energy of 183 Wh kg−1 (based on cathode with theoret-
ical amount of electrolyte and anode) can be reached by apply-
ing a NaCrO2 cathode.[198] At a cell level, the Mg-based hybrid
system shows the potential to reach 100 Wh kg−1,[199] which can
be attractive for grid storage. And this calls for further detailed
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Figure 17. PVCzǀǀ3Mg/Mg2Sn dual-ion cell: a) scheme of the cell configuration and discharge/charge profiles and b) cycling performance. Reproduced
with permission.[190] Copyright 2021, Elsevier. MgǀǀPTPAn cell with Mg[B(hfip)4]2/DME electrolyte: c) cell configuration and the working principle,
d) galvanostatic voltage profiles at various C-rates (i.e., 5–10C), and e) cycling performance at 10C. Reproduced according to the terms of the CC
BY license.[191] Copyright 2022, The Authors, published by Wiley VCH.

investigation in more realistic test conditions to validate the prac-
ticality of the concept.

Note that by applying dual-salt electrolyte, another scenario ap-
ply, where both charge carriers are shuttling between cathode
and anode. As shown in Figure 18b, this results in a rocking-
chair type battery. Such configuration does not require excess
amount of electrolyte as carrier ion reservoir, and thereby be-

ing promising to achieve a higher energy density than the
Daniell-type battery. The concept was brought by Ichitsubo et
al. employing a high-voltage MgCo2O4 spinel cathode with a
Mg49Li51 alloy anode.[200] Due to the co-storage of Mg and Li,
the cathode capacity amounted to 150–200 mAh g−1 at an aver-
age cell voltage of 2.5 V (yet tested at an elevated temperature of
150 °C).
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Figure 18. a) Schematics of the Daniell-type Mg-based hybrid cell. Reproduced with permission.[122] Copyright 2013, The Royal Society of Chemistry. b)
Schematics of rocking-chair type dual-salt battery. Reproduced with permission.[193] Copyright 2017, The Royal Society of Chemistry.

To validate the feasibility of the rocking-chair type dual salt bat-
tery at room temperature, Chevrel phase Mo6S8 with high Mg-
ion conductivity was introduced. Elemental analysis of the cycled
electrodes revealed a cooperative insertion of both charge carri-
ers, with Li+ initially occupying the energetically less favorable
sites followed by a co-insertion until full occupation.[193] Based
on further theoretical investigation, a concerted motion mecha-
nism was proposed where the Mg2+ mobility was enhanced by
the “push” of the neighboring Li+.[201] Despite a high degree
of co-insertion (up to Li1.27Mg1.27Mo6S8) observed in Mo6S8, Mg
content in other co-inserted cathodes was still limited.[202,203] It
seems that the intrinsic mobility of Mg is still decisive, which
however might be improved if the assisting monovalent charge
carrier was able to optimize the diffusion pathway such as coor-
dination environment.

4.3.2. Mg–S Batteries with Dual-Salt Electrolyte

Adding Li salts to the Mg electrolyte to enhance the cathode
conversion kinetics was first investigated in 2015 by Gao et al.
in Mg–S cells using LiTFSI[128] and has become popular in re-
cent years by incorporating LiTFSI,[148] LiCl,[179,204,205] LiBr,[206]

LiCF3SO3,[176,205] Li[B(hfip)4],[207] and Li[BH4].[178] In such hybrid
systems, Li+ serves as mediator to result in lower overpoten-
tials, higher capacity gain, and reduced capacity fading. Regard-
ing the cathode side, different origins are proposed,[128] wherein
the hard Lewis acid Li+ plays an active role in dissolving MgS by
1) strongly coordinating to the surface S2− of MgS and increasing
its solubility,[176,208] 2) lithiating MgS due to the natural negative
potential of Mg metal, forming soluble higher order MgLi-PS,[209]

and/or 3) an ion exchange reaction (MgS to Li2S).
The proposed pathway differs for elemental and cova-

lently bound sulfur cathodes (Figure 19). Taking SPAN as an ex-
ample, long-chain polysulfides (i.e., MgS8) are not formed due to

the strong S–C bond and sulfur chain length restrictions within
the molecule.[176] Yet in both cases, the kinetics are significantly
enhanced resulting in lower voltage hysteresis and better sulfur
utilization. This becomes obvious by the fact, that the conversion
kinetics are mainly diffusion-controlled (cf. Figure 10e,f)[176] and
the diffusion of Li+ is superior to the high-charge dense Mg2+

cation. In addition, the Li additive contributes to the formation
of an ion-conductive CEI layer consisting of SOx

2−.[179]

A clear advantage of such approach is the use of sulfur cath-
odes developed for the Li–S system like tailored carbon hosts
(e.g., sulfide graphdiyne),[204] metal–organic frameworks,[148] or
sulfurized polymers (SPAN[176,178] or SePAN[180]) (Figure 20),
which rely on the solid-state diffusion of Li+ ions and would oth-
erwise be mostly excluded for the use in Mg–S batteries.[204] Fur-
thermore, the application of carbonate-based or nucleophilic elec-
trolytes like APC is enabled[204] and the use of polymeric mem-
branes instead of glass fiber separators is possible,[179] which is
essential to realize high-energy Mg–S batteries.

