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7.1  �Introduction
Layered materials are composed of two-dimensional (2D) layers, which are 
weakly bound by van der Waals forces. In contrast to 1D and 3D networks 
with rigid structures, weakly bound 2D networks provide structural flexibil-
ity to intercalate various kinds of ions or molecules, such as protons, alkali 
metal ions, amines, and organic cations. Intercalation of organic species 
expands the interlayer distance in a controllable manner without exfoliating 
the structure into single layers, signifying structural flexibility.1–3 Likewise, 
intercalation of ions into layered materials undergoes topotactic reactions, 
which maintain the orientations of the structure upon intercalation. This 
aspect signifies that the intercalation into layered materials is prone to be 
highly reversible, making the interlayers versatile hosts for the insertion of 
various ions and molecules. This is a characteristic feature that distinguishes 
layered materials from other types of hosts with 1D or 3D channels for guest 
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ions. As a result, layered materials have been key players in many success-
ful devices for electrochemical energy storage, such as graphite and lithium 
transition metal oxides in lithium-ion batteries, just to name a few.

Considering these aspects, it was a natural consequence to consider lay-
ered materials as promising cathodes for rechargeable magnesium batteries. 
Since magnesium rechargeable batteries utilize a magnesium metal anode, 
it was preferable to consider bare transition metal chalcogenides without 
Mg in their pristine structure. Such transition metal chalcogenides include 
layered materials such as titanium disulfide (TiS2), molybdenum disulfide 
(MoS2), and vanadium pentoxide (V2O5), which have been efficient interca-
lation hosts for Li+. However, non-layered, Chevrel-phase molybdenum chal-
cogenides (Mo6S8−xSex) were the only known cathodes that intercalate Mg2+ 
efficiently,4,5 until the recent discoveries of other selenides and sulfides that 
intercalate Mg2+ at 25 and 60 °C, respectively.6–8

Despite the highest redox potentials and theoretical capacities of oxides 
among the chalcogenides, the highly electrophilic nature of the oxides results 
in severe side reactions with magnesium ion electrolytes that are often nucle-
ophilic. Moreover, the smallest ionic diameter and number of core electrons 
in oxygen among the group VI elements brings about strong electrostatic 
interactions of divalent Mg2+ ions with oxide ions in the solid-state, as well 
as with counterions in electrolytes. As a result, the intercalation of divalent 
Mg2+ is greatly hindered in layered oxides, despite the diagonal relationship 
between Li+ and Mg2+ that predicts similar chemical properties (Figure 7.1a). 
In more detail, Mg2+ must be desolvated or dissociated from counterions to 

Figure 7.1  ��Energy diagrams for the intercalation and diffusion of (a) Mg2+ and  
(b) MgCl+ in a sulfide host. Purple, green, and yellow balls represent 
Mg, Cl, and S atoms, respectively. Reproduced from ref. 9, https://doi.
org/10.1038/s41467-017-00431-9, under the terms of the CC BY 4.0 
licence, http://creativecommons.org/licenses/by/4.0/.
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initiate the intercalation, which often requires more than 3 eV per Mg atom. 
Moreover, the desolvated Mg2+ must overcome a large diffusion barrier of ca. 
1 eV per Mg atom, which is far beyond what can be readily achieved at room 
temperature.9

Due to the sluggish kinetics of the intercalation and diffusion of divalent 
Mg2+ into layered oxides, other more facile side reactions often prevail. This 
aspect provides a significant possibility for the co-intercalation of undesirable 
species, which interferes with the genuine intercalation of Mg2+. Recent rig-
orous compositional and structural characterization found that a substantial 
portion of the electrochemical activity in hydrated Mg2+ electrolytes is actually 
due to the intercalation of protons,10–12 although previous literature studies 
have assumed that the electrochemical activity was evidence for the intercala-
tion of Mg2+. In this respect, it will be meaningful to look back on the history 
of research on layered hosts for the intercalation of Mg2+. In addition to the 
retrospective information on layered cathodes for Mg2+, this chapter also sum-
marizes and discusses conversion-type cathodes for Mg2+ as a newer avenue.

7.2  �Materials for Intercalation
Because a separate chapter will be dedicated to cathodes with spinel struc-
tures, this part will mainly focus on layered intercalation hosts.

