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development of LIBs.[7–11] Therefore, 
alternative battery systems with low cost, 
abundant metal resources, and good 
safety performance should be urgently 
discovered.

In recent years, scientists have explored 
various metals, such as sodium, potas-
sium, zinc, aluminum, and magnesium, 
for metal-ion batteries to replace lithium 
from various applications.[12–26] Among 
different metal-ion batteries, recharge-
able magnesium-ion batteries (MIBs) are 
expected to be a potential candidate for 
large-scale energy storage systems owing 
to the following excellent intrinsic advan-
tages. 1) Magnesium has a lower electrode 
potential (–2.37  V versus SHE) than Zn 
and Al metals. 2) Magnesium is a light 
metal with a density of 1.74  g cm–3 and 

is abundantly present in the earth's crust (i.e., approximately 
2.1%, which is 104 times that of lithium metal). 3) Two electrons 
can be provided during redox reactions, leading to a higher 
theoretical volumetric capacity of 3866 mAh cm–3 than that of 
lithium metal (2046 mAh cm–3). 4) A magnesium anode with 
higher stability than a lithium anode is significantly less sus-
ceptible to dendrite formation. Similar to other metal-ion bat-
teries, the core components of MIBs are also anode, cathode 
and electrolyte. Commonly, the Mg2+ ions are released from 
the anode and inserted into the cathode during the discharge 
process, and the process is reversed during the charging pro-
cess. However, the electrochemical performance of magnesium 
is different from that of lithium. The passivation layer formed 
between magnesium and ordinary electrolyte prevents the dif-
fusion of Mg2+ ions and limits its reversible deposition from 
salt-containing aprotic electrolytes such as magnesium per-
chlorate, magnesium tetrafluoroborate, imide, carbonate, and 
nitrile. Hence, achieving reversible deposition/dissolution of 
Mg ions in the electrolyte is very important for MIBs.

Because Mg is active in an aqueous solution and easily 
forms a passivation layer on the surface, researchers have 
explored different organic systems to realize electrodeposi-
tion.[27–29] The concept of rechargeable MIBs was first raised 
in 1990. Gregory et  al. constructed Mg//1.0 M N-ethylaniline 
magnesium chloride, 0.20 M AlCl3, THF//Cu batteries, which 
demonstrated compatibility between Mg organoboranes elec-
trolytes (Mg(BPh2Bu2)2 or Mg(BPhBu3)2) and Mg anodes.[30] 
Then, in 2000, Aurbach's group reported the first study on elec-
trochemically deposited Mg metal.[31] Subsequently, the same 
research group prepared a high-voltage (>3 V) all-phenyl com-
plex electrolyte as the product of the reaction between PhMgCl 

Rechargeable magnesium (Mg)-ion batteries have received growing attention 
as a next-generation battery system owing to their advantages of sufficient 
reserves, lower cost, better safety, and higher volumetric energy density than 
lithium-ion batteries. However, Mg as an anode can be easily passivated 
during charging/discharging by most common solvents, which are incondu-
cive for magnesium deposition/stripping. Based on this, the development of 
Mg-ion solid-state electrolytes in the last decades led to the formulization of 
several concepts beyond previously reported designs. These exciting studies 
have once again sparked an interest in all-solid-state magnesium-ion bat-
teries. In this review, Mg solid-state electrolytes, including inorganic (oxides, 
hydrides, and chalcogenides) and organic (metal-organic frameworks and 
polymers) materials are classified and summarized in detail. Moreover, the 
structural characteristics and the migration mechanism of Mg2+ ions are also 
discussed with a focus on pending questions and future prospects.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/smll.202106981.

1. Introduction

With the increasing environmental problems and the emphasis 
on the energy crisis, renewable and clean energy (wind, solar, 
and hydrogen power) is in highly considered and appreciated. 
However, new energy resources are intermittent and may not 
meet practical applications. From a technological perspective, 
energy storage technology combined with clean energy will be 
crucial pillars of a successful future energy strategy. As an effi-
cient energy storage device, lithium-ion batteries (LIBs) have 
low redox potential and high energy density. After decades of 
significant developments, LIBs have become a successful com-
mercial energy storage technology and play essential roles in 
a multitude of applications ranging from consumer electronics 
and electric vehicles to aerospace products.[1–6] However, the 
high cost of the limited lithium sources and the safety prob-
lems caused by lithium dendrites restrict the progress and 
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and AlCl3 in THF. Thereafter, Mg-ion liquid electrolytes such as 
HMDSMgCl-AlCl3/THF, MgAl2-AlCl3/DMC, and Mg(TFSI)2-
DME, have been rapidly developed.[32–34] However, some diffi-
cult challenges are yet to be solved. The low oxidation decom-
position potential and compatibility with the cathode material 
of the Grignard reagent system limit its application. More 
electronegative elements, such as N, O, or Cl, substitute Grig-
nard carbanion, which can form a more stable complex anion 
combined with the strong Lewis acid in the system.[35–37] This 
complex anion has better oxidation resistance and enhances the 
anode stability in the electrolyte. At the same time, excessive Cl– 
ions can be adsorbed on the surface of the magnesium anode, 
destroy the formation of the passivation layer, and enhance the 
electrodeposition of Mg2+ ions.[38,39] The combination of Cl– 
ions and Mg2+ ions to form MgCl+ ions can reduce the migra-
tion barrier, thereby increasing the migration rate. However, 
the formation of MgCl+ also causes a decrease in energy den-
sity and difficulty in cathode intercalation. Moreover, when the 
potential exceeds 2.5V, Cl– ions would corrode the battery com-
ponents and thus affecting the electrochemical window and 
cycle life of the battery.[40–43] Nevertheless, some recent studies 
have confirmed that dendrite growth occurs during the process 
of magnesium-ion deposition, particularly at low operating 
temperatures, localization of anode edge overpotential and high 
charging rates.[44] Furthermore, conventional organic solvents 
contained in common liquid electrolytes are flammable and 
volatile.

Solid-state electrolytes have attracted significant interest for 
use in electrochemical energy storage technologies because 
they do not have the problems of passivation, dendrite growth, 
and corrosion of Mg anode.[45–47] Owing to their good safety 
performance, solid-state electrolytes can circumvent the prob-
lems of volatile and explosive organic solvents. In this review, 
solid-state magnesium electrolytes are systematically sum-
marized from oxides, hydrides, chalcogenides, metal-organic 
frameworks (MOFs), and polymers. Furthermore, the migra-
tion mechanism of Mg2+ ions is comprehensively combed 
according to the different types. The review covers a broad and 
deep interdisciplinary discussion, including that on materials 
science, chemistry, surface engineering, and polymer science. 
The perspective in designing solid-state electrolytes will moti-
vate industries to develop different applications of MIBs. There-
fore, studies on solid-state electrolytes are important to address 
the fundamental challenges of electrochemical properties, and 
for the practical applications of next-generation MIBs in diverse 
areas.

2. Solid-State Electrolyte

Similar to the development route of all-solid-state lithium bat-
tery electrolytes, all-solid-state magnesium battery electrolytes 
are classified into five categories: oxides, hydrides, chalco-
genides, metal–organic frameworks (MOFs) and polymers. 
Figure 1 summarizes the advantages, disadvantages, and devel-
opment routes of the five main types of solid-state magnesium 
electrolytes in recent years. In this section, the structure, ionic 
conduction mechanism, and improvement strategy of these five 
classifications will be systematically discussed.

2.1. Oxides

The ceramic based oxides with the general formula of 
AxMy(XO4)3 were first used as solid-state electrolytes for MIBs. 
The oxide AxMy(XO4)3 have two similar crystal structures: 
β-Fe2(SO4)3-type (monoclinic symmetry, P21/n space group) 
and natrium-super-ionic-conductor(NASICON)-type (rhombo-
hedral symmetry, R3c space group) structures. Both of them 
are three-dimensional (3D) network structures based on a 
covalent skeleton [M2(XO4)3], which consists of MO6 octahe-
dron and XO4 polyhedron sharing all angles. The size of these 
channels (4.5–4.7 Å) is larger than the edges of magnesium 
tetrahedra (3.3–3.7 Å). As shown in Figure 2a, the NASICON-
type structure is more symmetrical than Fe2(SO4)3-type struc-
ture and has a sufficiently large gap to form a suitable channel 
for Mg2+ ion transport. The well-ordered and stable Zr2P3O12 
(lantern) units allow smooth ion migration, resulting in high 
ionic conductivity, particularly at high temperatures.[48] In 
1987, Ikeda et  al. first reported the Mg-Zr-PO4 system, which 
was applied in solid-state magnesium electrolytes.[49] When the 
stoichiometric composition of the system was Mg0.5Zr2(PO4)3 
(MZP), the material exhibited the highest ionic conductivities 
of 2.9 × 10–5 and 6.1 × 10–3 S cm–1 at 400 and 800 °C, respec-
tively. X-ray diffraction (XRD) measurement revealed the R3c 
structure of MZP, which is same to that of NaZr2(PO4)3.