To achieve this meditation effect and incorporate Li+ in the
sulfur redox reaction pathway, a rather high concentration of Li
salt is necessary—thus speaking of an additive is inappropriate
(Figure 21a).[178] Interestingly, a too high concentration can be in
fact also detrimental due to transport limitations (diffusivity and
conductivity).[205] Furthermore, as there is no Li source within
the cell, full reversibility has to be secured, which remains ques-
tionable. However, as neither Li deposition nor Li–Mg alloying
was observed in XRD and XPS analysis on the Mg anode,[128]

Mg is the only active species during stripping/plating at the an-
ode, which might be additionally enhanced by the presence of
a Li salt.[210] Note, that a larger surface area of the Mg anode is
also beneficial to reduce the local current density and overpoten-
tials, and increases the capacity gain (Figure 21b).[178] Such hy-
brid electrolyte might therefore be indeed a promising approach
to combine fast sulfur cathode kinetics with a dendrite-free Mg
anode.
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Figure 19. Proposed schematic pathway of a Mg–S cell with a) ACC/S cathode and LiTFSI electrolyte additive and b) SPAN-cathode and Li triflate
electrolyte additive. a) Reproduced with permission.[128] Copyright 2015, American Chemical Society. b) Reproduced with permission.[176] Copyright
2021, Elsevier.

Figure 20. a) Sulfide graphdiyne (SGDY) featuring high Li+ mobility and short-chain sulfur species. Reproduced with permission.[204] Copyright 2017,
Wiley. b) S-loaded metal–organic framework ZIF-C. Reproduced with permission.[148] Copyright 2018, Wiley.

5. Perspectives

The successful commercialization and wide application of LIBs
demonstrated the technical advantages of rechargeable ion bat-
teries as efficient energy storage system, but also arouse enor-
mous interest to research on other chemistries beyond Li-ion.
While post-Li systems may hardly provide higher battery perfor-
mance, they could be competitive in terms of sustainability, cost
and environmental impact. In fact, these criteria are becoming
more relevant so as to lower the carbon footprint as fast as possi-
ble by promoting large-scale applications. However, there is still
a long way to go before the merits of post-lithium batteries in
practical scenario can be achieved.

Kinetic hindrance is one of the critical roadblocks for diva-
lent systems. This issue is a result of strong interaction between
the highly polarizing charge carrier and the host lattice. Worse is
that the ion–dipole interaction sometimes even triggers conver-

sion reaction as the thermodynamically favorable process over
intercalation,[31] which makes the Mg2+-based chemistry more
complicated. To tackle the intrinsic limitations of the divalent car-
riers, unconventional approaches with respect to those applied in
monovalent ion storage have been proven more feasible to unlock
the kinetic limitations, leading to progressive understanding of
the charge/ion storage principle and its impact on the host struc-
tural stability. As multivalent-ion batteries share some general
chemistries, lessons can also be learned from the feasible strate-
gies developed for the systems with other multivalent cations,
such as Zn2+, Ca2+, and Al3+.

To weaken the Mg–cathode interaction is unambiguously
the primary goal for the development of viable host structures.
Improved Mg mobility is evident either in a softer lattice or
through an energetically favorable diffusion pathway. The for-
mer implies a decisive role of the electronic structures governed
by the orbital energy of individual atoms that form the crystal
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Figure 21. Mg–SPAN cells with a) liquid electrolyte based on Mg[BH4]2 and Li[BH4], and b) Mg powder anodes prepared at different pressures. Repro-
duced according to the terms of the CC BY license.[178] Copyright 2020, The Authors, published by Wiley VCH. c) The highest and most stable reported
capacity of Mg–S cells after 100 cycles to date. Reproduced with permission.[176] Copyright 2021, Elsevier.

unit. Delocalization of outer electrons in the cluster unit can
effectively screen the double charge of Mg-ions, but also offer
flexible multielectron transfer for easy local charge balancing.[43]

This normally triggers multiple redox centers including ligands
in addition to TM atoms, which however may destabilize the
lattice structure under repeated electronic attack.[68] Therefore, a
desired electronic structure should provide an optimized charge
allocation on each redox center to extend the cycling stability.