7.2.1  �Layered Sulfides and Selenides
Sulfides and selenides are compatible in Mg2+ electrolytes wherein a Mg 
metal anode can be operated, because they are less electrophilic compared 
with oxides. This aspect enables full cell operation using cathodes based on 
sulfides or selenides, despite their relatively lower theoretical voltage and 
capacity than oxides. Moreover, the larger ionic diameter leads to weaker 
electrostatic interactions with Mg2+, enabling more facile kinetics to inter-
calate Mg2+. As a result, these materials are relatively free from the debates 
on genuine Mg2+ intercalation. There is solid proof for genuine intercalation 
of Mg2+ in sulfides and selenides, such as in Chevrel-phase Mo6S8, TiS2, and 
MoS2. On the other hand, the operational voltage is limited to ca. 1 V vs. Mg/
Mg2+, making them impractical for commercialization. Therefore, the main 
usage of sulfides and selenides has been the testing of general strategies and 
ideas to enhance the electrochemical performances to store Mg2+.

Layered TiS2 is a representative intercalation host that was reported by 
Whittingham in 1976.13 However, intercalation of Mg2+ into layered TiS2 has 
been substantially difficult because of the large migration energy barrier.9 
As a result, the reversible capacity is limited to ca. 20 mA h g−1 at room tem-
perature. On the other hand, more facile intercalation has been proven at 
60 °C, giving rise to ca. 160 mA h g−1 by overcoming the migration barrier 
at a higher operational temperature. Expansion of the interlayer by larger 
organic cations, namely 1-butyl-1-methylpyrrolidinium (PY14+) has enabled 
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an enhanced capacity that is close to the theoretical value of ca. 240 mA h 
g−1 and excellent rate capability at room temperature by the intercalation of 
MgCl+ (Figures 7.1b and 7.2a).9

MoS2 is another representative layered sulfide that is known to intercalate 
lithium ions reversibly. However, Mg2+ intercalation is sluggish due to the 
strong electrostatic forces that exist between the divalent Mg2+ ions and sul-
phur anions. The interlayer expansion through pillaring with polymer was 
shown to be effective to facilitate the diffusion of Mg2+ in the host materi-
als,14 although the strategy of expanding the interlayer has drawbacks in the 
form of a lower cell voltage.15 The utilization of solvated Mg2+ into nanosized 
1T-phase MoS2 also enabled a much larger capacity at room temperature, by 
coupling of three factors: screening of divalent ions, high electronic conduc-
tivity, and decrease in the diffusion length (Figure 7.2b).16 It is possible that 
further engineering of the size of organic cations or solvent molecules may 
enhance the electrochemical performance. On the other hand, the selenides 

Figure 7.2  ��Voltage profiles of layered sulfides and selenides in a full cell cou-
pled with a Mg metal anode at room temperature. (a) Expanded TiS2, 
(b) MoS2/C composite, (c) TiSe2 and (d) VSe2. Reproduced from ref. 
6, https://doi.org/10.1038/s41467-018-07484-4, ref. 9, https://doi.
org/10.1038/s41467-017-00431-9, and ref. 16, https://doi.org/10.1038/
srep12486, under the terms of the CC BY 4.0 licence, http://creative-
commons.org/licenses/by/4.0/.
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TiSe2 and VSe2 deliver capacity of ca. 110 mA h g−1 at room temperature with-
out any special treatment, in accordance with general tendencies of chalco-
genides (Figure 7.2c and d).6 Also, doping selenium into other chalcogenides 
may further facilitate the kinetics of Mg2+ intercalation, as shown in the pre-
vious example with Chevrel phase Mo6S8−xSex.5

7.2.2  �Layered Oxides

7.2.2.1 � Vanadium Oxide (V2O5)
Since the pioneering electrochemical and chemical screening of various cath-
odes by T.D. Gregory et al.,17 a group of European researchers took initiative 
to find potential cathodes for Mg batteries. P.G. Bruce et al. conducted more 
rigorous chemical magnesiation using di-n-butylmagnesium ((C4H9)2Mg) as 
a reducing agent, with which he found several candidates, including V2O5, 
which can possibly intercalate Mg2+.18 P. Novák et al. focused on electrochem-
ical studies on oxides based on vanadium and molybdenum, using organic 
electrolytes based on magnesium perchlorate (Mg(ClO4)2) salt and propylene 
carbonate (PC) or acetonitrile (AN) solvents.19–21 They concluded that a crys-
tal of V2O5 hardly intercalates Mg2+, but porous electrodes based on powder 
deliver a high capacity of ca. 180 mA h g−1 if water is added in the electrolyte 
to a concentration of ca. 1 M. However, it was unclear whether the capacity 
originates from the intercalation of Mg2+ or not. During the initial stage of 
research, only a few researchers were aware of the possible side reactions 
other than the intercalation of Mg2+ in non-aqueous electrolytes containing 
water. The electrochemical tests with Mg(ClO4)2 salt had severe pitfalls as 
the salt is highly hygroscopic, so the electrolytes are prone to contain water 
moieties. In this respect, less hygroscopic magnesium trifluoromethylsulfo-
nylimide (MgTFSI2) salt was more useful in the electrochemical tests.

