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A magnesium–lithium (Mg–Li) hybrid battery consists of an Mg metal anode, a Li1 intercalation
cathode, and a dual-salt electrolyte with both Mg21 and Li1 ions. The demonstration of this
technology has appeared in literature for few years and great advances have been achieved in terms
of electrolytes, various Li cathodes, and cell architectures. Despite excellent battery performances
including long cycle life, fast charge/discharge rate, and high Coulombic efﬁciency, the overall
research of Mg–Li hybrid battery technology is still in its early stage, and also raised some debates
on its practical applications. In this regard, we focus on a comprehensive overview of Mg–Li hybrid
battery technologies developed in recent years. Detailed discussion of Mg–Li hybrid operating
mechanism based on experimental results from literature helps to identify the current status and
technical challenges for further improving the performance of Mg–Li hybrid batteries. Finally, a
perspective for Mg–Li hybrid battery technologies is presented to address strategic approaches for
existing technical barriers that need to be overcome in future research direction.

I. INTRODUCTION

Advanced electrochemical energy storage technologies
(i.e., rechargeable batteries) are critical for the future
society because they are important for improving the
efﬁciency of electric power grids, stimulating growth of
energy generation from renewable resources (wind and
solar, etc.), and providing an alternative to fossil fuels
for the transportation.1–4 Currently commercialized highenergy-density batteries are based on lithium-ion battery
(LIB) technologies integrated with graphite as the anode
and metal oxides or phosphates as the cathode.5,6 This
technology can provide high energy density and good
power density, and has been successful in powering
many types of applications such as mobile devices and
electric vehicles. Despite this past success, LIBs have
technical limitations to fulﬁll future needs in stationary
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energy storage applications. The reasons are growing
concerns about the safety of LIBs, their cost, inherent
limitations in the energy density that can be achieved,
and the scarcity of lithium (Li) resources. These concerns have motivated intensive research investigations
during the past decades on advanced battery devices,
with the goal of developing systems that are able
to provide even higher energy and power densities,
signiﬁcantly reduced manufacturing and maintenance
cost, and improved safety and reliability.7,8 Signiﬁcant
progress has been made, and prototype devices with
excellent performance metrics have been documented
in the literature. Some examples of technologies that
have been studied are high power supercapacitors,9–11
redox-ﬂow batteries,12,13 sodium (Na)-metal halide batteries,14,15 Na-ion batteries,16 and high-energy-density
metal based batteries.17,18
Metallic anodes with low standard redox potentials,
such as Li, Na, and magnesium (Mg) are promising
electrode materials because of their substantially higher
energy densities compared with typical intercalation/
conversion-type electrode materials (Table I).
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TABLE I. Comparison of key performance parameters for lithium (Li), sodium (Na), and magnesium (Mg).25–31

Gravimetric capacity (mA h/g)
Volumetric capacity (mA h/cm3)
Potential (V versus NHE)
Global production (kg/year)
Ionic radius (Å)
Polarization strength (105/pm2)

Li

Na

Mg

3861 (Li metal), 372 (graphite)
2066 (Li metal), 837 (graphite)
3.04 (Li metal), 2.9 (graphite), 1.49 (Li4Ti5O12)
2.5  107 (very low)
0.68
21.6

1165 (Na metal), 300 (hard carbon)
1127 (Na metal), 450 (hard carbon)
2.71 (Na metal), ,2.61 (hard carbon)
1011 (very high)
0.95
11.1

2205 (Mg metal)
3833 (Mg metal)
2.37 (Mg metal)
6.3  109 (high)
0.65
47.3

Among these metal anodes, Li can provide the highest
energy density of 3861 mA h/g with the lowest redox
potential (3.04 V versus standard hydrogen electrode,
Table I). However, its use in practical applications is
challenging because of safety and reliability concerns.
The electrochemical deposition of Li tends to form
unsafe dendrites, and it has very limited Coulombic
efﬁciency (CE), which results in poor cycling stability
especially when cycled with a high-capacity cathode.19,20
While exciting progress has been made toward improving the CE of Li through the use of new electrolyte
materials, electrolyte additives, and/or new electrode
structures, future research still is needed to achieve practical
applications.21–24
The use of Mg metal as the anode has unique
technological and economic advantages, and has received
increasing interests recently.3235 Mg has appreciable
energy density (gravimetric 2205 mA h/g, volumetric
3832 mA h/cm3), lower cost, and much safer compared
with Li metal. In addition, electrochemically deposited
Mg21 ions do not form dendritic structures and have
nearly 100% CE when operated in recently developed
advanced electrolytes.36 These characteristics suggest
that Mg metal holds great promise for use in durable
and safe energy storage devices. The ﬁrst rechargeable
Mg battery prototype was documented in 2000 by
Aurbach et al. using Chevrel-phase Mo6S8 as the cathode
material.37 The practical application of Mg batteries;
however, currently faces several issues, including two
major challenges. First, the reversible deposition and
stripping of Mg21 ions require specially synthesized
electrolytes that do not form surface passivation layers,
which is believed to block Mg21 ion transport. These
electrolytes are usually corrosive and have much narrower
electrochemical window compared with LIB electrolytes.
Recent developments, particularly on all-phenyl-complex
electrolytes,38 all-inorganic electrolytes,3942 and nonhalide electrolytes,43,44 have established electrolytes with
signiﬁcantly improved voltage windows and activities.
The second major challenge is associated with the lack
of high-voltage cathode materials that can provide good
Mg21 insertion/extraction kinetics.45 Conventional intercalation cathode materials developed for Li and Na
batteries were found to react poorly with Mg21 ions.
This is likely due to the much higher charge density

associated with divalent Mg21 ions, which have stronger coulombic interactions with the host materials and
result in poor ionic transport and difﬁculties in structural
stabilization.30,46,47 Future research is needed to effectively resolve these two challenges for practical Mg
batteries.
An alternative, but very promising, approach for
building practical batteries with Mg-metal anodes is the
design of hybrid batteries that use charge carriers other
than Mg21 ions for the cathode reaction. One potential
architecture is the use of Li ions in hybrid Mg–Li
batteries. The fundamental structure of these batteries
is illustrated in Fig. 1.
This design has an Mg metal anode, a Li1 ion
intercalation cathode, and a dual-salt electrolyte that has
both Mg21 and Li1 ions solvated in solution. The design
integrates the advantages of the Mg metal anode and
the Li1 ion intercalation cathode, especially the good
reaction kinetics and excellent safety features, in a single
device so it can provide much better rate capability and
cyclic reliability. It should be noted that Li1 ion intercalation cathodes are not the only option; future developments of this design could include cathodes with other
cations such as Na1 ions, dual cation co-intercalation, or
anion insertions. Therefore, this design could provide
signiﬁcant opportunities for practical energy storage applications ranging from stationary devices to transportation
equipment. In this review article, our goal is to summarize
what has been achieved thus far and provide our
perspectives on future developments, particularly the
critical challenges that should be resolved before this
technology can penetrate practical markets. Our paper is
organized in three sections. First, we provide a brief
summary of the dual-salt electrolytes that have been
used in literature. Then, we discuss the performance
metrics of prototype devices reported in the literature,
with the discussion based on the voltages of the devices
reported. Finally, we provide our perspectives and our
analysis of the critical challenges.
II. DUAL-SALT Mg–Li ELECTROLYTE: THE PATH
TO SUCCESSFUL HYBRID BATTERIES