The crystal structure also affects the energy profile for Mg2+

diffusion. However, as the lattice is much more sensitive upon
Mg2+ uptake, most of the geometries reported provide diffu-
sion energy penalties beyond the realistic thresholds. Neverthe-
less, some of them such as layered structures and open frame-
works (mainly Prussian blue analogues[211] and NASICON ma-
terials) exhibit highly structural tunability. While in layered ma-
terials, the diffusion channels can be expanded to a large extent,
rendering sufficient ionic mobility, the open framework struc-
tures of NASICON-type compounds are made of polyanion tetra-
hedras and metal oxide octahedras by corner sharing, offering
structural variety by allowing different connections between the
polyhedras.[212] In fact, NASICON families are known to be su-
per ionic conductors. Via a proper design of their TM redox and
coordination environment, these materials have the potential to
provide high voltage and high energy density in Mg systems.[213]

Another promising crystal engineering strategy is to introduce
dopants that create defects as additional Mg percolation path-
ways. The outstanding performance of vacancy-doped anatase
TiO2 demonstrated the feasibility to construct diffusion highways
for multivalent carriers by defect chemistry.[60]

Alternatively, replacing Mg2+ by other Mg-based carriers with
lower charge density reduces the Coulombic interaction with the

host structure, resulting in improved diffusion kinetics.[22,85] The
incorporation of additional anions or solvent molecules leads to
the formation of ternary intercalation compounds, by which the
thermodynamics as well as kinetics can be adjusted. As Mg2+

tends to form either strong solvation shells or ion pairs in the
electrolyte, new insertion chemistries with Mg-based carriers can
be designed. To trigger the redox reaction, capability of the cath-
ode materials with respect to reversibly hosting larger cations
should be considered. This can be achieved by the abovemen-
tioned crystal engineering strategies or design a flexible solvation
structure for easy Mg2+ insertion (e.g., with a low reorganization
energy[20]). In addition, practical evaluation should be carried out
carefully by taking into account the amount of electrolyte that
serves as the reservoir for the co-inserted solvents or anions.

The success of cointercalation strategies to improve the kinet-
ics also reflects the interfacial issue, as it circumvents the des-
olvation process at the cathode–electrolyte interface. In fact, the
large desolvation energy barrier could also explain the contro-
versial findings regarding Mg2+ storage capability in some cath-
ode materials with different electrolytes. While the coordination
strength of Mg2+ in the electrolyte is much higher than that of
Li+, interfacial processes should be treated equally important as
solid diffusion. More efforts on this topic would clarify the kinetic
limit, so that Mg2+ storage and diffusion in solids can be better
understood. To promote interfacial charge/ion transfer, cathode–
electrolyte compatibility should be optimized. This calls for fur-
ther development of electrolyte that provides weaker solvation en-
vironments for Mg2+, or forms stable solid interphases for ener-
getically favorable transfer processes.

Beyond intercalation, electrochemistries that (partially) bypass
the solid diffusion processes are kinetically favorable for Mg sys-
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tems. These strategies mainly involve (quasi) interfacial redox
reactions, by triggering heterogeneous redox reactions or apply-
ing flexible molecular chain-like structures. In both cases, the
cathode materials rely on more abundant elements by getting
rid of TMs, thereby being more sustainable yet with low con-
ductivity. As a result, conductive matrices with high surface area
are beneficial for fast charge transfer and/or more redox active
sites. A challenge for small molecular materials (both organic
and S-based compounds) is their solubility in the electrolyte, lead-
ing to the loss of active materials. Dissolution of these materials
or their reaction intermediates can be suppressed via enhance-
ment of the conversion kinetics, by, for example, structural mod-
ification, addition of redox mediators, or introducing 3D hierar-
chical substrate with strong affinity to the specific active mate-
rial. As redistribution of active materials can be hardly avoided,
other strategies like anode protection or separator modification
should be implemented for better reversibility. Polymerization
is a promising strategy to ultimately solve the dissolution issue.
Polymer cathodes provide flexible backbones that hold the redox
active moieties through chemical bonding, and meanwhile allow
easy access of electrolyte. Although this type of material delivered
the best cycling performance in Mg batteries, further efforts are
needed to increase the mass loading as well as the content of ac-
tive materials for achieving high energy density.

In addition, hybrid Mg batteries hold the promise to combine
fast-kinetic monovalent cathode chemistry and high-capacity
metal anodes, which deserves further evaluation under practi-
cal aspects. To have an even more sustainable and cost-effective
approach, Na+ or K+ can be applied instead of Li+ ions. Based
on the well-developed materials in monovalent systems, high-
voltage or high-capacity cathodes with high loading can be em-
ployed. A rough evaluation of such systems based on the transfer
rate of LIBs indicates that an energy density of 100 Wh kg−1 may
be reached at cell level, which could be considered for stationary
applications. Challenges of such systems are largely associated
with the electrolyte, as to whether it has good compatibility with
high-voltage cathode, but also to lower the electrolyte to cathode
ratio. The latter is more critical for achieving high energy density.

Overall, the development of cathode chemistries for Mg bat-
teries is still at low technology readiness levels. The key chal-
lenges are not only the kinetic limitations of bulk Mg2+ diffu-
sion, but also combinatory issues of other transport processes.
In a lot of cases, the gained capacity depends on the applied elec-
trolyte, which calls for careful evaluation by a proper selection of
cathode–electrolyte combination or even considering the whole
charging loop of the full-cell. Based on that, strategies with syn-
ergetic effect may ultimately lead to a breakthrough of the cell
performance that pushes the Mg technology one-step forward.
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