Amatucci et al. claimed that nanosized V2O5 is capable of intercalating 
Mg2+ based on electrochemical tests only.22 Similarly, Gershinsky et al. uti-
lized a thin film electrode with facilitated electrode kinetics.23 However, 
there was a pitfall in that the thin film was much more susceptible to trace 
amounts of water because the total amount of water in the electrolyte was 
sufficient enough to interfere with such small amount of electrode material. 
Based on the initial results, a couple of companies targeted the development 
of full battery cells with a V2O5 cathode and Mg anode. Pellion technologies 
invented a method that is claimed to facilitate the solid-state diffusion of 
Mg2+ by expanding the interlayer distance with the intercalation of larger 
organic cations in the interlayer.24 They claimed that partial expansion of 
the interlayer distance resulted in an enhancement of the reversible capacity 
based on the electrochemical and spectroscopic characterizations; however, 
more rigorous studies are needed regarding the potentially profitable roles 
of organic cations in V2O5 for the intercalation of Mg2+. T. S. Arthur et al. 
at the Toyota Research Institute North America claimed enhanced electro-
chemical storage of Mg2+ by amorphization and manipulation of the inter-
layer distance of V2O5 by compositing with phosphorus pentoxide (P2O5).25
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There have been continuous reports that water in the electrolyte or in the 
crystal structure plays significant roles in enhancing the capacity of V2O5 
in Mg2+ electrolytes.26–28 In particular, a V2O5 aerogel containing structural 
water has shown a large capacity of up to 542 mA h g−1 in AN-based Mg2+ elec-
trolytes.29–32 In some cases, the Mg content was shown to increase in accor-
dance with the electrochemical reduction, although some perchlorate ions 
were detected along with Mg2+, leaving the possibility for co-intercalation of 
MgClO4

+ ions.30

Since 2013, the Joint Center for Energy Storage Research (JCESR) team 
initiated rigorous and critical studies on α-V2O5. However, the electrochem-
ical and spectroscopic tests revealed that the actual Mg content was small 
and the intercalation of protons prevailed, especially as observed from 
solid-state nuclear magnetic resonance (NMR) spectroscopic measure-
ments.10 Two research groups conducted rigorous structural analysis of the 
electrochemically reduced product in hydrated Mg2+ electrolytes with XRD, 
finding that the intercalated species was dominated by protons rather than 
Mg2+ ions.11,12 These findings even led to the serious question of whether 
α-V2O5 is able to intercalate Mg2+ or not. Recently, S.-T. Hong et al. claimed 
that Mg content was linearly proportional to the state of charge (SoC) for 
layered V3O7·H2O that contains structural water (Figure 7.3).28 However, 
it has not been possible to cycle such hydrated materials with structural 
water in Mg2+ electrolytes that can operate a Mg metal anode, probably due 
to the chemical reactivity of such Mg2+ electrolytes towards oxides or due to 
the leakage of structural water into the electrolyte that may lead to severe 
degradation of the Mg metal anode.

In summary, layered V2O5 has been regarded as a potentially ideal can-
didate for a Mg cathode; however, it is under a serious test to determine if 
it can be a Mg battery cathode or not. The added water may have been the 
source of protons, against the previous explanation of enhanced capacity in 

Figure 7.3  ��Voltage profiles of the layered V3O7·H2O at 25 and 60 °C, and (b) the lin-
early proportional Mg content to the state of charge. Reproduced from 
ref. 28 with permission from American Chemical Society, Copyright 
2018.
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wet electrolytes by electrostatic screening of divalent Mg2+ ions with water 
dipoles.26 These debates await direct proof or disproof of its inherent ability 
to intercalate Mg2+ in the absence of water moieties.

7.2.2.2 � Molybdenum Oxide (MoO3)
Generally, the strategies to enhance V2O5 have also been applied to layered 
MoO3, such as a thin film approach and interlayer expansion.23,24 Theoret-
ical and experimental studies have shown that doping with fluorine could 
enhance the reversible capacity.33,34 However, protons may have played a sig-
nificant role in the reversible capacity as in the case of V2O5.