Further efforts have been made to understand magnesium 
ionic conductivity mechanisms and enhance the conduc-
tivity at low temperatures of the oxide solid electrolyte. First, 
researchers found that different synthesis processes and sin-
tering temperatures influence the phase structure and compact-
ness of the material.[50] Compared to the solid-state method, the 
sol-gel method allows precursors to mix more uniformly during 
the preparation process. Thus the sol-gel method reduces the 
sintering temperature and avoids the generation of impurities 
phase.[51] Unlike MZP containing second-phase Zr2O(PO4)2 
prepared by the solid-state method, the single-phase MZP 
was synthesized by Kazakos-Kijowski et  al. using the sol-gel 
method at 900 °C.[49,51] Anuar and Adamu's groups prepared 
monoclinic single-phase MZP by a sol-gel method. They found 
that with the increase in sintering temperature, the density 
of the material (Figure  2c) and the grain size decreases, thus 
effectively reducing the grain boundary resistance in Mg2+ ion 
transport.[52,53] Figure 2b shows that upon sintering MZP above 
850 °C, monoclinic MZP decomposed to its orthorhombic 
phase, Zr2O(PO4)2. After high-temperature sintering and long-
term annealing at 900 °C, the second phase is transformed into 
MZP (Figure  2d). At a sintering temperature of 1300 °C, the 
maximum relative density reaches 99% of the theoretical den-
sity resulting in low values of the grain boundary resistance. 
Liang et  al. synthesized Mg0.5Ce0.2Zr1.8(PO4)3 electrolyte nano-
powders using the liquid-feed flame spray pyrolysis method 
and obtained a conductivity of 3 × 10–6 S cm–1 at 280 °C by 
increasing the density of the material and reducing the thick-
ness of the electrolyte.[54] The variation in the Mg2+ ion conduc-
tivity as a function of temperature for various oxides is shown 
in Figure 2e.

In addition to optimizing the preparation method, anion 
and cation substitution can also improve the Mg2+ ion con-
ductivity of MZP. The influence of the substitution of Zr4+ 
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ion with a smaller cation such as Fe3+, Zn2+, and Al3+ in the 
MZP structure has been studied by Anuar and co-workers.[55,56] 
The concentration of Mg2+ interstitial ions increased with the 
increase of the substitution element, leading to the enhance-
ment of the conductivity and migration amount of Mg2+ ion 
in the compound. The substitution of Zr4+ ions with larger 
radii cations can improve the ion channels, reduce activa-
tion energy, and increase the conductivity.[57] For instance, the 
partial substitution of the tetravalent Zr4+ site in MgZr4P6O24 
by pentavalent Nb5+ significantly reduces the activation 
energy of the Mg2+ ion migration and enhances the conduc-
tivity.[58,59] On further development of a series of three-dimen-
sionally well-ordered NASICON-type Mg2+ ion conductors, 
(MgxHf1-x)4/(4-2x)Nb(PO4)3 (0.05 ≤ x  ≤ 0.3) exhibited a higher 
conductivity (2.1 × 10–6 S cm–1) than Mg0.7(Zr0.85Nb0.15)4(PO4)6 
(1.1 × 10–7 S cm–1) at 400 °C due to the lower activation energy 
for the Mg2+ migration (63.9 kJ mol–1) than that (92.0 kJ mol–1) 
of β-Fe2(SO4)3-type Mg0.7(Zr0.85Nb0.15)4(PO4)6.[60,61]

A similar improvement strategy can also be applied to 
Mg0.5Ti2(PO4)3 (MTP) materials. Compared with Zr4+ (80 Å), 
the ionic radius of Ti4+ (68 Å) is much smaller; therefore, MTP 
has an isostructural lattice with the NASICON at room tem-
perature. Barth et  al. first prepared the MTP material by the 

sol-gel method.[62] Makino et al. synthesized a series of samples 
of Mg0.5 + y(MeyTi1 - y)2(PO4)3 (Me = Cr, Fe) and found that the 
cell volume of Mg0.5Ti2(PO4)3 changed little with the Mg-ion 
insertion, which seems to be advantageous in terms of dura-
bility.[63,64] The insertion limit of the Mg2+ ion is determined by 
the mobility rather than the number of available sites for the 
Mg2+ ion. Takahashi et  al. prepared TM-doped (TM = Fe, Mn, 
Co, and Nb) MTP and evaluated its crystal structure and elec-
trical conductivity (Figure 3a,b).[65] It was found that the doping 
of Fe, Mn, and Co caused lattice contraction in the c-axis direc-
tion, which may strengthen the Mg–O2 bond and shorten the 
Mg–O2 distance, thereby increasing the conductivity of Mg2+. 
In contrast, the Nb-doped sample exhibited the smallest con-
ductivity (1.1 × 10–4 S cm–1 at 600 °C) and the maximum activa-
tion energy (102  kJ mol–1), which may be due to the decrease 
in the Mg interstitial concentration and the increase in the 
Mg–Mg distance. Takahashi et al. further investigated Al-doped 
MTP and predicted the suitable lattice size for Mg ion trans-
port.[66] For trivalent-doped titanium phosphates, the optimum 
lattice volume was estimated to be 1.304 nm3 for the Mg-ion 
conduction. Halim et al. prepared Mg0.5 + x/2Si2 - xAlx(PO4)3 with 
the NASICON-type structure by replacing Zr4+ (0.72 Å) with 
Si4+ (0.41 Å) to construct a suitable tunnel size for the Mg2+ ion 

Figure 1. The various kinds and developments of solid-state electrolyte in MIBs.
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migration, thereby improving the conductivity.[67] Further, an 
improved ionic conductivity of 2.78 × 10–5 S cm–1 was achieved 
at room temperature through Al3+ doping.[68] Nomura et al. syn-
thesized Mg1.15Zr4(P0.95Si0.05O4)6 by the sol–gel method to par-
tially replace the phosphate skeleton with Si4+.[69] This improved 
the compactness of the sintered specimens and the conduc-
tivity are both improved (1.4 × 10–5 S cm–1 at 530 °C).

Additionally, researchers found that the conductivity 
can be improved by introducing a second phase.[59,70,71] A 
Mg1+xZr4P6O24+x+xZr2O(PO4)2 composite was synthesized by 
intentionally changing the starting material mixing ratio to 
the nonstoichiometric ratio.[72] The microscopic dispersion 
of the second phase of Zr2O(PO4)2 in the compound signifi-

cantly increases its relative density. However, the Zr2O(PO4)2 
phase exhibits an insulation property, and its excessive 
addition will lead to a decrease in the conductivity. The 
Mg1.4Zr4P6O24.4+0.4Zr2O(PO4)2  composite has the highest con-
ductivity (6.92 × 10–3 S cm–1 at 800 °C); however, it has high 
activation energy is still high (1.14  eV). Therefore, further 
improvements can be made by replacing Zr4+ with Nb5+ to pre-
pare Mg1.1(Zr0.85Nb0.15)4P6O24.4+0.4Zr2O(PO4)2, which increases 
the conductivity to 10–2 S cm–1 at 800 °C.[59]

In addition to the above-mentioned phosphate-based oxide 
solid electrolytes, some other kinds of oxide electrolytes have 
also been investigated. Ahmad et  al. prepared a magnesium-
based solid electrolyte MgI2–Mg3(PO4)2 composite via ball 

Figure 2. a) The crystal structure of β-Fe2(SO4)3 and NASICON phase. b) XRD patterns of Mg0.5Zr2(PO4)3 sample sintered at different temperatures. 
Reproduced with permission.[52] Copyright 2014, Elsevier c) The cross-sectional SEM micrographs of Mg0.5Zr2(PO4)3 pellets sintered at different tempera-
tures. Reproduced with permission.[52] Copyright 2014, Elsevier. d) XRD patterns for Mg0.5Zr2(PO4)3 powder calcined at 900 °C for 3 h and Mg0.5Zr2(PO4)3 
pellet sintered at 1300 °C for 24 h; Mg0.5Zr2(PO4)3 pellet sintered at 1090 °C for 1 h, cooled down to 900 °C, and then annealed for 75 h. Reproduced with 
permission.[53] Copyright 2016, American Chemical Society. e) Temperature dependence of the Mg2+ ionic conductivity of different oxides
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milling.[73] The binary 30% MgI2-70% Mg3(PO4)2 has a max-
imum conductivity of 7.0 × 10–4 S cm–1 at room temperature, 
≈2080 times higher than that in pure Mg3(PO4)2. Sulaiman et al. 
synthesized Mg(NO3)2-xAl2O3 and Mg(NO3)2-xMgO composites 
by sol–gel method, which exhibited high Mg2+ conductivities of 
4 × 10–4 S cm–1 and 10–6 S cm–1 at room temperature, respec-
tively.[70,71] Omote et  al. developed a novel ion conductor com-
prising magnesium hafnium tungstate (MgHf(WO4)3), which 
showed a high conductivity of 1.4 × 10–5 S cm–1 at 600 °C.[74] 
The reason for the improved conductivity is presumably attrib-
uted to the weakening of the Mg–O bonding strength, leading 
to an increase in the Mg2+ ion conduction space (Figure  3c). 
Su et  al. reported plasma-assisted atomic layer deposition 
growth and characterization of Mg2.4P2O5.4 thin films as a solid-
state electrolyte.[75] The film exhibited an ionic conductivity of 
1.6 × 10–7 S c m–1 at 500 °C, with an activation energy of 1.37 eV.