The electrolyte is a key component that plays a pivotal
role in rechargeable battery performance. It provides
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FIG. 1. Schematic illustration of the hybrid Mg–Li battery design. The potential of combining the advantages of Mg metal anode and Li-ion
cathode make this design extremely attractive for high rate and reliable batteries.41

electrochemically active species and determines electrode–
electrolyte interfaces for reactions at both the cathode and
anode. Development of Mg battery electrolytes had been
challenging because simple electrolytes prepared by
dissolving a Mg salt in aprotic solvents could not to
produce reversible Mg depositions, likely because of
the formation of surface passivation layers.48 However,
there have been successful demonstrations of several
families of electrolytes that are capable of reversible Mg
deposition. Gregory et al. initially developed ethereal
solutions containing Mg organoaluminates or organoborates that obtained reversible Mg deposition.49 Aurbach
et al. later produced electrolytes with an improved anodic
stability of ;2.5 V by reacting Grignard reagents
(MgR2, R 5 ethyl and/or butyl) with Lewis acids
(AlEtCl2 or AlCl3).37 These were the ﬁrst prototypes
of rechargeable Mg batteries. Since then, this type of
electrolyte with the combination of Grignard reagents
and Lewis acids has been intensively studied, and its
properties have been further optimized.50 For example,
combining phenyl magnesium chloride and AlCl3 in
tetrahydrofuran (THF) results in all-phenyl-complex (APC)
electrolytes with electrochemical windows that exceed
3 V.38 Because of the inherent safety concerns related to
Grignard reagents, other Mg compounds such as MgCl2,
ROMgCl, and hexamethyldissilazide magnesium chloride (HDMS-MgCl) also have been used as the Mg salts,
and electrolytes with excellent electrochemical properties
for Mg batteries have been demonstrated.39,40,51,52
These prior works have provided important bases for
formulating dual-salt electrolytes that can be used in the

design of hybrid Mg–Li batteries. In fact, a general
approach for preparing dual-salt electrolytes based on
this class of electrolyte involves addition of a Li salt
(such as LiCl or LiBF4).53,54 A typical, and probably the
most widely used thus far, combination is LiCl dissolved in APC electrolyte (see discussions below).54–57
Figure 2(a) shows typical cyclic voltammetry (CV)
results for the APC electrolyte with and without addition
of LiCl.58 It can be seen that adding LiCl obviously
reduced the Mg deposition over-potential and increased
the current while maintaining similar anodic stability
[the inset in Fig. 2(a)]. Therefore, the addition of LiCl
not only provides Li 1 ions but also improves the
electro-activity for Mg deposition. In the following
sections we will provide several examples of the use of
this electrolyte in prototype hybrid batteries.
Mg(BH4)2 and LiBH4 dissolved in ethereal solutions
is another family of electrolytes that has been explored
for use as dual-salt electrolytes.59 Figure 2(b) shows the
CV of 0.1 M Mg(BH4)2 dissolved in diglyme with different concentrations of LiBH4. The electrochemistry of
the electrolyte depends strongly on the ratio of these two
salts. With increasing LiBH4 concentrations, the Mg
deposition/stripping kinetics were obviously enhanced.
The current density also increased and reached a maximum
value with 1.5 M LiBH4. Comparison of the solvent effects
(THF, DME, and diglyme) and LiBH4 concentration on
the CE of Mg stripping/deposition was also studied by
Shao et al. The best CE values were observed with
digylme as the solvent; it reached nearly 100% when the
LiBH4 concentration was .0.6 M. The excellent
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FIG. 2. (a–c) Representative electrolytes that have been used to hybrid batteries. (a) Comparison of CV of 0.25 M APC electrolyte with and
without 0.5 M LiCl, with platinum as the working electrode and the scan rate was 25 mV/s.58 (b) CV of 0.1 M Mg(BH4)2 dissolved in diglyme with
different concentrations of LiBH4 (20 mV/s with platinum electrode). These results are adapted from the work of Shao et al.59 (c) CV of Mg
electrolyte and Mg–Li dual electrolytes (with either LiAlCl4 or 1.0 M LiTFSI) in dimethyl ether (DME). These results are adapted from the work of
Cheng et al.60 (d) Current collectors stability in Mg electrolyte, the CV of molybdenum (Mo) and stainless steel acquired in 0.2 M shows Mo has
remarkable anodic stability that make it suitable for using as the current collector.61

electrochemical activity of this type electrolyte, together
with remarkable stability of diglyme as the solvent
(boiling point 162 °C), make them an excellent choice
for prototype hybrid batteries with low-voltage cathode
materials even though the electrochemical stability
window is relatively narrow (;2.0 V).
Recently, Cheng et al. identiﬁed a new dimagnesiumdichloro dimer [DMDC, Mg2(l-Cl)2(DME)4] cation
complex for electrolyte solutions formulated in dimethoxyethane (DME).41 This type of electrolyte can be
synthesized with a wide range of salt combinations [e.g.,
MgCl2–AlEtCl2, MgCl2–AlCl3, MgCl2–Mg(TFSI)2] and
can produce excellent Mg deposition/stripping kinetics
with a wide stability window (.3.4 V versus Mg). This
electrolyte material brings exciting opportunities for the
design of high-voltage Mg-metal-based batteries.39–41
Similar to the APC-based electrolytes, dual-salt electrolytes
based on DMDC cation complex also can be synthesized
by dissolving Li salts. Cheng et al. examined the solubility
of different Li salts in the electrolyte prepared by reacting
0.4 M MgCl2 with 0.4 M AlCl3 in DME.60 The solubility
of the Li salts was found to be very different, and for this
particular electrolyte, the highest solubility was observed
with LiTFSI [TFSI 5 bis(triﬂuoromethane)sulfonamide]
that can reach 2.0 M compared to LiAlCl4, LiCl, and
LiPF6. The typical electrochemical performance of this

type of electrolyte in the presence or absence of Li salt is
shown in Fig. 2(c). It is evident that all of these electrolytes
have voltage windows that exceed 3.4 V versus Mg, and
the reversible deposition and stripping properties of Mg
are not affected by the addition of Li salt. In fact, similar
enhancements were observed when LiCl was added to
APC solution. The high-voltage stability and good Mg
electrochemical properties of this electrolyte family
make them suitable for studying high-voltage hybrid
batteries. Later in this paper, we present some of the
recent exciting results.
Finally, we include a brief discussion of the electrochemically stable cathode current collectors that are
suitable for Mg batteries. The current collector is an
integral part, and it must be stable across the voltage
window of the battery. Conventional current collectors,
such as aluminum, copper, stainless steel, and nickel,
were found to have poor compatibilities with current
halide-based high-voltage Mg battery electrolytes.62
Therefore, the use of this family of electrolytes requires
alternative current collectors. Cheng et al. recently
identiﬁed that both molybdenum (Mo) and tungsten
metals have good electrochemical stabilities, and their
behaviors were comparable with inert materials including
platinum and carbon.61 Figure 2(d) compares the CV
results of Mo and stainless steel in 0.2 M DMDC
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electrolyte. It is evident that the anodic stability of Mo is
comparable with platinum and is much better than
stainless steel (around 2 V). The stability mechanism
was identiﬁed through formation of surface passivation
layers. Later, we will discuss examples in which Mo is
integrated for high-voltage devices.
A. Low-voltage (<2.0 V) hybrid batteries: show
remarkable potentials