7.2.3  �Graphite
To overcome the limitations in the available electrolytes that are compatible 
with magnesium metals, insertion electrodes of Mg2+ ions with a low redox 
potential have emerged as alternative negative electrode materials. These 
insertion electrodes are capable of being applied in conventional electrolytes 
such as Mg(TFSI)2, Mg(PF6)2 or Mg(CF3SO3)2, free from corrosive chloride 
ions (Cl−).35–37 Moreover, the use of intercalation electrodes is beneficial in 
terms of structural and chemical integrity compared to alloying compounds 
such as Sn, and Bi, which suffer from drastic pulverization caused by large 
volumetric changes upon repeated alloying and de–alloying processes. Pon-
tiroli et al.38 first discovered that Mg2+ ions can reversibly intercalate into 
fullerene (C60), forming Mg2C60, which has the same bonding architecture as 
the lithiated fulleride Li4C60.38,39 This report initiated other research studies 
on the possibility of the formation of a Mg2+–intercalated graphite intercala-
tion compound (GIC) in a similar manner to how Li+ forms LiC6 with graph-
ite.40,41 K. T. Lee et al.40 have found that Mg2+ ions are reversibly intercalated 
into graphite together with linear ether solvents such as diethylene glycol 
dimethyl ether (DEGDME) and 1,2-dimethoxyethane (DME). A similar phe-
nomenon has also been reported in the incorporation of Li+ and Na+ ions 
into graphite layers.42–46 For example, solvated Li+ ions in propylene carbon-
ate (PC) are known to intercalate into graphite to form a ternary compound, 
Lix(PC)yCn.47 Density functional theory (DFT) calculations shows that Mg2+ 
ions strongly bind to linear ethers, particularly DEGDME and DME (bind-
ing energies are estimated to be 10.05 and 7.60 eV, respectively), enabling 
co-intercalation of these ion–solvent pairs into the graphene layers. On the 
other hand, the binding energies for Mg2+–ethylene carbonate (EC) and 
Mg2+–diethyl carbonate (DEC) complexes are substantially lower, alluding 
that de-solvation of Mg2+ ions should occur at the electrolyte/graphite inter-
face in this case. The DFT calculations also revealed that the intercalation of 
Mg2+–DEGDME into graphite is a thermodynamically favorable process and 
furthermore, the formation of a double-layer structure between graphene 
layers is favored over that of a single-layer (Figure 7.4), similar to the case 
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of Na+–DEGDME co-intercalation into graphite.48 It is noteworthy that the 
diffusivity of the Mg2+–DEGDME complex into graphite layers is estimated 
to be 1.5 × 10−8 cm2 s−1 at room temperature, comparable to that of Li+ in 
graphite (1.8 × 10−9 cm2 s−1).40 This indicates that the kinetics involved in the 
co-intercalation of the Mg2+–DEGDME complex are as fast as Li+ ion interca-
lation into graphite, suggesting that graphite may be utilized as a high-rate 
anode material. The galvanostatic cycling of a Mg/graphite cell with 0.3 M 
of Mg(TFSI)2 in DME/DEGDME solvent exhibited reversible voltage profiles 
with a constant capacity of ∼180 mA h g−1. A rather high polarization (>2 V) 
even at a low current rate during cycling is speculated to originate from the 
slow kinetics for Mg stripping/plating on the Mg electrode in this electro-
lyte, not from the intercalation of Mg2+–DEGDME complexes into graphite 
layers. A galvanostatic intermittent titration technique (GITT) measurement 
indicated that the approximate redox potential for co-intercalation of Mg2+–
DEGDME into graphite is surprisingly 1 V vs. Mg/Mg2+.40 Therefore, a drastic 
improvement in the performance actually enables graphite to be considered 
as a positive electrode material. The mechanistic study analyzed by ex situ 
X-ray diffraction patterns of the electrodes at various charge–discharge states 
reveals that co-intercalation of Mg2+–DEGDME exhibits a well-known stag-
ing behavior of graphite,46,49,50 signifying that Mg2+ ions intercalate every nth 
space between the graphene layers. The theoretical intercalant gallery height 
from the double-layer structure (11.10 Å) is in good agreement with the value 
experimentally estimated (11.45 Å) of the fully discharged graphite at stage 
number 5.46 Fourier-transform infrared (FT–IR) studies also indicated the 
presence of DEGDME molecules in the fully discharged electrode. Transmis-
sion electron microscope studies showed that a Mg-rich disordered region 
is observed after the intercalation of Mg2+ ions. These amorphous phases 

Figure 7.4  ��Schematic of the Mg2+–DEGDME co-intercalated graphite: (a) single- 
and (b) double-layer structures. Orange, white, gray, and red balls rep-
resent Mg, H, C, and O atoms, respectively. di represents the intercalant 
gallery height. Reproduced from ref. 40 with permission from Ameri-
can Chemical Society, Copyright 2018.
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account for a rather high discharge capacity (180 mA h g−1) compared with 
the calculated value from the graphite intercalation compound at stage num-
ber 5. Schmuck et al.41 investigated Mg2+ intercalation into natural graphite 
in 0.5 M Mg(TFSI)2/N,N-dimethylformamide (DMF) electrolyte, delivering a 
low but steady reversible discharge capacity of ∼30 mA h g−1. From ex situ 
XRD pattern analysis, they observed that Mg2+ intercalation produces a stag-
ing compound, but it was not clearly identified whether co-intercalation of 
DMF solvent occurs. It is noteworthy that in many cases, co-intercalation of 
solvent molecules with metal cations is prone to triggering irreversible exfo-
liation of graphite that will gradually deteriorate the electrochemical perfor-
mance.51,52 This aspect of the co-intercalation of Mg2+–solvent pairs should 
be further investigated.