Despite the efforts made by many scholars in this field, 
oxide materials still have some problems in the field of magne-
sium solid electrolytes. Most synthesis techniques and applica-
tions need to be performed at significantly high temperatures, 
whereas the conductivity is too low at moderate temperature for 
practical utilization. Therefore, it is necessary to further ame-
liorate the preparation process to improve the conductivity and 
attempt to develop other types of materials, that can work at 
low temperatures.

2.2. Hydrides

Magnesium borohydride, Mg(BH4)2, has a high hydrogen 
capacity (14.9 wt%) with a small enthalpy change of Mg 
(41  kJ mol–1 H2, theoretically estimated), which has received 

Figure 3. a) Lattice constant of Fe, Mn, Co and Nb-doped Mg0.5Ti2(PO4)3 as a function of the concentration of TM or Mg. Reproduced with permis-
sion.[65] Copyright 2012, Trans Tech Publications Ltd. b) SEM images of Fe-, Mn-, Co-doped Mg0.5Ti2(PO4)3 sintered at 1150 °C for 2 h and Nb-doped 
Mg0.5Ti2(PO4)3 at 1200 °C for 10 h. R. D. means the relative density of the samples calculated from the theoretical value. Reproduced with permis-
sion.[65] Copyright 2012, Trans Tech Publications Ltd. c) The most energetically stable structure of MgHf(WO4)3, in which Mg2+ and Hf4+ arrange one 
after another in the (010) direction, calculated by VASP and HAADF-STEM image in MgHf(WO4)3, viewed from the (001) cross-section. Reproduced 
with permission.[74] Copyright 2011, American Chemical Society.
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wide attention as one of the potential candidates for advanced 
hydrogen storage materials.[76–80] In the meantime, many 
scholars have investigated Mg(BH4)2 as a magnesium ionic 
electrolyte.[31,81–84] In 1957, Connor et al. first realized the electro-
deposition of magnesium from ether solutions of Mg(BH4)2.[82] 
However, the deposited material was not pure magnesium, and 
contained 9.4 wt% boron. In 2012, Mohtadi et  al. proved that 
the electrochemical performance when Mg(BH4)2 as the elec-
trolyte of the MIBs in glyme is better than that of THF, and 
they were the first to achieve reversible deposition/exfoliation 
in a halogen-free inorganic salt.[84] The interaction between 
Mg2+ and BH4

– is weak, leading to an easy dissociation in DME. 
Despite the fact that DME has a slightly lower dielectric con-
stant (7.2) compared to THF (7.4), its chelating performance 
could enhance this dissociation. Moreover, adding LiBH4 to 
a Mg (BH4)2 electrolyte can significantly improve the current 
density of Mg deposition with a coulombic efficiency of 94%, 
and result in pure magnesium deposition. Shao et  al. also 
developed an electrolyte based on Mg(BH4)2, diglyme and opti-
mized concentration of LiBH4 and obtained 100% coulombic 
efficiency. They believed that from the kinetics viewpoint, the 
LiBH4 additive as the second coordination ligand (BH4)– can 
increase the concentration and speed up the stripping process 
at the electrode surface, which accounts for the enhanced cou-
lombic efficiency.

The above studies demonstrated the possibility of Mg(BH4)2 
application in liquid electrolytes. On the other hand, the Mg2+ 
ions are coordinated with the BH4

– group through a strong 
coulombic interaction and confined in tetrahedral cages com-
posed of BH4

–, thereby resulting in a low Mg2+ conductivity at 
room temperature (10–12 S cm−1) in a solid-state electrolyte.[85,86] 
Therefore, reducing the binding between the anions and Mg2+ 
ion can accelerate ion migration in the solid-state through par-
tial substitution of BH4

− with larger ions or neutral molecules, 
such as AlH4

–, NH3BH3, or NH2
–.[87–91] Matsuo et  al. using 

first-principles molecular dynamics (FPMD) simulations, pro-
posed that the replacement of BH4

– with AlH4
– can enhance 

the Mg2+ ion conduction.[87] Through theoretical simulation, 
Ikeshoji et  al. further found that the Mg ions were capable of 
moving outside the cage after introducing larger-sized AlH4

– 
anions by substitution of 20% BH4

–.[86] In 2013, Noritake et al. 
synthesized Mg(BH4)(NH2) as a potential solid-state electrolyte 
by ball milling Mg(BH4)2 and Mg(NH2)2 under argon for 2h 
and heating at approximately180 °C.[92,93] Later in 2014, Higashi 
et  al. described the structure of Mg(BH4)(NH2), as shown in 
Figure 4a, and predicted using density functional theory (DFT) 
calculation that it is a band gap insulator with an ionic bonding 
characteristic.[94] Figure  4f shows the reversible Mg deposition 
and stripping behavior by cyclic voltammograms. The Mg2+ 
ionic conductivity of 10–6 S cm–1 was obtained at 150°C for 
Mg(BH4)(NH2), which is three orders of magnitude higher than 
that of Mg(BH4)2.[95] Then, Ruyet et  al. studied the influence 
of ball milling and heat treatment on the Mg2+ conductivity in 
Mg(BH4)(NH2).[96] The pure Mg2+ ionic conductivity can be as 
high as 3 × 10–6 S cm–1 at 100 °C, which is three orders of mag-
nitude higher than that reported by Higashi. This can be attrib-
uted to the formation of a glass-ceramic-like composite material 
with the presence of an additional amorphous phase.[94] The 
same group further synthesized the crystalline single-phase 

compound-Mg3(BH4)4(NH2)2 with a high thermal stability, 
resulting in a high Mg2+ ionic conductivity of 4.1 × 10–5 S cm–1 
at 190 °C and low activation energy (0.84  eV) at 100 °C.[97] 
Figure 4e shows the Arrhenius plots of ionic conductivity as an 
inverse function of temperature for various hydrides.

Recently, Roedern et al. prepared Mg(en)(BH4)2 by ball milling 
ethylenediamine (en, NH2(CH2)2NH2) and Mg(BH4)2.[98] The 
introduction of a chelated en ligand can significantly improve 
the Mg2+ ionic conductivity from <10–12 S cm–1 to 5 × 10–8 at 
30 °C. It is crucial to reduce the number of en ligands that 
coordinate with the Mg2+ cation from three in Mg(en)3(BH4)2 to 
one in Mg(en)(BH4)2, to obtain an asymmetric mixing of Mg2+ 
with one en and two BH4

– (Figure  4b). The symmetry of the 
anions and the binding effect on the Mg ions decreases, which 
is more conducive to the Mg2+ ionic conduction. The anodic 
current during the reverse sweeps between −0.2   and 0.5 V is 
shown in Figure  4g,  strongly  indicating the occurrence of the 
Mg conduction.

More recently, in 2020, Yan et  al. synthesized 
Mg(BH4)2·nNH3 (n  = 1, 2, 3, and 6) and found that with the 
decreasing n, the conductivity of Mg2+ ion increases.[89] The 
crystal structure of Mg(BH4)2·NH3 is shown in Figure  4c. 
Based on this, Yan et al. further explored the influence of non-
stoichiometry of NH3 doping on the Mg2+ ionic conductivity.[90] 
Mg(BH4)2·1.6NH3 with stable amorphous structure was synthe-
sized by ball milling and combined with 75 wt% MgO nanopar-
ticles.[90] The Mg2+ ionic conductivities of the nanocomposite 
are ≈10–5 S cm–1 at room temperature and ≈10–3 S cm–1 at 70 °C. 
Furthermore, Figure 4h shows that the composite exhibits good 
cyclic stability and reversibility of Mg plating/stripping for 
more than 15 cycles. Although oxide is not conductive, the pres-
ence of an insulator will produce a defective, highly conductive 
layer along the interface between the conductive and insulating 
phases.[99,100] Simultaneously, the addition of MgO can stabilize 
the amorphous phase of the Mg(BH4)2·1.6NH3 during the cycle 
and improve ionic conductivity.