The challenges of the limited anodic stabilities of Mg
battery electrolytes developed thus far were discussed
above, and the electrolytes are in general much less stable
when compared with conventional electrolytes for Li-ion
batteries and Na-ion batteries. As examples, the APC
electrolyte has stability at ,3.0 V versus Mg, and the
DMDC electrolyte has stability at ,3.4 V versus Mg.
These stability characteristics limit the voltage windows of the hybrid Mg–Li batteries and introduce signiﬁcant challenges in developing high-voltage devices.
Therefore, it is obvious that low-voltage cathode materials
(,2.0 V) must be the starting point for examining the
potential of the hybrid cell design. The use of low-voltage
materials eliminates side-electrode reactions associated
with electrolyte decomposition and facilitates selections
for both current collectors (i.e., stainless steel) and cell

cases (i.e., coin cells), which can further yield substantial
beneﬁts in designing battery architecture.
Chevrel phases, which are good choices for cathode
materials, have been studied by several research
groups.54,55 Earlier electrochemical studies by Aurbach
et al. clearly demonstrated the preferred intercalation
of Li1 over Mg21 ions and documented much better
intercalation kinetics with Li1 ions.63 Cheng et al.
recently included Mo6S8 as a cathode material in the
battery design with a dual-salt electrolyte (0.4 M APC)
and (1.0 M LiCl). Figure 3(a) shows two well-deﬁned
Li1 intercalation discharge plateaus at 1.66 and 1.29 V
and a speciﬁc capacity of 126 mA h/g at 0.1C, which is
about the same as the theoretical capacity of Mo6S8
(128.8 mA h/g).54 The electrode reactions under the
particular conditions (with high Li1 intercalation
kinetics) are.
(i) Anode: 2Mg ↔ 2Mg21 1 4e.
(ii) Cathode: Mo6S8 1 4Li1 1 4e ↔ Li4Mo6S8.
(iii) Overall reaction: 2Mg 1 Mo6S8 1 4Li1 ↔
Li4Mo6S8 1 2Mg21.
A stable cycling performance for over 3000 cycles was
observed as shown in Fig. 3(b). Post-cycling analysis
shows that the main reasons for the capacity decay after
3000 cycles were electrolyte evaporation and corrosion of
the current collector. These results indicate a potential for

FIG. 3. Mg–Li hybrid batteries with Mo6S8 cathode with electrolytes of APC and LiCl dissolved in THF. (a) Typical charge–discharge proﬁles at
different C-rates with 0.4 M APC and 1.0 M LiCl that shows excellent rate performance of hybrid cells. (b) Cyclic stability proﬁle tested at 10C for
3000 cycles. (c) Typical scanning electron microscope image of the Mg anode showing that no obvious dendritic structures were formed.
These results are adapted from the work of Cheng et al.54 (d) Lithiation and magnesiation potential proﬁles at different Li1 activities (aLi1)
determined by combining discrete Fourier transform (DFT) energies with Nernst equation in Mo6S8. Possible Li1 and Mg21 mixed insertion paths
into the Mo6S8 are shown as dashed lines. These results are from the work of Cho et al.55 (e) Discharge proﬁles at varying LiCl concentrations that
shows the Li-ion concentration plays important role in discharge proﬁles and capacities.
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even longer cycling. More importantly, the battery shows
outstanding rate capability and a speciﬁc capacity of
105 mA h/g was achieved at 10C with only 5% capacity
fade. Also, the scanning electron microscope image
[Fig. 3(c)] conﬁrmed that the surface of the Mg anode
remained dendrite-free after long-term cycling.
The results of DFT analysis [Fig. 3(d)] show energetically preferable occupation sites for the ﬁrst ion (either
Mg21 or Li1) in the primitive Mo6S8 crystal structure at
multiple stage of discharge.55 Based on the ﬁrst ion
occupied into the structure, various paths of Mg21 and
Li1 can be predicted. Moreover, combining the Nernst
equation with the DFT energies determined a threshold
Li1 activity (aLi1) value in the electrolyte for lithiation
and magnesiation in the Mo6S8 cathode. Cho et al. reported
that a dominant reaction in the cathode was governed by
Mg21 insertion rather than Li1 insertion at very low initial
Li1 activities.46 In contrast, increasing in Li1 activity leads
thermodynamically more favorable lithiation in Mo6S8
rather than magnesiation. Figure 3(e) clearly shows
dependence of Li1 concentrations on cell performances
in the hybrid system. By controlling the LiCl concentration in the APC electrolyte, they were able to achieve
93.6 and 87.5% of theoretical capacity in the theoryaided design of the hybrid cell systems at the C-rate as
high as 20 and 30C, respectively.

In addition to Mo6S8, several other cathode materials
have been studied. Recently, Hus et al. demonstrated
experimentally that molybdenum sulﬁde (MoS2) could
be a suitable cathode material for Mg rechargeable
batteries.64 Figure 4(a) shows the MoS2-based cell has
high power capability at various current densities (up to
1000 mA/g). Beside a primitive MoS2, two more MoS2
materials have been examined, such as a MoS2 incorporated with carbon natotubes (MoS2CNTs) and
MoS2 incorporated with graphene and nano-sheets
(MoS2GNSs). It is found that the MoS2GNS battery
can deliver the highest capacity of 225 mA h/g among to
the other MoS2 cathodes, and it shows stable cycling
performance in a 0.5 M Li1 containing APC electrolyte
over 200 cycles, as shown in Fig. 4(b).
TiS2 was introduced as a cathode material for rechargeable magnesium batteries by several groups.56,65 Gao et al.
reported a hybrid MgLi battery using a Mg anode, a TiS2
cathode, and an APC-LiCl electrolyte, which is stable
within the operating voltage window of TiS2 (1.0–1.6 V
versus Mg/Mg21).65 Figure 4(c) shows the results of
galvanostatic tests of TiS2 cathodes in three different cells:
TiS2jLi1jLi, TiS2jMg21jMg, and TiS2jLi1, Mg21jMg.
The charge–discharge proﬁles demonstrated that a reversible Li1 intercalation into TiS2 in the Li1, Mg21 dual-salt
electrolyte takes place in the same manner of that in a Li1

