Published on 21 April 2020. Downloaded by WUHAN UNIVERSITY OF TECHNOLOGY on 10/16/2020 11:35:09 AM.

#® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Horizons

View Article Online
View Journal | View Issue

REVIEW

Crystal regulation towards rechargeable

".) Check for updates‘
magnesium battery cathode materials

Cite this: Mater. Horiz., 2020,

7, 1971 *ab

Shuangshuang Tan,? Fangyu Xiong,? Junjun Wang,® Qinyou An and

Ligiang Mai (2 *2°

Rechargeable magnesium batteries (RMBs) as a promising energy storage system in terms of high
abundance, greater electron transfer number and more uniform deposition behavior of the Mg metal
anode have great potential for innovating the future energy storage markets. However, the large
intercalation energy penalty and sluggish diffusion kinetics of bivalent Mg?* in host materials due to the
strong ionic polarization lead to unsatisfactory energy and power densities. Thus, constructing insertion
sites and fast diffusion pathways for Mg®* in cathode materials is significant for the development of
RMBs. Herein, we systematically reviewed the recent developments of various crystal regulation
strategies, including topochemical substitution, interlayer regulation, vacancy introduction, substitution
doping, and amorphization, for improving the specific capacity, rate capability, redox potential and
cycling stability of RMB cathode materials. The optimized mechanisms and regulation rules of various
strategies for Mg?" intercalation and diffusion were discussed in detail. The unique advantages of various
strategies and the promising crystal systems were summarized. Moreover, the unexploited material
systems, the untapped crystal regulation strategies, the current challenges and future objectives for
high-energy and high-power RMBs are described.
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A low-cost and highly-safe energy storage system with high energy
density needs to be urgently found."*

1. Introduction

Since 1991, lithium ion batteries (LIBs) have undergone tre-
mendous development and dominated the market of portable
electronic devices, and they are even going to revolutionize
personal transportation with their use in electric vehicles.'™
But the limited energy density on account of the inherent Li ion
intercalation chemistry cannot satisfy the growing demand for
a long driving range of electric vehicles (EVs).*” Therefore, Li
metal anodes have been vigorously revived in recent years
because of their high theoretical capacity (2061 mA h em™?,
3860 mA h g~ ') and lowest redox potential (—3.04 V versus the
standard hydrogen electrode (SHE)).®® Although the energy den-
sity of a Li metal pouch cell has been increased to 300 W h kg™,
researchers are still finding it difficult to ensure its high safety and
long life when used in the battery pack of electric vehicles.">"" On
the other hand, the dramatic depletion of scarce lithium resources
drastically hinders the future applications of Li metal batteries in
large-scale energy storage systems. Therefore, the present energy
storage structure in the world is facing a significant challenge.'*"*
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Rechargeable magnesium batteries (RMBs) as a promising
alternative for LIBs have attracted wide interest and undergone
explosive research development in the past decade owing to the
large abundance of Mg (one of the most abundant elements,
~2% of Earth’s crust), greater electron transfer number of
Mg>* and low reduction potential of Mg (—2.37 V versus SHE)
(Fig. 1a).">'® Compared to Li or Na metal anodes, the Mg metal
anode possesses higher volumetric capacity (3833 mA h cm ™ for
Mg vs. 2062 mA h em ™ for Li and 1128 mA h em ™ for Na)."”"®
More importantly, the uniform deposition behavior of the Mg
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Fig. 1 (a) Theoretical capacities and redox potentials of various metal
anodes. (b) Prototype of RMBs based on the Chevrel phase MogSg cathode,
magnesium halo-alkyl aluminate complex electrolyte and Mg metal
anode.
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metal anode in some electrolytes endows RMBs with higher
safety.’® The key challenges of RMBs are developing anodically
stable, high-efficiency Mg electrolytes®® and high-performance
Mg>" host cathode materials.>"** The first genuine breakthrough
was the development of the organo-borate or organo-aluminate
Mg electrolyte demonstrated by Gregory et al. in 1990.>* Ten years
later, Aurbach et al. presented a significant RMB prototype with a
stable cycle life based on the insertable Chevrel phase MogSg
cathode, magnesium halo-alkyl aluminate complex electrolyte
and Mg metal anode (Fig. 1b).>* Unfortunately, its limited specific
capacity and relatively low voltage provided it with little potential
to replace LIBs in that period. Subsequently, developing high-
capacity, high-voltage, high-rate and long-life cathode materials
became the subject of ongoing research in the RMB field.