In the Mg(BH4)2·2(NH3BH3) system, Mg2+ is tetrahedrally 
coordinated to two borohydrides (BH4

–) and two ammonia 
boranes (NH3BH3) by ball milling Mg(BH4)2 and NH3BH3 
(Figure  4d).[88] A Mg/Mg(BH4)2·2(NH3BH3)/Mo solid-state 
battery was assembled, which achieved a conductivity of 
1.3 × 10–5 S cm–1 at 30 °C.

In recent years, some researchers have analyzed the structure 
and ion transport mechanism of Mg(BH4)2 through calcula-
tions and structural characterization. Burankova et  al. investi-
gated the dynamics of Mg(BH4)2-diglyme0.5 on the atomic level 
by means of quasielastic neutron scattering supported by DFT 
calculations and infrared radiation (IR) and nuclear magnetic 
resonance (NMR) spectroscopy.[101] The results revealed that a 
high Mg2+ conductivity can be achieved through the chelating 
ability of diglyme but can negatively impact the thermal sta-
bility of the electrolyte. Heere et  al. used synchrotron radia-
tion powder X-ray diffraction (SR-PXD), quasi-elastic neutron 
scattering (QENS), and synchrotron X-ray total scattering 
experiments with the corresponding pair distribution function 
(PDF) analysis to analyze the structure of Mg(BH4)2 before and 
after ball milling.[102] The corresponding PDFs showed that the 
structure of Mg(BH4)2 in the amorphous state still maintains 
a short-range order, which is the same as the crystalline state, 
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and the one-dimensional ion-transport channel in the amor-
phous Mg(BH4)2 still exists. The QENS data showed a higher 
fraction of activated rotations in the amorphous sample, which 
is helpful to improve the Mg2+ conductivity.

2.3. Chalcogenides

Similar to the Li+ oxide-based electrolytes, the synthesis process 
of the Mg2+ oxide-based electrolytes require long sintering times 
and cumbersome steps. However, the products always exhibit 
poor mechanical properties with large interface impedance. By 
substitution of sulfur ions for oxygen ions, lower-temperature 

synthesized Mg2+ solid-state electrolytes (SSEs) present a 
weaker bonding strength between the sulfur and magnesium 
ions. Their lower electronegativity and larger radius provide 
a wider migration tunnel for ions and typically exhibit much 
more flexibility. In this case, Mg sulfide-based materials have 
been paid much attention due to their promising high ionic 
conductivity. Inspired by the Li2S-P2S5-LiI system, Shigematu 
and co-workers prepared amorphous sulfide electrolytes of 
MgPS3-MgI2 by mechanical milling.[103] The sulfide glasses in 
the 60MgPS3-40MgI2 system exhibited an Mg2+ ionic conduc-
tivity of 3.1 × 10–7 S cm–1 at 200 °C. Meanwhile, MgS-P2S5 is 
also expected as one of the potential Mg2+ solid-state electro-
lytes. The glass ceramics of MgS-P2S5-MgI2 were prepared by 

Figure 4. a) The crystal structure of Mg(BH4)(NH2). Reproduced with permission.[94] Copyright 2014, Royal Society of Chemistry. b) The tetrahedral 
arrangement of coordinating ions in Mg(en)1(BH4)2. Reproduced with permission.[98] Copyright 2017, Nature Publishing Group. c) The crystal structure 
of Mg(BH4)2·NH3. Reproduced with permission.[89] Copyright 2020, Royal Society of Chemistry. d) XRD patterns of Mg(BH4)2·2(NH3BH3), the insert 
shows the crystal structure Mg(BH4)2·2(NH3BH3). Reproduced with permission.[88] Copyright 2020, American Chemical Society. e) Arrhenius plots of 
ionic conductivity as a function of the inverse of temperature for various hydrides. f) Cyclic voltammograms of Pt/Mg(BH4)(NH2)/Mg. Reproduced with 
permission.[94] Copyright 2014, Royal Society of Chemistry. g) Cyclic voltammograms of Pt/Mg(en)1(BH4)2 /Mg cell at 60°C. Reproduced with permis-
sion.[98] Copyright 2017, Nature Publishing Group. h) Cyclic voltammograms of Au/Mg (BH4)2·1.6NH3@MgO/Mg cell. Reproduced with permission.[90] 
Copyright 2020, American Chemical Society.
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Tatsumisago and co-workers using a mechanochemical tech-
nique and subsequent heat treatment, which exhibited an Mg2+ 
ionic conductivity of 2.1 × 10–7 S cm–1 at 200 °C.[104]

Nevertheless, the ionic conductivity of these sulfide-based 
Mg2+ electrolytes is still far less than that in analogous Li+/Na+ 
electrolytes. For instance, Tatsumisago et al. measured Na3PS4 
with a high conductivity of up to 10–4 S cm–1 at room tempera-
ture, which can be further improved by Si doping.[105,106] In 2016, 
Kanno and co-workers reported Li9.54Si1.74P1.44S11.7Cl0.3 with an 
exceptionally high conductivity of 25 × 10–3 S cm–1 at room tem-
perature.[107] Later, the cubic structure of Na3SbS4 and Na3PSe4 
were found to exhibit high ionic conductivities owing to the 
well-constructed diffusion channels Consequently, structural 
frameworks with high Mg mobility should decrease the migra-
tion energy barriers with the increasing volume per anion, in 
the following order O2– < S2– < Se2– < Te2–.[107,108] Thus, Ceder 
et al. reported a representative work on maximizing the volume 
per anion of the structure and designing a series of Mg-ion con-
ductors with the stoichiometry MgX2Z4 (where Z  = S and Se 
and X = In, Y, and Sc) (Figure 5a).[109] In these spinel structures, 
a vacant octahedral site between two tetrahedral sites provides 
a pathway for the migration of Mg2+. The Rietveld refine-
ment results of the synchrotron XRD pattern for MgSc2Se4 in 
Figure  5b shows that the structure is in a pure MgAl2O4-type 
spinel (Fd-3m) phase. In the high-purity MgSc2Se4 phase, the 

fast Mg2+ mobility (10–4 S cm–1 at room temperature) with a 
low migration barrier (≈370  ± 90 meV) has been confirmed 
by both Mg NMR relaxometry and electrochemical impedance 
spectroscopy, which agrees with the conductivity extrapolated 
from the ab initio molecular dynamics simulation (Figure 5c,d). 
However, 0.04% of the total conductivity was attributed to the 
electronic conductivity, which is higher than that of the current 
solid-state electrolytes (10–4–10–6 S cm–1 at room temperature).

According to Ceder et  al.’s investigation, a chalcogenide-
rich phase should have a lower electronic conductivity, which 
is dependent on the content of the Se element. More recently, 
Guo and co-workers synthesized different amounts of Se-rich 
(5 wt% and 10 wt%) phases of MgSc2Se4 to decrease the elec-
tronic conductivity.[110] For a sample with 5 wt% Se in excess, 
the electronic conductivity decreased to 2.1 × 10–8 S cm–1 
while the ionic conductivity was 7.2 × 10–5 S cm–1, which is 
the same as that observed in the sample without Se-excess. 
Instead, the electronic conductivity increased significantly to 
1.1 × 10–5 S cm–1 while the ionic conductivity was lowered to 
2.7 × 10–5 S cm–1. This indicates that excessive Se has a negative 
impact on decreasing the electronic conductivity, which is also 
accompanied by side reactions. Thus far, the proposed strate-
gies to lower the electronic conductivity by the implementation 
of Se-rich phases and aliovalent doping (Ti4+ and Ce4+) have 
led to ineffective neutralization of the electronic conductivity. 

Figure 5. a) Computed Mg and Zn migration barriers (orange bars in meV) in AX2Z4 spinel and volume per anion (blue bars) using first-principles 
calculations, respectively, with X  =  Sc, Y, and In, and Z  =  S, Se, and Te. b) Rietveld refinement of the synchrotron XRD pattern for MgSc2Se4. Reflec-
tions corresponding to MgSc2Se4 (blue), Mg (black), MgSe (red), Sc2O3 (magenta), and Sc2Se3 (dark yellow) are shown with tick marks of the respec-
tive colors. c) Impedance spectrum of the Ta/MgSc2Se4/Ta cell, and the circuit utilized in the fitting of the impedance data. d) spin-lattice relaxation 
data of 25Mg recorded as a function of temperature; the blue line indicates the Arrhenius fit. Reproduced with permission.[109] Copyright 2017, Nature 
Publishing Group.
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However, owing to both the fast ionic and electronic conduction 
properties, spinel MgSc2Se4 can reversibly insert/extract the 
Mg2+ ions as cathode materials.