FIG. 4. Other typical metal sulﬁdes cathodes examined for hybrid batteries. (a–b) Charge–discharge proﬁles of MoS2 electrodes at different rates in
0.5 M Li1 containing APC electrolyte. The data are adapted from Hsu et al.64 Battery performance of a titanium disulﬁde (TiS2) cathode. (c) The
electrolyte was 0.4 M APC-LiCl. The data are adapted from Gao et al.65 (d) Voltage proﬁle of TiS2 cathode and Mg anode at various current densities
in a hybrid system. (e) Cycling performance of TiS2 cycled at 1C for 2000 cycles. The data are adapted from Yoo et al.56
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electrolyte. Excellent cycling stability was observed
over 400 cycles with no capacity fading (99.5% CE),
In addition, these batteries can deliver a speciﬁc capacity
of 161 mA h/g, which is 32% higher than general Mg-ion
batteries.
Yoo et al. also reported a high capacity for hybrid
batteries using a TiS2 cathode.56 They have tested
the TiS2 cathode against different anode materials,
such as a metallic Li and Mg anode, to study cycling
stability and the electrodeposition behavior of the
anodes during cycling. The rate performance of TiS2
[Fig. 4(d)] shows a high speciﬁc capacity of 220 mA h/g
at 0.1C. This is by far the highest value reported among
conventional MgLi hybrid batteries. Figure 4(e) shows
the galvanostatic performance of TiS2. TiS2 in dual-salt
electrolytes cycled at 1C had a stale cyclability of over

2000 with 99.6% of the CE. Also, the TiS2-based cell is
more stable with the Mg anode while the cell with the Li
anode eventually resulted in a cell failure due to the
dendrite formation.
Titanium dioxide (TiO 2 ) is found to be a possible
candidate for rechargeable Mg batteries because of its
high capacity and suitable working voltage (0.9 V
versus Mg) that matches the electrochemical window
of the dual-salt electrolytes system.66 Figure 5(a) shows
a charge–discharge voltage proﬁle of a commercial
TiO2jMg cycled at 0.2C in a dual-salt electrolyte. It is
shown that the TiO2 can deliver a high capacity of
.140 mA h/g. Su et al. reported that a MgLi hybrid
battery with 1D mesoporous TiO2(B) nanoﬂakes as a
cathode and Mg anode in 0.5 M Mg(BH4) and 1.5 M
LiBH4 dissolved in tetraglyme (TG) also can be

FIG. 5. Typical oxide cathodes examined for hybrid Mg–Li batteries. Electrochemical and battery performance data of several other types of cathode
materials for hybrid Mg–Li batteries, where signiﬁcantly increased capacity, rate capability, and cyclic stability have been observed with the hybrid
design. Chargedischarge proﬁle of (a) commercial TiO2 and (b, c) one-dimensional mesoporous TiO2 nanoﬂakes in 0.5 M Mg(BH4)2 and 1.5 M
LiBH4 in tetraglyme. The data are adapted from Su et al. (d) Chargedischarge proﬁle and (e) cyclic stability proﬁle of Li4Ti5O12 cathode in the
electrolyte of 0.4 M APC 1 1.5 M LiBH4. The data are adapted from Miao et al.68 (f) Charge/discharge proﬁle of MoO2 in dual-salt electrolyte and the
improvement of its activity through using new structures of hollow microspheres.69 (g–i) are adapted from Wu et al.70
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a possible combination that could deliver high capacity with excellent electrochemical performance. 67
Figures 5(b) and 5(c) show that a TiO2(B) cathode can
deliver a charge capacity of 130 mA h/g at 1C and has
exceptional long-term (up to 6000 cycles) stability, even at
high rates (up to 2C). They proposed that the high capacity
is based on pseudocapacitive reactions dominated by a
synergic interaction between Mg21 and Li1 ions.
Li4Ti5O12 (lithium titanium oxide, LTO) has been studied
as an anode material for Li-ion batteries because its lattice
dimensions do not change upon lithiation/delithiation.
Although LTO has known to be a zero-strain for Mg-ion
insertion, Mg21 electrochemical insertion into LTO is a
kinetically sluggish reaction and has strong size dependence. Miao et al. reported an effect of dual-salt electrolytes
on an MgLi hybrid battery, consisting of an LTO cathode
and Mg anode.68 Two different LTO cathodes (made from
commercially available LTO and simple ball-milled LTO
with graphene 5 LTO/G) against Li or Mg anodes in two
different electrolytes [Mg(BH4)2-based mixed electrolyte
and APC-based mixed electrolyte] were tested. LTO in
the APC-based electrolyte showed slightly better cycling performance than the LTO in the Mg(BH4)2-based
electrolyte because of higher electronic conductivity and
the low over-potential of the APC-based electrolyte for
Mg dissolution/deposition than Mg(BH4)2-based mixed
electrolyte, as shown in Figs. 5(d) and 5(e). In addition,
the LTO/G batteries show higher capacities with better
cycling stability because of higher speciﬁc surface area
of graphene, which facilitates fast electron transport in
the LTO structure.
Figures 5(g) and 5(h) show voltage proﬁles and rate
performances of LTO at various Li1 concentrations in
dual-salt electrolyte.70 The data shows the electrochemical
performance of the LTO electrode is highly dependent on
the Li1 concentration, and can be improved signiﬁcantly
by increasing the Li1 ion concentration in the hybrid
system. Moreover, a theoretical DFT calculation suggests
that co-insertion of Mg21 and Li1 ions into the LTO is
possible at the optimized Li1 ion concentration, which is
up to 0.5 M in the experimental condition. High-angle
annular dark ﬁeld and annular bright ﬁeld scanning transmission electron microscopy images conﬁrmed the coexistence Mg21 and Li1 phases [Fig. 5(i)] in LTO.70
Because of its stable chemical and thermal properties,
molybdenum dioxide (MoO2) has been introduced as
an attractive cathode material for Li-ion batteries. 71
Pan et al. synthesized hollow microspheres consisting
of MoO2 nanoparticles (denoted as MoO2-HMS), and
the combination of Mg anode with MoO2 cathode was
evaluated in a dual-salt electrolyte (0.4 M APC and
1 M LiCl, dissolved in THF). 69 They found that coinsertion of Mg21 and Li1 into MoO2-HMS occurs in the
intercalation reaction. Figure 5(f) shows MoO2-HMS
signiﬁcantly improved electrochemical performance with

100% CE in comparison with the commercial MoO2.
Also, the morphological feature of MoO2-HMS positively
enhances performance.
B. Conversion-type cathodes