7.2.4  �VOPO4

A report by Yao et al.53 proposed that the expansion of the interlayer spacing 
of layered TiS2 by pre-intercalation of large PY14+ cations enables the inter-
calation of a MgCl+ species rather than Mg2+ ions. This lowers the activation 
barrier for ion migration and saves the dissociation energy (Ea) related to 
the dissociation of MgCl+ into its component species, which could amount 
for at least 3 eV. This report opened up a new opportunity in that other lay-
ered compounds (metal chalcogenides or metal oxides) could also be poten-
tially utilized as positive electrode materials by applying a similar strategic 
approach. VOPO4 has a two-dimensional layered structure consisting of a 
polyanion framework, where VO6 octahedra are linked to PO4 tetrahedra by 
sharing corners to form two-dimensional layered structures (Figure 7.5).54–56 
This material has been proven to be an excellent cathode material for Li- 
or Na-ion batteries.57–59 The hydrated phase with interlayer water molecules, 
VOPO4·nH2O (termed as OH–VOPO4, n is typically 2) can be readily prepared 
via a hydrothermal method.60 The typical interlayer distance in OH–VOPO4 
is 7.41 Å.56,58 These VOPO4·2H2O particles were subjected to ultrasonic agi-
tation to be exfoliated in water, followed by incorporation of phenylamines, 
allowing a self-assembly process to occur in phenylamine, producing VOPO4 

Figure 7.5  ��Schematic illustration of the layer expanded VOPO4 by phenylamine, 
and proposed reaction mechanism of PA–VOPO4 nanosheets as Mg2+ 
ion-storage materials. Reproduced from ref. 60 with permission from 
John Wiley and Sons, © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, 
Weinheim.
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nanosheets with a vastly expanded interlayer spacing of 14.2 Å (termed as PA–
VOPO4). The expansion of layers was confirmed by a significant shift in the 
(001) reflection in the XRD diffraction pattern to a lower angle and measure-
ment of the interlayer distance directly from high-resolution TEM images. 
The existence of phenylamine in the interlayer was clearly evidenced by com-
parative analyses of EDS, FT–IR and TGA results for OH– and PA–VOPO4. This 
structural reconfiguration of VOPO4 led to remarkable enhancement in the 
electrochemical performance, especially in the rate performance, where the 
reversible discharge capacity was observed to be 310 mA h g−1 at 50 mA g−1 
even after 500 cycles. The discharge capacity at 2000 mA g−1 was still found to 
be 100 mA h g−1. The change in the electrode mass containing PA–VOPO4 after 
various stages of discharge reactions indicates that it is MgCl+ that interca-
lates into layers for PA–VOPO4, while un-solvated Mg2+ ions are inserted into 
the layers of OH–VOPO4. Furthermore, X-ray photoelectron spectroscopic 
(XPS) spectra and energy dispersive X-ray spectroscopic (EDS) analysis for 
the discharged electrode concurrently showed the existence of both Mg and 
Cl species in a roughly 1 : 1 ratio in the discharged electrode. First-principles 
calculations based on DFT showed a substantial difference in the activation 
energy, Ea, for ion migration in PA–VOPO4, i.e. 0.42 eV for MgCl+ diffusion and 
1.20 eV for Mg2+ along the P1 pathway shown in Figure 7.6,60 indicating that 
much higher diffusion kinetics are expected for MgCl+ than for Mg2+. This 
study hints that other layered compounds could be expanded to improve 
their performance by taking a similar approach.