2.4. MOFs

Metal–organic frameworks (MOFs), or porous coordination 
polymers, are compounds that are assembled by metal ions/
cluster and organic ligands and extend infinitely in one, two, or 
three dimensions.[111,112] They have attracted considerable atten-
tion owing to their large specific surface area and exceptional 
tunability on pore dimension without affecting the underlying 
topology. Furthermore, because of mild synthesis conditions and 
ease of functionalities, they are widely investigated in the fields 
of adsorptive separation, catalysis, drug delivery, energy storage 
and many others.[112,113] Moreover, their single-ion conductivity 
makes them promising candidates for application in the SSEs, 
especially for the transport of multivalent ions, such as Mg2+ 
and Al3+.[114] Considering the diversity of the MOF structures 
and the progress of nanotechnology, MOFs with internal mobile 
ions can be assembled with desired pore structures, which has 
great potential for internal cation migration. The MOFs with 
open metal cation sites can incorporate lithium isopropoxide 
into their structures to produce a solid-state electrolyte with fast 
ionic conductivity.[115] However, unlike lithium-ion conductive 
MOFs, the investigations that focus on magnesium ionic con-
ductivity are just emerging in the research of magnesium-ion 
SSEs, but many milestone results have been achieved.

To achieve the expected ion migration, the corresponding 
target metal ions should be first introduced within the MOF 
host. A relatively convenient strategy is to immerse the MOFs 
in a salt solution. followed by the filtration and drying pro-
cesses.[116,117] A representative work by Long et al. reported the 
uptake of lithium isopropoxide into the MOF with the open 
metal cation sites, leading to a high lithium ionic conductivity 
of 3.1 × 10–4 S cm–1 at 300 K.[117] Soon afterwards, inspired by 
this concept, Long and co-workers prepared and character-
ized a series of Mg2+ solid-state electrolytes using a similar 
approach.[118] Considering that Mg2+ ion has a smaller radius 
and higher charge density than Li+ ion, it is easier to achieve 
rapid migration of the Mg2+ ions using the MOFs solid elec-
trolytes with suitable pore sizes and a high density of open 
metal sites capable of coordinating nucleophilic anions. 
Then, Mg2(dobdc) and its expanded analog Mg2(dobpdc) 
(dobpdc = 4,4″-dioxidobiphenyl-3,3″-dicarboxylate) with suffi-
cient pore size and rich open metal sites were chosen as the 
hosts for Mg2+ (Figure 6a). Figure 6b shows the three symmet-
rical anion coordination sites of Mg2(dobpdc). The impregna-
tion of a magnesium halide salt within the MOFs produced a 
series of composite materials. The conductivity increased with 
the decreasing anion basicity of the guest electrolyte salts. The 
resulting values of the activation energies shown in Figure 6d 
were determined by fitting the variable-temperature conduc-
tivity data according to the Nernst–Einstein relation from 
0.11   to 0.19 eV. By increasing the pore size, the larger organic 
linker decreases the polarity of the MOF surface, while there 
is no change in the one-dimensional Mg2+ chains. Conse-
quently, the ionic conductivity of Mg was significantly increased 

to over four orders of magnitude, approaching as high as 
0.25 mS cm–1.[118]

On the other hand, the synthesized MOFs were modified to 
form anionic frameworks with charge-balancing mobile cat-
ions, which often requires cumbersome procedures and con-
ditions. The size of the pore apertures in the MOFs is much 
larger than that of metallic cations, which provides the trans-
port pathway and determines the transference numbers.[119] The 
aliovalent ion doping and substitution have led to the mobile 
Mg2+. In 2017, Dinca et  al. reported a novel Cu(II)-azolate 
metal-organic framework (MOF) with tubular pores, which 
experiences a crystal transition between neutral and anionic 
species by reaction with halide or pseudohalide salts.[115] The 
formation of a single-ion solid-state electrolytes depends on 
the binding and settlement of the halide/pseudohalide anions, 
while the cations move freely within one-dimensional pores. 
The free cations are not only limited to monovalent ions (such 
as Li+, Na+), divalent ions such as Mg2+, can also be substi-
tuted within Cu-azolate MOF. The Li+-, Na+-, and Mg2+- loaded 
materials exhibit high ionic conductivity values of 4.4 × 10–5, 
1.8 × 10–5, and 8.8 × 10–7 S cm–1, respectively (Figure 6e). Later, 
the same group introduced a Cu-azolate material, Cu4(ttpm)2 
(H4ttpm = tetrakis(4-tetrazolylphenyl)methane) as a host MOF 
owing to its multiple binding sites for trapping anions.[120] This 
abundance in the anionic binding sites in Cu4(ttpm)2 leads to a 
high density of independent cations, which significantly accel-
erates the cationic conductivity, particularly for the Mg2+ ion.[121] 
As shown in Figure 6c, two equivalent halides can be installed 
per Cu4(tetrazole)8 secondary building units through soaking 
the MOF in a solution of MXn (M  = Li+, Mg2+, X  = Cl–, Br–). 
Appropriate open metal sites in the host promote the stoichio-
metric rebinding of the fixed anions. This process provides the 
potential to increase the density of the highly mobile cations 
and maximize the cation transference numbers by altering the 
character of the immobilized anion. The bromide salts lead to 
higher Mg2+ ionic conductivity than the chlorides within the 
Cu4(ttpm)2·0.6CuCl2 as a solid-state electrolyte. Remarkably, an 
ionic conductivity of 1.3 × 10–4 S cm–1 was measured in MOF-
MgBr2 as shown in Figure 6f, which presented a promising con-
cept for further investigating the application of the MOFs as the 
SSEs for multivalent ions such as Mg2+. Although these rising 
MOFs are potential alternatives to the current polymer/ceramic 
electrolytes, the study of MOF-based electrolytes at a nascent 
stage. In addition to proper ionic conductivity, their chemical/
electrochemical stability, mechanical strength, and process 
ability need to be evaluated before they can be declared suitable 
as solid-state electrolytes for commercial application.[122]

2.5. Polymers and Composites

Polymers have gradually received increasing attention in the 
field of solid-state electrolytes because of their good flexibility, 
light weight, and easy processing.[123,124] The solid polymer 
electrolyte (SPE) is generally formed by a polymer matrix such 
as polyethylene oxide (PEO), polyvinyl alcohol (PVA), poly-
ethylene carbonate (PEC), polyvinyl pyrrolidone (PVP), and 
polyacrylonitrile (PAN) and a magnesium salt (e.g., MgCl2, 
Mg(ClO4)2, Mg(NO3)2, Mg(TFSI)2 and Mg(Tf)2).[123] As shown in 

Small 2022, 18, 2106981

 16136829, 2022, 43, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202106981 by Shunlong Ju - Fudan U
niversity , W

iley O
nline L

ibrary on [20/01/2024]. 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



2106981 (10 of 19)

www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH

www.small-journal.com

Figure 7a, the magnesium salt is complexed with the polymer 
to form a continuous cross-linking network. On the one hand, 

the ionic conductivity of the SPE depends on the dissociation 
ability of the salt in the polymer matrix, which provides the 

Figure 6. a) Structures of the metal-organic frameworks Mg2(dobdc) and Mg2(dobpdc), as viewed along the c-axis. Reproduced with permission.[118] 
Copyright 2014, Royal Society of Chemistry. b) The open coordination sites at the vertices of the pore that interact with nucleophilic guest species. 
Reproduced with permission.[118] Copyright 2014, Royal Society of Chemistry. c) Synthesis procedure of Cu[(Cu4Cl)(ttpm)2]2·CuCl2, Cu4(ttpm)2·0.6CuCl2, 
and the Target MOF-MXn. Temperature-dependent conductivity plots for the respective MOF-MXn electrolytes. Reproduced with permission.[121] Copy-
right 2019, American Chemical Society. d) Ionic conductivities as a function of temperature for Mg2(dobdc)-X and Mg2(dobpdc)-X (Mg2(dobdc) is 
depicted as circles and Mg2(dobpdc) as squares, the X Mg(OPhCF3)2 is shown in black, Mg(TFSI)2 in red, both magnesium salts in blue). Reproduced 
with permission.[118] Copyright 2014, Royal Society of Chemistry. e) Ionic conductivities as a function of temperature for MIT-20-X (X = LiCl, LiBr, Na, 
Mg) in the range of 25 to 70 °C. Reproduced with permission.[115] Copyright 2017, American Chemical Society. f) Ionic conductivities as a function of 
temperature for MOF-MXn electrolytes. Reproduced with permission.[121] Copyright 2019, American Chemical Society.
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Mg2+ ions for ionic conduction. On the other hand, ion trans-
port associated with the segmental motion of the polymer also 
affects the ionic conductivity. Therefore, significant conduc-
tivity of the SPE is only observed above the glass transition tem-
perature of the system. Below the glass transition temperature, 
the magnesium ion chain conduction of the polymer electro-
lyte is hindered by the crystalline region, resulting in a lower 
ionic conductivity. Therefore, the ionic conductivity of the SPE 
material at room temperature can be improved by lowering the 
glass transition temperature and increasing the flexibility of the 
structure.