The intercalation compounds have relatively low
speciﬁc capacity as cathode materials; for example,
the Chevrel-phase Mo6S8 cathode discussed above has a
theoretical capacity of only 122 mA h/g. FeS2 and FeS,
two typical resource-abundant materials with theoretical
capacities of 894 and 609 mA h/g, respectively, have
been investigated as a conversion-type electrode in Mg
based batteries.72 Although FeS2 has been tested as a Li
battery cathode in the past, its high capacity is seriously
counteracted by the dissolution of polysulﬁde (PS)
intermediates as well as Li-dendrite growth, resulting
in a fast capacity-fade during cycling. Compared to
FeS2, FeS conversion is less complex with expected
better in common non-aqueous electrolytes owing to the
absence of anionic redox process. By displacing metallic
Li by Mg anode and using dual-salt electrolytes with
optimized Mg21 and Li1 concentration, high reversible
Li-driven conversion and Mg plating/stripping without
any cathode decoration and unsafe Li-dendrite formation are expected.
With optimized Li salt concentrations in dual-salt
electrolytes, Zhang et al. demonstrated better reversibility from Mg/FeS2 and Mg/FeS chemistries than
Li/FeSx.72 The Mg/FeSx materials delivered maximum
reversible capacities of 600 and 520 mA h/g at 0.05C
[Figs. 6(a) and 6(b)], respectively, with in situ formation
of solid electrolyte interphases on both the sulﬁde and
Mg surfaces, which effectively mitigate PS dissolution,
shuttle phenomenon, and anode passivation. Between
two common dual-salt electrolytes, APC coupled with
LiCl and Mg(BH4)2 with LiBH4, borohydride-based
electrolyte showed better capacity retention of Mg/FeSx
batteries than chloride-based electrolyte. Cycling performances of Mg/FeSx batteries using borohydride-based electrolytes with 1.5 M LiBH4 with a cutoff voltage ,1.7 V
that favor suppression of soluble PSs are shown in
Fig. 6. As shown in Figs. 6(c) and 6(d), the reversible
capacities at 0.1C lie between 350 and 400 mA h/g after
50 cycles, and are preserved at .200 mA h/g after
150–200 cycles, respectively, for both the sulﬁdes.
Alternatively, sulfur as a high-capacity (1675 mA h/g)
cathode material has attracted great interest in LiS and
NaS systems. Realization of an Mg/S battery is also of
great interest due to its high theoretical capacity of
957 mA h/g from a full cell with a voltage of 1.77 V.
Unfortunately, the magnesium organohaloaluminate
electrolyte that allows reversible Mg deposition is
synthesized by an in situ reaction between Lewis acid
(AlCl 3) and nucleophilic Lewis base (RMgCl), which
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FIG. 6. Galvanostatic charge–discharge curves of (a) FeS2 and (b) FeS as conversion cathodes by using a borohydride-based electrolyte with 1.5 M
LiBH4 during the ﬁrst six cycles at 0.05C. Discharge capacities of (c) Mg/FeS2 and (d) Mg/FeS batteries as a function of cycling number at 0.1C by
using a borohydride-based electrolyte with 1.5 M LiBH4. The cycling stability of discharge capacities of Li/Mg(BH4)2–LiBH4/FeSx and Li/LiPF6/FeSx
batteries is also plotted as a comparison. Data adapted from Zhang et al.72 (e) Cycling stability of the Mg/S battery in electrolyte with and without
LiTFSI and (f) working mechanism of the Mg/S battery with LiTFSI additive. Data adapted from Gao et al.73

reacts with the sulfur. Therefore, to circumvent such
incompatibility, Kim et al. proposed a new electrolyte
system using non-nucleophilic hexamethyldisilazide
magnesium chloride (HMDSMgCl).52 That system
was the ﬁrst proof-of-concept Mg/S battery, but it lost
70% of its storage capacity at the second discharge.
More recently, Zhao-Karger et al. developed a novel
non-nucleophilic electrolyte based on magnesiumbis(hexamethyldisilazide) [(HMDS)2Mg]; however, despite the two discharge plateaus at 1.5 and 0.7 V during
initial sulfur reduction, no plateau was observed in subsequent cycles.74 Consequently, no rechargeable Mg/S
battery has been demonstrated yet, mainly due to the
electrochemical inactivity of the formed lower-order
PSs (Mg-PS) toward oxidation. To enhance the reversibility of Mg/S reaction, Gao et al. used non-nucleophilic
Mg electrolytes with a LiTFSI additive that enabled
conjugation of a reversible PS redox reaction on the
cathode with Mg deposition/stripping on the anode.73
The electrolyte cycling stability with and without
LiTFSI additive is shown in Fig. 6(e), where the sulfur
cathode shows a rapid capacity-drop in the Mg-only

electrolyte, while the presence of Li1 dramatically
improves the reversibility with a stable capacity of
;1000 mA h/g over 30 cycles, with speciﬁc capacity
comparable to the Li/S system.
The effect of Li1 on the anode-side, surface chemistry
of Mg anodes after cycling in electrolytes with and
without LiTFSI were analyzed using x-ray photoelectron
spectroscopy analysis.73 In an Mg-only electrolyte,
MgS formed from exposure to dissolved sulfur species.
When LiTFSI is added, the x-ray photoelectron spectroscopy spectrum indicates the absence of MgS in the
electrolyte. From an Mg-metal corrosion experiment to
explore the effect of Li1 on the solubility of shortchain Mg-PS species, the surface layer of MgS was
dissolved by the action of Li1, and the Mg surface
could not be passivated anymore. To conﬁrm whether
MgS is indeed dissolved, inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis
was performed in tetraethylene glycol dimethyl ether
(TEGDME) solution after the corrosion experiment.
The concentration of Mg in the TEGDME was negligible when no Li1 was present, indicating negligible
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presence of Mg/PS in the TEGDME. However, the
concentration of Mg increased by three orders of
magnitude in the presence of Li1 after 12 h of LiTFSI
addition. As shown in Fig. 6(f), two possible mechanisms for Li1 enhancement of reversibility are suggested:
(i) Li1 participates in the cathode reaction to form readily
rechargeable Li/PS or incorporates into Mg/PS to form
hybrid MgLi/PS during discharge, or (ii) the hard Lewis
acid Li1 strongly coordinates to the surface S2of lowerorder Mg-PS, hence enhancing its solubility, decreasing
its oxidation energy barrier, and making it electrochemically active. Although further studies are needed, the
new scientiﬁc insights obtained so far will pave the path
for the realization of practical conversion-type rechargeable Mg/S battery.
C. High-voltage (>2.0 V) hybrid devices: required
for practical applications but are facing great
challenges