7.2.5  �VS4

Z. Jin et al.61 reported that vanadium tetrasulfide (VS4) is a favorable cath-
ode material that acts as a facile intercalation host for Mg2+ ions. VS4 has 
a peculiar one-dimensional chain-like crystal structure similar to the 

Figure 7.6  ��(a) Possible diffusion paths and (b) corresponding activation energy 
barrier profiles for Mg2+ or MgCl+ migration in PA–VOPO4 nanosheets. 
Reproduced from ref. 60 with permission from John Wiley and Sons, © 
2018 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
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mineral patronite, where V4+ is coordinated to four disulfide anions (S2
2−) 

along the c-axis (Figure 7.7).62–64 These atomic chains are 5.83 Å apart from 
each other, which is much larger than the ionic diameter of Mg2+ ion (∼1.44 
Å), and are only weakly bound by van der Waals forces. They have shown 
that Mg2+ ions can readily pass through the open channels formed by these 
atomic chains.61 Electrochemical insertion of Li+ and Na+ ions into these 
1D channels in VS4 was investigated previously.65–68 Nanodendrites of VS4 
prepared by a solvothermal method exhibited an initial discharge capacity 
of 251 mA h g−1 at a current rate of 100 mA g−1 and stable cycling perfor-
mance up to 800 cycles with a current density of 500 mA g−1. XPS studies 
on the electrode at various stages of discharge and charge states indicated 
that the insertion of Mg2+ ions into VS4 led to the partial oxidation of V4+ to 
V5+, and a partial reduction of S2

2− to S2−, while the extraction of Mg2+ ions 
from the channels caused V5+ and S2− to revert back to V4+ and S2

2−. Inser-
tion of Mg2+ ions into channels in VS4 was verified analytically by ex situ 
TEM, XRD and Raman spectroscopy for the electrode at various stages of 
discharge and charge states. From the XRD and HR–TEM studies on both 
the discharged and charged electrodes, little variation in the lattice param-
eters was observed after the insertion of Mg2+ ions into VS4, in an accor-
dance with the results from DFT calculations. The fact that no significant 
morphological changes were observed during the insertion process, and 
that MgS and elemental vanadium were not observed after full discharge 
strongly indicates that the intercalation of Mg2+ ions is mainly responsible 
for the reaction mechanism. This is distinctly different from the behavior 
observed for a Li–VS4 battery,64 where Li2S and elemental V were observed 
after full reduction by means of a conversion process. In a Mg–VS4 battery, 
the original topotactic structure is well maintained, which is beneficial to 
the reversibility and cycling life of this battery system.

Figure 7.7  ��Schematic crystal structure of VS4. (mineral patronite). Lateral-view 
(left) and vertical-view (right) of the one-dimensional chain-like 
crystalline structure of VS4, exhibiting an interval of 5.83 Å between 
the atomic chains. Reproduced from ref. 61 with permission from 
John Wiley and Sons, © 2018 WILEY‐VCH Verlag GmbH & Co. KGaA, 
Weinheim.
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7.2.6  �Prussian Blue Analogues
Prussian Blue Analogues (PBAs) feature a wide open framework with the gen-
eral formula, AxMM′(CN)6·yH2O (A = metal ions, M = Fe, Ni, Mn, V, Mo, Cu, 
Co; M′ = Fe, Co, Cr, Ru).69,70 The crystal structure of PBAs are analogous to 
those of ReO3 or ABX3 perovskites, where the A sites are filled with A cations 
as well as zeolitic water molecules, and the B sites are systematically occu-
pied by Mm+ and M'n+ ions bridged by cyano (C≡N) ligands along the edges 
(Figure 7.8). It is known that small molecules or ions, 0 to 2 per formula 
unit, can be incorporated into the A sites of the large open cages, leading to 
corresponding changes in the oxidation states of the M and M′ ions.71–74 Y. 
Cui et al.75–77 reported various types of PBAs as possible cathode materials 
for monovalent (Li+, Na+, K+) or multivalent (Mg2+, Ca2+, Sr2+, Ba2+) cathode 
materials with a high rate capability and a long cycling life. In particular, 
they showed that nickel hexacyanoferrate (KNiFe3+(CN)6, NiHCF) can func-
tion as an efficient cathode material with a long cycling life and high energy 
efficiency in aqueous electrolyte.75 In NiHCF, half of the A sites are occupied 
by K+ ions, and Ni2+ and Fe3+ fill the N-coordinated M sites, and C-coordi-
nated M′ sites, respectively. The discharge–charge curves for NiHCF with an 
aqueous electrolyte show a sloping potential, indicating that a single phase 
reaction occurs. They postulated that the partial shielding of electrostatic 
interactions by the water molecules located at the A sites and ferricyanide 
vacancies with a diameter of 5 Å are responsible for the facile intercalation 
kinetics of divalent cations into NiHCF. Hong et al. carried out a related study 
using NiHCF with a composition of K0.86Ni[Fe(CN)6]0.954(H2O)0.766, but in an 
organic electrolyte, 0.5 M Mg(ClO4)2 in acetonitrile with a thick carbon black 
anode.70 Xia employed a NiHCF cathode and polyimide anode to construct a 

Figure 7.8  ��Schematic crystal structure of a Prussian Blue analogue, AxM-
M′(CN)6·yH2O. The structure is analogous to that of an ABX3 per-
ovskite or ReO3. Reproduced from ref. 71, https://doi.org/10.1002/
advs.201600044, under the terms of the CC BY 4.0 licence, https://cre-
ativecommons.org/licenses/by/4.0/.
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supercapacitor-like high-power cell with a 1 M MgSO4 aqueous electrolyte.78 
They obtained a remarkable cycling performance of up to 5000 cycles with an 
excellent rate performance.