Most polymer electrolytes reported PEO as the common 
polymer host due to its high solubility and low vitrification tem-
perature. In 1986, Yang and co-workers reported the first SPE 
magnesium-ion conductor composed of PEO complexing with 
the magnesium salt (MgCl2).[125,126] Thereafter, researchers also 
tried to synthesize the complexes of PEO with other magnesium 

salts such as Mg(TFSI)2, Mg(NO3)2, and Mg(Tf)2, for which the 
ionic conductivities at room temperature were 10–7, 1.34 × 10–5, 
3.21 × 10–8 (50 ºC) S cm–1, respectively.[127–130] Although the 
conductivity is relatively high, the direct current (DC) results 
showed that the main conductive ions in these electrolytes are 
anions, and due to the strong electrostatic interaction between 
the Mg ion and ether chain oxygens, the Mg-ion movement 
is hindered.[131,132] Further research results showed that with 
the increase in the Mg salt concentration in the system, the 
Mg2+ ion concentration in the system increases along with an 
increase in its conductivity. Combining the XRD, atomic force 
microscopy (AFM) and Fourier-transform infrared spectroscopy 
(FT-IR) results indicated that the increase in the conductivity 
is related to the decoupled Mg2+ ions with large aggregates in 
the SPEs.[133,134] A simple SPE system was reported by Ramesh 
et al. based on [P(VdF-HFP)] and Mg(Tf)2.[135,136] The Mg2+ ionic 
conductivity reached a maximum of ≈10–3 S cm–1 at ambient 

Figure 7. a) Scheme of polymer electrolytes for MIB and molecular structures of polymer hosts. Reproduced with permission.[123] Copyright 2020, IOP 
Publishing Limited. b) Procedure to synthesize the composite polymer electrolyte. Reproduced with permission.[146] Copyright 2019, American Chemical 
Society. c) Optical image of a large-scale flexible solid polymer electrolyte and cross-section SEM image to characterize the thickness of solid polymer 
electrolyte. Reproduced with permission.[136] Copyright 2020, Elsevier. d) Structural diagram of Mg(TFSI)2-PE. Reproduced with permission.[148] Copy-
right 2020, American Chemical Society. e) Temperature dependence of the ionic conductivity for P2.5Mg with differing LiFSI concentrations 0.5Li, 2.0Li, 
5.0Li, 10.0Li (inset: Nyquist plots at 80 °C). Reproduced with permission.[153] Copyright 2019, Nature Publishing Group. f) Temperature-conductivity 
plots of the various CPEs.
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temperature when 40 wt% of the Mg(Tf)2 salt was incorporated. 
The presence of cathodic and anodic current peaks indicated 
that Mg2+ ion conduction in PEC. However, further increasing 
the salt concentration will increase the crystalline region in the 
material and hinder the transmission of the magnesium ions.

To further improve the conductivity, researchers have 
attempted to blend different polymers to form a polymer 
matrix. The blending of polymers is an effective way to develop 
new polymeric materials with improved mechanical stability. 
The two main advantages of the blending system are simplicity 
of preparation and controllability of physical properties by com-
positional regulation.[137,138] Polu et  al. developed a PVA-PEG-
Mg(NO3)2 system by a simple solvent casting technique, and the 
conductivity of the system was measured to be 9.63 × 10–5 S cm–1 
at room temperature.[139] The Mg2+ conductivities of Mg(ClO4)2 
in the PEO-PVP-Mg(NO3)2 and PVA-PAN-Mg(NO3)2 systems 
are 5.8 × 10–4 and 1.7 × 10–3 S cm–1 at room temperature, respec-
tively.[140–142] Researchers also explored the ionic conductivity of 
Mg(ClO4)2 in different double-hybrid polymer matrices, such 
as PVC-PAN, PVA-PVP, PVdF-HFP-PVAc.[137,142,143] Among 
them, PVA-PAN-Mg(ClO4)2 has the highest conductivity of 
2.96 × 10–4 S cm–1 at room temperature and PVdF-HFP-PVAc-
Mg(ClO4)2 has the highest electrochemical stability of 4 V.[142,143] 
Ma and co-workers constructed a solid-state Mg hybrid ion full 
battery using an SPE of a PVDF-HFP film filled with PEO/
ILMSE, which can cycle for over 5000 times with 90% capacity 
retention. As shown in Figure 7c, the battery with an ultra-thin 
electrolyte layer has good flexibility and outstanding sewability, 
which provides the possibility for the development of wearable 
energy storage devices in the future.

In addition, passive/active nanofillers (e.g., TiO2, Al2O3, 
SiO2, MgO nanoparticles) can also affect the conductivity of the 
material.[144–150] Such systems are referred to as nano-composite 
polymer electrolytes (NCPEs). The NCPEs are generally com-
posed of two phases, one is an SPE as the host matrix, and the 
other is an inert filler material as the dispersoid (Figure  7d). 
Figure 7b shows the specific preparation process of the NCPEs. 
The size of the dispersed particles and the chemical proper-
ties/dielectric constant of the nanofillers play an important 
role in improving the different physical properties of the com-
posite electrolyte system. Dissanayake and co-workers prepared 
PEO9Mg(ClO4)2 by incorporating 10 wt% nano-porous Al2O3 
filler grains by the solvent casting technique.[147] The increased 
conductivity of these micron and nanocomposite polymer elec-
trolytes is thought to be caused by the Lewis acid–base inter-
actions between the O-Oh surface groups on the filler surface 
and the migrating ionic material. These interactions produce 
additional jumping sites and favorable ion motion pathways.[151] 
The active nanofiller MgO can increase the migration number 
of the Mg2+ ions and improve the ionic conductivity because it 
can ionize the Mg2+ ions.[144] Shao et al. developed a nanocom-
posite polymer electrolyte consisting of PEO, Mg(BH4)2, and 
MgO nanoparticles.[149] Longer-chain glymes showed a strong 
coordination ability with the Mg2+ ion through their increased 
electron donor and chelating ability, thus enhancing the disso-
ciation of the salt Mg(BH4)2 in PEO. This results in a high cou-
lombic efficiency of 98% for Mg plating/stripping, high cycling 
stability, and highly efficient Mg intercalation/de-intercalation 
in Mo6S8.

Inspired by the liquid electrolyte, Aziz and co-workers 
attempted to add LiFSI to the PEC-Mg(TFSI)2 SPE to increase 
the conductivity of the material (Figure  7e).[152,153] The results 
proved that the addition of the LiFSI salt can promote the ioni-
zation of Mg(TFSI)2 without affecting its oxidation stability. Cui 
et al. further discovered that the addition of the Li salt can gen-
erate an SEI (solid electrolyte interphase) layer capable of trans-
porting the Mg ions on the surface of the electrode, such that 
the electrolyte can continue the electrochemical cycle stably for 
a long time.[154]

3. Mechanism

Currently, unlike the significant development of lithium-ion 
solid-state electrolytes, research activities focusing on the pro-
gress of all-solid-state magnesium batteries are comparatively 
slow. Only a few studies have demonstrated the long-term 
cycling of all-solid-state magnesium batteries, while several 
companies have begun to verify the concept of all-solid-state 
lithium-ion batteries for mass production. Owing to the high 
charge density of magnesium ions, the transport and diffu-
sion of magnesium ions inside the solid-state electrolyte and 
the electrode interface are slow. Therefore, research on magne-
sium-ion solid-state electrolytes is mainly focused on improving 
the conductivity of magnesium ions. To better understand the 
ion transport mechanism of electrolytes and provide the basic 
criteria for the design of novel electrolytes, further discussion 
of the magnesium-ion transport mechanism in different kinds 
of solid-state electrolytes should be understood in depth.