The energy density of a battery is proportional to its
voltage and therefore, one of the most important
approaches producing high-energy-density devices is
through the use of high-voltage cathode materials.
As discussed above, designing high-voltage hybrid
Mg–Li batteries faces signiﬁcant challenges because
of poor control over the cathode-electrolyte interface
and the limited stability of the electrolyte. These characteristics lead to low CE due to decomposition of
the electrolyte (either solvents or salts, or both), poor
selectivity of the cathode reactions, and sluggish ion
de-solvation and transport across the interface. These

challenges are shown in Fig. 7(a) with the CV proﬁle of
LiFePO4 (LFP) obtained in a THF electrolyte containing
APC and LiBF4.53
Intercalation of Li1 ions was clearly observed and was
the dominant reaction (after comparing with the nearly
no activity of pure APC electrolyte). Substantial anodic
currents corresponding to electrolyte decomposition at
voltages beyond 2.5 V also were observed. As a result,
prototype batteries based on this system had low efﬁciency
and limited reversible capacity. This is clear evidence
that developing new electrolytes with better stability are
necessary.
On the basis of the DMDC electrolyte established
recently (see discussions above), Cheng et al. examined
the use of this electrolyte in the design of high-voltage
hybrid batteries.60 Figures 7(b) and 7(c) shows the CV
proﬁles of LFP and LiMn2O4 (LMO) in this electrolyte.
The LFP exhibited a set of well-deﬁned redox peaks that
are characteristic of Li1 ion intercalation. Furthermore,
this result also suggests that the electrolyte was stable
over the voltage window of LFP, and no obvious
electrolyte decomposition was observed. Therefore, this
electrolyte has good stability and has advantages over
the APC electrolyte for LFP. The behavior of LMO, on
the other hand, showed two sets of redox peaks that
correspond to Li1 ion intercalation. However, the redox
potentials of LMO are close to the electrolyte decomposition (as suggested by the sharp increases in anodic
current beyond 3.4 V); hence, the efﬁciency of prototype batteries was low. Cheng et al. demonstrated an
assembly of prototype hybrid batteries with the LFP

FIG. 7. Realization of high-voltage batteries requires both advanced electrolyte and cell architecture design, (a) CVs of LFP in conventional APCbased electrolytes show relatively poor efﬁciency (results adapted from Yagi et al.53) whereas the same material in (b) (advanced electrolyte) shows
excellent efﬁciency but with even higher voltage cathodes. (c) The efﬁciency for LMO is poor. (d) Rate capability of LFP. The results are adapted
from Cheng et al.60
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cathode using a Swagelok cell and Mo rods for the
cathode current collector.60 It is worth noting here that
such a design ensures good sealing and electrochemical
stability. The LFP cathode studied in this work was
fabricated as a free-standing ﬁlm using the rolling
method and polytetraﬂuoroethylene as the binder. The
active material loading was ;10 mg/cm2, and such
a high loading is compatible with practical applications.
Figure 7(d) shows a set of charge–discharge proﬁles of
prototype batteries at rates ranging from 0.1 to 1.0C
(1C 5 170 mA/g). The cell exhibited voltage proﬁles
similar to those of cycled Li cells. The electrode was
able to deliver an outstanding capacity of 140 mA h/g at
a rate of 0.1C. The reversible Li intercalation was
conﬁrmed with x-ray diffraction analysis. In addition,
the cell had good rate performance, and the capacity at

1C was ;120 mA h/g. The cyclic stability also was
good, with capacity retained ;90 mA h/g after 100 cycles.
High-voltage devices can also be designed using a solid
electrolyte separator with different electrolyte chemistries
for the cathode and anode reactions. Figure 8(a) shows
a design using Grignard-based electrolyte as the Mg
anode electrolyte (1 M PhMgBr and 0.1 M LiBr in THF),
and 0.5 M Li2SO4 aqueous solutions as the cathode
electrolyte.75 Figure 8(b) shows the charge–discharge
proﬁle of this type of hybrid battery, which demonstrated good reversibility and delivered a capacity of
121.7 mA h/g with an output voltage of 2.1 V. The cyclic
stability proﬁle for 20 cycles is shown in Fig. 8(c), and the
battery had 10% capacity after 20 cycles. The efﬁciency was less than 100%, which was due to the low
efﬁciency for Mg plating-stripping in the Grignard reagent.

FIG. 8. Approaches for high-voltage hybrid batteries. (a–c) New architectures using a solid-state separator and an aqueous electrolyte for cathode
reaction. (b) Chargedischarge proﬁle. (c) Cyclic stability. Data are adapted from Cheng et al.60 (d) Chargedischarge proﬁles of LFP cells
(as punch cells) with ﬂexible pyrolytic graphite ﬁber current collector and APC-LiCl as the electrolyte. Data from Cheng et al.60 (e–f) The use of
Prussian blue analogues (PBA) as cathodes in APC-LiCl electrolyte. (e) Charge-discharge proﬁles of vacuum-dried PBA with different
concentrations of LiCl. (f) Comparison of cyclic stability of PBA prepared as either hydrated or vacuum-dried form. Data from Chang et al.75
(g–i) Data from Itchitsubo et al.77
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In another study, Zhang et al. assembled a stable highvoltage battery using ﬂexible pyrolytic graphitic ﬁlm as the
current collector and a pouch cell conﬁguration (instead of
a coin cell).76 The electrolyte used in this work was 0.5 M
APC and 0.4 M LiCl. Figure 8(d) shows typical charge–
discharge proﬁles at different C-rates. The cell delivered an
initial capacity of 156.4 mA h/g at 0.15C and a discharge
plateau of 2.45 V. The discharge capacities at different Crates were 144.1, 123.2, 96.6, and 68.8 mA h/g at 0.3, 0.6,
1.2, and 3.0C, respectively. In addition, this work demonstrated the capability of the cell to operate at a low
temperature of 40 °C. The cyclic stability test shows
that this hybrid cell had capacity retention of 98% after
200 cycles at 0.1C.
Sun et al. examined the use of PBA compounds as the
cathodes for hybrid batteries.78 They studied the behavior of
hydrated and vacuum-dried PBA (Fe[Fe(CN)6]0.952.3H2O
and Fe[Fe(CN)6]0.950.7H2O, respectively) with an
APC-LiCl electrolyte. Figure 8(e) shows the charge–
discharge proﬁle of the vacuum-dried PBA at varied
concentrations of LiCl. The speciﬁc capacity was found
to depend strongly on the LiCl concentration, and the
maximum capacity was reached to 125 mA h/g with
0.5 M LiCl. Similar results were obtained with hydrated
PBA. Figure 8(f) compares long-term cycling stability
of both hydrated and vacuum-dried PBA at 200 mA/g.
The vacuum-dried sample showed a capacity-drop during
the ﬁrst 10 cycles and then stabilized at 65 mA h/g for
up to 300 cycles with 99% CE. In contrast, the hydrated
sample had a faster capacity-decay and only retained
55 mA h/g after 300 cycles. The results demonstrated in
this work are encouraging and could bring exciting
opportunities for applying the PBA cathode for hybrid
cell design.
Ichitsubo et al. examined the design of “rocking-chair
type” hybrid batteries.77 They studied the properties of
spinel oxide MgCo2O4 for co-intercalation of Mg21 and
Li1 ions.77 Figure 8(g) shows the CV with a chronoamperometry proﬁle for Li insertion/extraction processes
into MgCo 2O4 . They reported that Mg and Li coinsertions can occur in the host MgCo2 O4 , and these
cations then can be reversibly extracted during a charge
process. The observed equilibrium redox potentials for
the insertion/extraction of Mg and Li cations are
estimated to be about 2.9 V versus Mg21/Mg (3.4 V
versus Li1/Li in the reverse extraction) and 3.1 V versus
Li1/Li (3.2 V versus Li1/Li in the reverse extraction),
respectively. Figure 8(h) shows the cell voltage versus
capacity curve obtained for a Mg–Li dual-salt battery
in a three-electrode cell, which has Mg49Li51 alloy in
atomic ratio as the anode material, a ternary ionic liquid
of (Li10/Mg10/Cs80)-TFSI (atomic ratio of cations) for
the electrolyte, and a Li reference electrode. In this case,
surprisingly the anodic dissolution of the Mg–Li alloy
can occur at reasonably low potentials between 0.5 and