7.3  �Materials Based on Conversion and 
Displacement Reactions

7.3.1  �Advantages of Conversion/Displacement Reactions for 
Mg2+ Storage

The adoption of intercalation compounds (graphite and layered transition 
metal oxides) as electrode materials plays a crucial role in securing the high 
performance and safety of battery cells required for the commercialization of 
Li-ion batteries. However, that is not the case with the intercalation of divalent  
Mg2+ ions into host materials. One of the main roadblocks is that it induces 
a strong coulombic interaction with the framework of the host materials, 
leading to a high activation barrier for ion migration and consequently, poor 
reaction kinetics.79,80 Expanded layered compounds with a large interlayer 
spacing, such as PY14+-intercalated TiS2, showed one possible direction to 
pursue in order to overcome this issue through facilitating the incorpora-
tion of MgCl+ instead of Mg2+ ions, markedly lowering the electrostatic 
interactions between the host and guest.53 However, from a practical point 
of view, this approach requires concentrated electrolytes, that are abundant 
in chloride ions, otherwise chloride ions may be depleted from the electro-
lyte causing changes in the insertion mode or a sudden drop in the ionic 
conductivity of the electrolyte as the discharge process proceeds. Further-
more, a wide expansion of the interlayer spacing may result in low volumetric 
capacity, even lower than the conventional Mo6S8 Chevrel phase (519 Ah L−1). 
Conversion-type reactions could provide an alternative reaction pathway to 
circumvent this situation.81–83 In this case, a new phase, which bears little or 
no topotactic relationship to the original material, arises as a result of the 
reaction with Mg2+ ions. Conversion reactions usually proceed slowly as the 
reaction occurs only at the phase boundaries among the involved phases. 
However, the reaction kinetics of a conversion-type reaction can be signifi-
cantly enhanced by reducing the particle size to the nanoscale as they pro-
vide much larger reaction sites and a shorter diffusion length for the full 
utilization of the original particles.84,85 For some transition metal chalco-
genides bearing a close structural kinship with MgS or MgSe with a rock-
salt structure, a displacement reaction has been proposed to account for the 
high reversible capacity and fast diffusion kinetics at room temperature. In 
this reaction, insertion of Mg2+ ions result in the replacement of transition 
metal ions in the cathode material by Mg2+ ions, and the extrusion of tran-
sition metal in the form of nanocrystals. The high mobility of some transi-
tion metal ions and weak interaction of hard acid Mg2+ ions with soft base 
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anions such as S2− or Se2− (based on hard–soft acid–base (HSAB) theory) can 
promote the displacement reaction.85–87 Since the overall anion structure is 
preserved during the process, a displacement reaction typically involves less 
irreversible capacity and a smaller overpotential compared to conventional 
conversion reactions. In both cases, the preparation of nanosized or nano-
structured materials is the most important factor to successfully accom-
plish fast reaction kinetics. Recently, copper chalcogenides with a variety of 
crystal structures have been extensively studied for the possibility of using 
these compounds as conversion-type cathode materials for rechargeable Mg 
batteries.

7.3.2  �Copper Chalcogenides
A series of copper chalcogenides, CuαX (1< α < 2, X = S, Se), such as CuS, 
Cu2S, and Cu2Se have been proposed as promising cathode materials for 
rechargeable Mg batteries.88–91 When applied as cathode materials in 
rechargeable Mg batteries, these are known to undergo conversion or dis-
placement reactions, producing Cu metal and MgS or MgSe as discharge 
products. These materials have gained attention since they show a rel-
atively small overpotential at room temperature, comparable to that of 
other efficient cathode materials based on intercalation chemistry. The 
practical voltage from these conversion reactions typically ranges from 
1.0 to 1.5 V.