3.1. Inorganic Solid-State Electrolytes

3.1.1. Oxides

Zirconium phosphates as monovalent and divalent cation con-
ducting compounds have been investigated since 1976. The 
framework of zirconium is characterized by its ability to host 
monovalent cations (e.g., Li+, Na+), which exhibit excellent ionic 
conduction behaviors. Divalent cations (e.g., Mg2+) can migrate 
through the structures at high temperatures, which was veri-
fied through DC electrolysis experiments in the Tubandt setup. 
In the Mg0.5Zr2(PO4)3 structure, the magnesium cations gener-
ally occupy the mobile sites, with elongated antiprisms sharing 
triangular faces with the two adjacent ZrO6 octahedra along 
the c-axis of the hexagonal cell. The anisotropic separation of 
these two ZrO6 polyhedral in the c-direction determines the 
size of the bottleneck for the conduction pathway between two 
adjacent magnesium ions. An analysis of the refinement of 
the Mg0.5Zr2(PO4)3 phosphate crystal structure confirmed that 
the structure of the scandium tungstate type is stable below 
1023 K.[155] A decreasing monoclinic angle β in the unit cell of 
the phosphate structure with the increasing temperature above 
1023K, as well as the anisotropy of the thermal expansion, can 
lead to a phase transition to rhombohedral phase with a change 
in the unit cell symmetry. This is similar to the increase in the 
conductivities of complex hydrides due to the phase transi-
tion with the increasing temperature. This conclusion has also 
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been supported via the phase transition of the zirconium phos-
phate framework by NMR. Figure 8a shows the trace of the Mg 
atom in the FPMD simulation at 1973 K. The results indicate 
that the migration energy of the Mg ions in the β-iron sulfate-
type structure is less than that in the NASICON-type structure, 
which further explains the high conductivity of the NASICON-
type structure of MZP.

As for the impact of element substitution on performance, 
the substitution of ions with different radii and valences can not 
only change the concentration of Mg2+ ion vacancies, but also 

change the structure of Mg2+ ion channels, thereby affecting 
the Mg2+ ionic conductivity of the material.[58,64,67] The unit 
cell parameters of the material are reduced after low-valence 
and small atomic radius cations doping, while the monoclinic 
P21/n structure is still maintained. However, when the doping 
cation is a large cation such as Hf or Nb, the symmetry of the 
structure changes and the ion channel becomes larger. Some 
researchers have also verified that the addition of Fe, Mn, and 
Co in the MTP structures can strengthen the Mg–O bond and 
decrease the Mg–O distance, leading to an increase in the ionic 

Figure 8. a) The migration of Mg2+ in Mg0.5Zr2(PO4)2. Reproduced with permission.[155] Copyright 2019, Royal Society of Chemistry. b) The migration of 
Mg2+ in Mg(BH4)2 and Mg(BH4)2·2(NH3BH3). Reproduced with permission.[88] Copyright 2016, American Chemical Society. c) The migration of Mg2+ 
in MgX2Y4. Reproduced with permission.[109] Copyright 2017, Nature Publishing Group d) The migration of Mg2+ in MOFs. Reproduced with permis-
sion.[114] Copyright 2020, Royal Society of Chemistry.
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conductivity. Furthermore, introducing a second phase, such as 
Zr2O(PO4)2, improves the ionic conductivity. The substitution 
of higher-valent cations Nb5+ for Zr4+ to form a solid solution 
can produce a Mg2+ cation vacancy in the grain. The combina-
tion with the second-phase Zr2O(PO4)2 promotes microscopic 
dispersion and improves the conductivity behavior of Mg2+ ions 
at the grain boundary.

3.1.2. Hydrides

Owing to Mg2+ ions in Mg(BH4)2 located in the tetrahedral 
cages surrounded by four BH4

– ions and the migration of Mg2+ 
ions limited by the strong coulombic interactions with BH4

– 
ions, the conductivity of magnesium ions in Mg(BH4)2 is very 
low at room temperature. After the partial substitution of the 
BH4

– ions with larger ions or neutral molecules, the volume 
of the anion tetrahedron increases, resulting in larger tetrahe-
dral cages and easier migration of the magnesium ions in the 
structure.[88,89,93] The distance between the nearest Mg atoms 
in Mg(BH4)(NH2) is 3.59 Å, less than that in the Mg(BH4)2, 
indicating that this structure may be conducive to the jump 
diffusion of Mg2+.[95] Furthermore, the network of di-hydrogen 
N-Hδ+··-δH-B bonds surrounding Mg2+ has a high degree of 
structural flexibility, thus promoting the movement of Mg2+ 
ions and resulting in increased ionic conductivity.[93]

A highly flexible structure can form in the Mg(BH4)2-NH3 
system owing to the neutral molecule exchange within the 
lattice, leading to fast moving interstitial Mg2+ ions. A di-
hydrogen bond can be easily formed between a partially nega-
tively charged hydrogen in borohydrides (BH4

–), acting as an 
acceptor group, and a partially positively charged hydrogen 
in a neutral NH3 molecule. This di-hydrogen bond binds the 
BH4

– ions, which weakens the limits on the interstitial Mg2+ 
ions. DFT verified the above results, and the calculation results 
also suggested that the migration energy barrier of Mg(BH4)2 
is much larger than that of Mg(BH4)2·NH3.[89,90] In particular, 
the Mg(BH4)2-(NH3BH3) system processes the highest con-
ductivity at room temperature.[88] The increase in the Mg2+ 
ionic conductivity is owing to the Mg-B bond distance in 
Mg(BH4)2·2(NH3BH3). The volume of the tetrahedron around 
Mg became larger than Mg(BH4)2, which weakened the binding 
effect on the Mg2+ ion.[79,156] Furthermore, the distance between 
the NH3BH3 molecule and the Mg2+ ion is large, which can 
make Mg2+ shift or rotate flexibly, thus improving the conduc-
tivity. Figure  8b shows a schematic diagram of the ion chan-
nels of Mg(BH4)2 and Mg(BH)2·2(NH3BH3) with the calculated 
size of the ion channels, respectively, which further verifies the 
above conclusion.

3.1.3. Chalcogenides

A statistical analysis from the Inorganic Crystal Structural Data-
base suggested that the Mg2+ ions prefer an octahedral coordi-
nation environment instead of a tetrahedral one. Consequently, 
structural frameworks with high Mg mobility should properly 
tailor the Mg residing in its unfavorable tetrahedral coordina-
tion environment. Spinel structures are therefore expected to 

be logical Mg2+ conductors since the electrostatics of the cation 
arrangement ensures a stable tetrahedral site for Mg2+. In 
the spinel structures, the ion migration between two tetrahe-
dral sites (tet) occurs via a vacant octahedral site (oct), which 
face-shares with the tetrahedral sites, following the migration 
topology tet-oct-tet. According to the design criteria, a magne-
sium scandium selenide spinel, MgSc2Se4, was demonstrated 
to present faster magnesium ionic conductivity and is there-
fore a more attractive candidate among magnesium solid-state 
electrolytes.[109] The DFT calculations also indicate that lower 
migration barriers can be obtained by choosing larger anions 
(S < Se < Te), where the Mg2+ cations can diffuse through the 
large triangular faces (Figure 8c).

3.2. Organic Solid-State Electrolytes

the smaller size and greater charge density of the magnesium 
ions than that of lithium ions, the synthesis of solid-state elec-
trolytes with suitable pore sizes can easily accommodate the 
bigger polar species, leading to a faster conduction of the mag-
nesium ions than that in the oxides or hydrides electrolytes. 
The MOFs with a high density of open metal sites capable of 
coordinating nucleophilic anions can serve as the host frame-
work for the magnesium ions.[115] As shown in Figure 8d, these 
open metal sites may accelerate the cation mobility, inhibiting 
the migration of the nucleophilic anions.[114] Furthermore, 
the uniformity of cation plating/stripping upon charging/dis-
charging can be improved owing to the microporous feature 
and ordered channels. Moreover, MOFs with tunable porous 
structures (pore size, pore shape, and pore polarity) can act 
as ion sieves that preferentially promote cation transfer.[11] 
Even though the nucleophilic electrolyte, such as Mg(TFSI)2 
or Mg(OPhCF3)2, interacts strongly with a single crystallite, 
ion transportation between crystallites is not fast. However, 
the non-nucleophilic anion (e.g., TFSI or OPhCF3) shows no 
preference for absorption in the framework. More importantly, 
a synergistic conductivity enhancement is demonstrated from 
these guest electrolytes owing to the different interactions 
within the framework and transport processes. Accordingly, 
frameworks with dual guest salts present fast ionic conductivi-
ties of approximately 0.1 mS cm–1 at room temperature.[118]

3.2.1. Solid Polymer Electrolytes

Solid polymer electrolytes have been paid significant attention 
owing to their high mechanical toughness, low cost, and com-
patibility with large-scale assembly compared to liquid electro-
lytes. However, the main challenge of polymer electrolytes is 
the effective improvement of ionic conductivity for practical 
applications. For monovalent cation salts, such as Li+, Na+, 
mobile ion species can be dissociated into monovalent ions in 
a polymer matrix. The lithium ions are located in the coordina-
tion sites of polymer segmented chains. The lithium ions could 
jump from one coordination site to another with the help of 
local segmental motions. In contrast, for Mg salts with mono-
valent anions, MgX2, besides the fully dissociated ions, Mg2+ 
and X–, mobile ion species of ionic complexes (e.g., MgX+, 
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Mg2X3
+, MgX3

–) also occupy a wide range of concentration in 
the polymer matrix. It means that a single ionic conductivity 
measurement cannot indicate the adequacy of the magnesium 
conduction, as the bulk conductivity may be dominated by 
anion migration.