0.6 V versus Li1/Li in the reverse extraction (note that
the anodic dissolution potential is much lower than the
potential (1.5 V versus Li1/Li in the reverse extraction)
of the passivated Mg electrode. By taking advantage of
an Mg–Li alloy anode and co-intercalation of Mg and
Li, they proposed a rocking-chair-type, MgLi, dualsalt battery that does not require accretive electrolytes.
Figure 8(i) shows predicted discharge–charge processes
of the rocking-chair-type, Mg–Li, dual-salt battery.
III. SUMMARY AND PERSPECTIVES

MgLi hybrid batteries have unique advantages of
combining the Mg-metal anode and well-studied Li1 ion
intercalating cathodes (Table II). As reported in the
literature, MgLi hybrid batteries typically present faster
battery cycling performance (higher C-rate) when compared with pure Mg batteries. Cheng et al. reported that
the capacity is close to the theoretical value at low C-rates
(126 mA h/g at 0.1C) and the high-capacity retention
ratios at increased C-rates (102 mA h/g at 15C) for
MgLi/Mo6S8 hybrid cells.54 In contrast, much lower
(80 mA h/g at 0.1C) capacity was observed for
Mg/Mo6 S8 cell. Yoo et al. also reported the speciﬁc
capacity of a TiS 2 electrode could be increased to
220 mA h/g in MgLi/TiS2 hybrid cells.56 However,
the capacity of the TiS2 electrode measured in pure Mg
electrolyte (without Li1 ions in the electrolytes) is less
than 20 mA h/g. Nevertheless, MgLi hybrid cells
overcame the sluggish kinetics of Mg21 ion diffusion in
cathode materials, which are mainly the result of strong
interactions between Mg21 ion and the cathode host
lattice.
High CE and stable cycling performance were typically
observed for MgLi hybrid batteries. In recent work, the
cycling stability of MgLi/Mo6S8 hybrid batteries was
studied with a 3000-cycle charge–discharge test conducted
at a high rate of 10C. The MgLi/Mo6S8 hybrid cell was
very stable, with close to 100% CE for each cycle and only
5% capacity fading after 3000 cycles.54 Yoo et al. carried
out more detailed mechanism studies by comparing an
MgLi/TiS2 hybrid battery to a Li/TiS2 battery.56 They
observed that the Li anode retrieved from a cycled Li/TiS2
battery was covered with a 100 lm thick, mossy layer
composed of a mixture of Li particles and solid electrolyte
interphase. In contrast to a Li/TiS2 cell, the Mg anode
obtained from a cycled MgLi/TiS2 hybrid battery
revealed a single-layer of polyhedral Mg deposits due to
the hexagonal close packed structure of Mg metal. Indeed,
the MgLi/TiS2 hybrid battery showed very stable capacity retention and high CE over 300 cycles. Taking all of
these observations into consideration, Yoo and co-workers
concluded that the superior cell performance of the
MgLi/TiS2 hybrid battery versus the Li/TiS2 battery is
due to the absence of dendritic growth in the Mg anode at
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TABLE II. Summary of performance metrics of typical prototype hybrid Mg/Li-ion batteries developed by far.
Cathode material
Mo6S8
MoO2
MoS2
TiO2
TiS2
TiS2
LTO
LTO
LFP
LFP
LFP
LFP
LMO
S
FeSx (x 5 1 or 2)

Electrolyte

Voltage/capacity
(V versus Mg/mA/g)

Columbic
efﬁciency

Rate performance
(mA h/g)

Cycle
(cycle number)

APC/LiCl
APC/LiCl
Mg(BH4)2/LiBH4
APC/LiCl
APC/LiCl
Mg(BH4)2/LiBH4
APC/LiCl
APC/LiCl
APC/LiCl
APC/LiBH4
APC/LiBF4
APC/LiCl
APC/aqueous Li2SO4
DMDC/LiTFSI
DMDC/LiTFSI
Mg-HMDS/LiTFSI
Mg(BH4)2/LiBH4

1.3/126
1.3/120
1.3/99.5
–/217.2
1.65/225
0.9/155.8
1.4/160
1.4/220
0.7/190
0.7/160
2.4/124
2.45/156
2.1/121.7
2.5/140
3.1/–
1.5/1000
520 (FeS)/600 (FeS2)

ﬃ100%
...
ﬃ100%
88%
99%
...
ﬃ100%
ﬃ100%
ﬃ100%
...
...
98.5%
90%
ﬃ100%
Low
...
Low

1932
3660
...
...
1000
336
480
4800
300
180
...
510
...
170
...
...
Poor

3000
100
300
50
200
90
400
2000
100
100
...
200
20
100
...
30
200

practical current density (2 mA/cm2) and mass loading
(1 mA h/cm2).
Because of the unique charge/discharge processes of
MgLi hybrid batteries, where Mg21 and Li1 ions are
used asymmetrically on the Mg anode and Li cathode,
dual-salt electrolytes must be able to supply/receive
sufﬁcient Mg21 and Li1 ions throughout the cycling
processes. Depending on the Li cathodes used, Mg–Li
hybrid batteries can be brieﬂy divided into two categories:
(i) those using lithiated cathode materials, such as LFP,
LMO, etc., and (ii) those using delithiated cathode
materials, such as Mo6S8, TiS2, TiO2, etc. In this review,
we focus our discussion on lithiated cathode materials.
When using lithiated cathode materials, the Mg–Li hybrid
battery starts with the charging process because the battery
is assembled in the discharged state. During the charging
process, the dual-salt electrolytes have to supply enough
Mg21 ions for depositing on the anode and then accept
Li1 ions de-intercalated from lithiated cathode materials.
For the discharging process, dual-salt electrolytes
accepted Mg 21 ions stripped from the Mg anode and
supply Li1 ions for intercalating into the de-lithiated
cathode. Identifying charge/discharge processes and
involved charge carriers are critical for calculating the
speciﬁc energy density of MgLi hybrid batteries.
For example, the active Mg21 species presented in recent
work by Cheng et al. on MgLi/LFP hybrid batteries
is identical to DMDC, and the charging process of
MgLi/LFP hybrid batteries can be described as follows60:


Anode : 1=2½Mg2 Cl2 ½AlCl4 2 þ 2e 0Mg þ Cl
þ AlCl
:
4

Cathode : 2Li2 FePO4 02FePO4 þ 2Liþ þ 2e

Ref.
54
55
59
69
64
67
65
56
70
68
53
76
75
60
60
73
72

: ð2Þ

Full reaction for the charging process:
2Li2 FePO4 þ 1=2½Mg2 Cl2 ½AlCl4 2 02FePO4 þ LiCl
þ LiAlCl4 þ Mg :
ð3Þ
Based on the full reaction Eqs. (1)–(3), the speciﬁc
energy density of MgLi/LFP hybrid batteries along
with other Li cathode materials are shown in Fig. 9.
As shown in Fig. 9, a MgLi/LFP hybrid battery can
deliver a theoretical energy density up to 246 Wh/kg,
which is considerably higher than the energy density
(134 Wh/kg) of the conventional pure Mg battery using
Mo6S8, and the energy density (;143 Wh/kg) of
the LTO/LFP system. The higher energy density of the
MgLi/LFP battery leads to a higher output voltage
(;2.5 V), which is signiﬁcantly higher than 1.2 V
output voltage of the Mg/Mo6S8 battery and ;1.9 V
of the LTO/LFP battery.60
Assuming all Mg21 ions are supplied from dual-salt
electrolytes, the amount that Mg21 ions in the dual-salt
electrolyte should match the capacity of the Li cathode.
The minimum amount of required dual-salt electrolyte
can be determined as

Vh ¼ 3600000  CLi zFCMg

;

ð4Þ



ð1Þ

where CLi is the capacity density of Li cathode (mA h/cm2),
z is the number of charge for Mg21 ion (2 for Mg21), F is
the Faraday constant (;96,485 C/mol), CMg is the concentration of Mg21 in the dual-salt electrolyte, and Vh is
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FIG. 9. Speciﬁc energy density comparison for Mg/Mo6S8 battery,
LIB, and Mg–Li hybrid batteries without considering the mass of
solvents.60

the volume of the dual-salt electrolyte (lL/cm2). As
shown in Fig. 10, the minimum volume of dual-salt
electrolyte is determined by the Mg21 concentration of
dual-salt electrolyte and Li cathode capacity. Apparently,
higher concentrations of Mg21 require less volume
of dual-salt electrolyte in the MgLi hybrid battery.
For instance, a MgLi/LFP hybrid battery with a cathode
loading of 1 mA h/cm2 will require 94, 47, and 19 lL/cm2
of dual-salt electrolyte for 0.2, 0.4, and 1.0 M Mg21
concentrations, respectively. Consequently, the energy
density of MgLi/LFP hybrid batteries will decrease from
246 Wh/kg (without considering the mass of solvents) to
;30 Wh/kg (0.2 M of Mg21), ;50 Wh/kg (0.4 M of
Mg21), and ;100 Wh/kg (1.0 M of Mg21), respectively,
if the mass of solvents is considered.
Several research directions could be pursued to further
improve the performance of MgLi hybrid batteries.
According to the above discussions, the energy density is
closely related to the output voltage and the amount of
dual-salt electrolytes incorporated in hybrid batteries.
Recently developed dual-salt electrolytes with wider
electrochemical windows signiﬁcantly expanded the
selection of cathode materials toward higher redox potentials. The current state-of-the-art dual-salt electrolyte—
DMDC/LiTFSI/DME—has an electrochemical window
up to 3.4 V (versus Mg) that is sufﬁcient for an LFP
cathode.60 To take further advantages of well-studied
higher voltage Li cathodes (such as LMO, NMC, and
NCA, etc.), a new class of novel dual-salt electrolyte,
which presents even higher electrochemical window,
needs to be developed. For practical applications, longchain glyme-based electrolytes are preferred to replace
the volatile THF solvent due to its higher boiling point
and lower vapor pressure. Reducing the amount of
electrolytes will also help to increase the energy density

FIG. 10. The minimum volume of MgLi dual-salt electrolytes
dependence of Mg21 concentration and Li cathode area capacity.
The speciﬁc capacity of Li cathode is assumed to be 150 mA h/g.

of MgLi hybrid batteries. As shown in Fig. 10,
increasing the concentration of Mg21 ion in dual-salt
electrolytes will effectively reduce the amount of electrolyte needed, thus the energy density will be higher.
Recently reported “solvent-in-salt” type electrolytes
with ultrahigh salt concentrations can be an interesting
approach for making high-concentration dual-salt electrolytes.79 Further reducing the amount of electrolytes
can be achieved by adopting “precipitation-dissolution”
mechanism for charge and discharge processes. During
the charge process, Li salts will be precipitated from the
electrolytes due to the delithiation of the Li cathode;
during the discharge process, magnesium salts will be
precipitated. The demonstration of a precipitationdissolution type Mg–Li hybrid battery has not been
reported yet. Technically, it would be more viable to
demonstrate a precipitation-dissolution type Mg–Li hybrid
battery in a pouch cell architecture rather than in a coin
cell, in which excessive amounts of electrolytes are
typically added. Apparently, understanding precipitationdissolution processes of Mg and Li salts and how it affect
charge and discharge processes could be a critical step for
developing practical MgLi hybrid batteries with a minimum amount of dual-salt electrolyte.
IV. CONCLUSIONS

Demonstrations of MgLi hybrid battery technologies have appeared in literature for only a few years.
During that brief time, great advances have been
achieved in terms of electrolyte materials, various Li
cathode materials and conﬁgurations, and cell architectures.
However, research focused on MgLi hybrid battery
technology is still in the early stage. Beyond all the
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technical challenges, identifying practical applications
is another hurdle that must be addressed. Can hybrid
batteries be applied in electrical vehicles or other energy
storage devices? In conducting the review, we clearly
recognize that improving the energy density of current
MgLi hybrid battery technology would be difﬁcult when
compared to state-of-the art LIB. However, considering
the longer cycling life, higher rate capability, and superior
battery safety, which are intrinsic characteristics of Mg–Li
hybrid batteries, we believe that Mg–Li hybrid batteries
and its analogues (e.g., MgNa hybrid80,81) could provide
more compelling solutions for stationary energy storage
applications. Rational design and development of MgLi
hybrid battery technologies could be achieved through
further understanding and investigating the synergetic
effects of using different charge carriers for cathodes and
anodes. Therefore, we hope the information provided in
this review will be helpful to those engaged in efforts to
develop low-cost and reliable hybrid battery technologies
for stationary energy storage applications in the future.
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