CuS has a hexagonal crystal structure analogous to the mineral covel-
lite, and its theoretical capacity from full conversion into elemental Cu 
and MgS amounts to 560 mA h g−1.92 Nazar et al.88 was the first to report 
that CuS can store Mg ions up to 200 mA h g−1 in an all-phenyl-complex 
electrolyte at 150 °C. Mai et al.89 demonstrated that CuS nanospheres 
can deliver a high discharge capacity of over 360 mA h g−1 at room tem-
perature by applying Mg(ClO4)2 in acetonitrile as an electrolyte system, 
although they had to use a thick carbon black anode due to the incom-
patibility of their electrolyte with Mg metals. XRD and XPS studies on the 
electrodes at various stages verified that this electrode works based on a 
conversion reaction mechanism. Two-step reactions as suggested below 
have been proposed as Cu2S appears as an intermediate species during 
the electrochemical process. Cu2S is speculated to undergo a conversion 
reaction with Mg2+ ions.89

2CuS + Mg2+ + 2e− ↔ Cu2S + MgS

Cu2S + Mg2+ + 2e− ↔ 2Cu + MgS

Cu2−δS has a wide variety of crystal structures with significant non-
stoichiometry in its composition. The theoretical capacity from its full 
conversion into Cu and MgS amounts to 337 mA h g−1.93 Miyasaka et al.90 
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evaluated the effect of these crystal structures of Cu2−δS on its performance 
as a cathode material for a rechargeable Mg battery. They proposed that the 
cubic phase (mineral digenite), which have an analogous anion lattice to that 
of MgS (Figure 7.9), undergoes a facile displacement reaction to account for 
its low overpotential, even at room temperature. On the other hand, a con-
version mechanism also works for the hexagonal phase (mineral chalcocite), 
whose structure is unrelated to that of MgS. A nanocomposite formation 
with conductive carbon improved the reversible capacity up to ∼200 mA h g−1.

Miyasaka et al.91 investigated β-Cu2Se as a displacement–type cathode 
material for Mg batteries. In β-Cu2Se, Se atoms are arranged in a face cen-
tered cubic structure, which is the same arrangement as for MgSe (Figure 
7.10). Cu atoms are located randomly at tetrahedral and trigonal sites. In this 
structure, Cu+ ions are known to be highly mobile, so that β-Cu2Se is consid-
ered as a superionic conductor. The displacement reaction between Li+ and 
Na+ ions was reported previously.94,95 Nanocrystallites (∼100 nm) of β-Cu2Se 
were prepared via a solution-based method, delivering a reversible discharge 
capacity of around 230 mA h g−1. From the XRD observations, MgSe and Cu 
were mainly found in the fully discharged electrode, although several other 
phases such as α-Cu2Se, and Cu3Se2, which is structurally related to β-Cu2Se, 
were also found.

Figure 7.9  ��A comparison of the crystal structure of cubic and hexagonal Cu2−δS. 
(a) In cubic digenite (h-Cu2−δS), anions are arranged in a face-centered 
cubic lattice, where Cu ions are distributed at tetrahedral or trigonal 
sites. The blue polyhedra represent tetrahedral sites. (b) In hexagonal 
chalcocite (h-Cu2−δS), the anions make up a hexagonal close-packed lat-
tice, where Cu ions are distributed at the interstitial sites. Reproduced 
from ref. 90 with permission from The Chemical Society of Japan, Copy-
right 2017.
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7.4  �Conclusion
Insertion cathodes for magnesium batteries are under continuous inves-
tigation by researchers worldwide who are aiming at understanding and 
developing multivalent battery chemistry as a more sustainable technol-
ogy for energy storage and electromobility. Recent clarification of the 
previous ambiguity about the origin of the capacity for V2O5 in hydrated 
electrolytes represents the indispensable necessity of distinguishing 
between the genuine insertion of Mg2+ and various side reactions. Cur-
rently, new ideas and strategies are tested in sulfides or selenides as model 
compounds that are chemically stable in Mg2+ electrolytes, while oxides 
are awaiting proof or disproof of their inherent ability to intercalate Mg2+ 
in non-nucleophilic electrolytes. Alternatively, insertion cathodes based 
on conversion or displacement mechanisms are under initial develop-
ment. Appreciating the history of the research on insertion cathodes for 
magnesium batteries, the present is a time for serious retrospect after 
a surge in preliminary and unverified results in the past. Such rigorous 
verification is essential to build a solid foundation for a genuine break-
through in Mg2+ insertion cathodes for high energy, low cost rechargeable 
batteries.
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Figure 7.10  ��Crystal structure of β-Cu2Se and a schematic for the displacement 
reaction with Mg2+ ions. In β-Cu2Se, the Se anions take a face-centered 
cubic arrangement, where Cu ions are distributed randomly at the 
trigonal or tetrahedral sites. MgSe has the same anion arrangement 
as β-Cu2Se. During the displacement reaction, Mg2+ ions are incorpo-
rated into the octahedral sites, while Cu ions are extruded from the 
interstitial sites to form Cu metal. Reproduced from ref. 91 with per-
mission from Elsevier, Copyright 2016.
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