In the SPEs above the glass transition temperature (Tg), the 
temperature dependence of the ionic conductivity is interpreted 
with the Vogel-Tamman-Fulcher (VTF) equation. Remarkably, 
the VTF behavior can be described as:

B T Texp[ / ]0 0σ σ ( )= − −  (1)

where σ is the ionic conductivity, σ0 is the pre-exponential 
factor, B is the pseudo-activation energy, T is the temperature, 
and T0 is the Vogel temperature (often ≈ Tg − 50). At or above Tg 
(equilibrium glass transition temperature), the mobility of the 
polymeric segments is sufficiently active to provide ionic con-
duction. However, the migration of the ions below Tg exhibits 
almost no ionic conductivity, indicating that the ions are only 
shuttled along and between different complexing sites in the 
polymer matrix. The complicated nature of speciation of the 
ionic complexes has been illustrated through a myriad of tech-
niques. For instance, the Mg2+ transference number was calcu-
lated to be 0.23 according to the Bruce–Vincent method, which 
is much smaller than that of univalent ions. Another case of 
the SPEs is the so-called polymer-in-salt with the increasing salt 
content, the polymer itself acts like the salt crystals binder to 
an extent that the ions transport at the interface between the 
salt particles and polymer matrix, thereby displaying a liquid-
like behavior. The proposed conduction mechanism involves 
ion hopping between different salt clusters in a percolating 
manner, where the existence of a continuous network is neces-
sary for the onset of the conductivity behavior.

4. Summary and Perspective

Since SONY commercialized lithium-ion batteries in the 1990s, 
the existing electrochemical system has gradually reached a bot-
tleneck after more than 30 years of development and will gradu-
ally enter the “post-lithium-ion battery” era in the near future. 
The strong market demand will certainly promote the application 
of new materials, new systems, and new processes in the field of 
batteries to achieve great breakthroughs. Among the new electro-
chemical energy storage systems, rechargeable MIBs have con-
tinually received much attention owing to their advantages such 
as lower cost, more safety, and higher volumetric specific capacity 
than LIBs. However, unlike the widespread research and applica-
tion of LIBs, the rechargeable MIBs face significant challenges 
on all fronts, including cathodes, anodes, and electrolytes. Par-
ticularly for electrolytes, a key component of the MIBs, limited 
research has not yet reached the evaluation stage to ensure the 
commercial feasibility of the technology. Previous research sug-
gested that liquid electrolytes can easily react with magnesium 
anodes to form an SEI, which is unfavorable for ion transport. 
Instead, current efforts continue to develop new solid-state mate-
rials and understand their fundamental mechanism in depth.

Solid-state electrolytes are at the core of magnesium-ion 
solid-state batteries, which are promising candidates to achieve 

industrialization of MIBs from the laboratory. This review sys-
tematically summarizes the remarkable progress of different 
types of Mg-ion solid-state electrolyte over the past decades. 
Particularly in recent years, the magnesium ionic conductivity 
in various solid-state electrolytes has been increased to over 
10–4 S cm–1 at room temperature, which is gradually narrowing 
the gap between the magnesium-ion solid-state electrolytes and 
traditional liquid electrolytes. Table 1 shows the comparison of 
the advantages and disadvantages of various solid-state magne-
sium battery electrolytes. However, compared with the lithium-
ion and sodium-ion, there are still relatively fewer reports on 
solid-state magnesium-ion conductors. In addition to ionic 
conductivity, other electrochemical properties of solid-state 
magnesium-ion conductors are often not comprehensively 
characterized, including ionic selectivity, electrochemical 
stability, chemical compatibility, mechanical property, and 
assembly technology. Consequently, very few rechargeable full 
cells have been implemented thus far.

Future research on magnesium-ion solid-state electrolytes 
can draw lessons from the mature strategy of lithium-ion/
sodium-ion solid-state electrolytes. In particular, studying the 
electrode-electrolyte interface is helpful in improving the poor 
kinetics and thermodynamic stability. Herein, some future 

Table 1. Advantages and disadvantages of various solid-state magne-
sium battery electrolytes.

Solid state 
electrolyte

Advantages Disadvantages

Oxides (1) High safety
(2) High thermal stability

(3) Facile manufacturing process
(4) Good compatibility

(5) easy integration with other 
SSEs

(1) Low flexibility
(2) Rich grain boundaries
(3) Relatively low cation 

transference number
(4) High application 

temperature

Hydrides (1) High safety
(2) Light weight

(3) Facile manufacturing process
(4) Relatively high oxidation 

potential
(5) Good interfacial/interparticle 

wetting ability

(1) High cost
(2) Low flexibility

(3) Limited thermal 
stability

(4) Relatively low cation 
transference number

Chalcogenides (1) Reasonable wetting ability
(2) High mechanical strength
(3) High conductivity at room 

temperature

(1) High cost
(2) Low flexibility

(3) High electronic 
conductivity

MOFs (1) Reasonable wetting ability
(2) High mechanical strength
(3) “‘Single-ion”’ conduction
(4) high cation transference 

numbers
(5) High conductivity at room 

temperature

(1) Low flexibility
(2) Tedious fabrication 

process
(3) Rich grain boundaries
(4) Safety issues from the 

residual solvents

Polymer (1) High flexibility
(2) Fine interfacial contact

(3) Facile manufacturing process
(4) Good compatibility and easy 

integration with other SSEs
(5) High conductivity at room 

temperature

(1) Limited thermal 
stability

(2) Week mechanical 
strength

(3) Relatively low oxidation 
potential

(4) Poor electrochemical
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perspectives are presented based on magnesium solid-state 
electrolytes but are not limited to them. For instance, 1) In addi-
tion to improving the conductivity, the electrochemical window 
of solid-state electrolytes also needs to be optimized to ensure 
the reversible deposition and stripping of magnesium ions and 
reduce interfacial impedance. Currently, the electrochemical 
window of inorganic solid-state electrolytes has been reported 
to be up to 3 V, however, the corresponding conductivity is very 
poor. Therefore, artificial SEI and interfacial modification that 
can improve the electrochemical stability and maintain high 
ionic conductivity are potential research focus areas. 2) Mg–S 
batteries have attracted significant attention considering the 
safety characteristics, abundant reserves of both magnesium 
and sulfur and high volumetric energy density. Based on solid-
state electrolytes, the Mg–S batteries can effectively solve the 
shuttle effect and prohibit dissolution of polysulfide, leading 
to improved capacity decay and cycling stability. 3) Moreover, 
investigating the migration mechanism of magnesium-ion in 
the fundamental redox reaction may further improve the elec-
trochemical performance in a full cell. Utilizing more advanced 
characterization techniques and theoretical calculation 
approaches would significantly improve the mechanism of ion 
transportation, understanding of the performance of materials, 
and designing of battery systems. 4) The structure and compo-
sition design of composite solid-state electrolytes can be further 
optimized. To take full advantage of active fillers, it is neces-
sary to form an interfacial ion conduction network between the 
polymer and the fillers. Therefore, a composite solid electrolyte 
with high inorganic filler content should exhibit higher conduc-
tivity, higher electrochemical stability, and higher cyclic stability. 
In contrast, composite inorganic electrolytes, such as a combi-
nation of chalcogenide and hydride, are designed to amplify 
the advantages of two or more inorganic materials, which are 
considered to achieve a breakthrough in solid-state electrolytes.

In summary, magnesium-ion solid-state electrolytes are 
currently still in a nascent stage. Substantial efforts have 
been made to improve the performance of batteries thus far, 
including modification of cathode and anode materials, and 
the synthesis of novel electrolyte systems. Fortunately, high 
energy-density systems that can outperform Li-ion batteries are 
attracting significant attention and practical and reliable Mg 
full cell might be soon realized.
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