The source of challenges in RMB cathode materials is the
inherently strong ionic polarization force of bivalent Mg>*
owing to the high charge/radius ratio, which leads to strong
electrostatic interactions between Mg®* and host anion lattices.'®*®
Thus, most inorganic materials showed sluggish Mg?* diffusion
kinetics, further resulting in serious voltage polarization/hysteresis
and a low magnesiation degree.”® Moreover, some classical
materials in LIBs cannot effectively deliver Mg”* intercalation
capacity due to the limited Mg”* storage sites and winding
migration path.>” In order to obtain acceptable Mg>" storage,
diffusion kinetics and formation energies in host materials,
crystal regulation is indispensable to create Mg>" storage sites,
expand Mg>* migration channels, shield the strong polarization
of Mg>, reduce the interaction from the host, and even
increase the redox potential. Thus, summarizing the recent
developments and regulation rules of various strategies is signi-
ficant to promote the development of RMB cathodes. However,
so far, the related reviews have not been reported.

In this review, we will summarize the various crystal regulation
strategies for high-performance RMB cathode materials, including
topochemical substitution, substitution doping, interlayer regulation,
vacancy introduction and amorphization (Fig. 2). The optimized
mechanisms and regulation rules of various strategies for Mg>"
diffusion and storage will be systematically discussed, in which the
representative and promising cathode materials are also highlighted.
The fundamental works and experimental results will be naturally
integrated for review. Some controversial viewpoints are going to be
proposed and discussed. Moreover, the promising Mg storage materi-
als, systems and modification strategies for future high-energy and
high-power RMBs are described. We hope that this review can provide
some inspiration as the “key” to unlock the “crystal house” for fast
and stable Mg”" migration and storage.

2. Topochemical substitution in the
main crystal structures for RMBs

In an attempt to obtain the available crystal frameworks for
reversible divalent Mg>" intercalation/de-intercalation, replacing the
Assite jons with Mg”" in some insertable materials (i.e., topochemical
substitution) is an effective method.”® This method can maintain
the original framework relatively well and allows Mg to reversibly
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Fig. 2 Overview of various crystal regulation strategies for high-
performance RMB cathode materials.

diffuse in the framework and occupy the electrochemically active A
site.®® Up to now, the main insertion-type materials, including
Chevrel, spinel, NASICON, olivine phase and so forth, have been
obtained by topochemical substitution, and they have exhibited
unique electrochemical performances in RMBs. In this section, we
will review the research progress and challenges of the main
insertion-type RMB cathode materials, while highlighting the advan-
tages of topochemical substitution for preparing these materials.

2.1. Chevrel phase

The Chevrel phase was first reported by Chevrel et al. in 1971;
the general formula can be expressed as A,"'MogXs, where
A = metal, and X = S or Se.®® It was found to be a favorable
framework for the fast migration of monovalent,*! divalent,>*3>>
and even trivalent cations.>® The Chevrel framework is different
from the structures of commercialized LIB cathode materials with
close-packed oxygen anion sublattices; it is composed of MogXg
blocks, where 8 X anions as the vertex form an Xg cube and 6 Mo
on the cube faces constitute a Mog octahedron (Fig. 3a). The
arrangement of MogXs blocks results in three different cavities
(cavity 1, cavity 2 and cavity 3). Cavity 1, cavity 2 and cavity 3 share
corners, edges and faces with the MogXg cubes, respectively. The
intercalating A-site ions are usually located in cavity 1 and cavity 2,
because cavity 3 is the closest to the Mo atoms, which leads to
strong electrostatic repulsion between intercalating ions and Mo
atoms."”** In cavity 1, a ring of six “inner sites” could be occupied
by the small ions, such as Li", Na*, Mg?* and so forth. Meanwhile,
six “outer sites” in cavity 2 around cavity 1 are also able to be
occupied (inset of Fig. 3b). Although the Chevrel phase has
available ionic conductivity for many cations owing to the up to
12 possible sites and acceptable hopping energy barriers between
sites, it is difficult to synthesize Mg,MogXg directly by chemical

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Crystal structure of A,MogXg and MogXg. A = metaland X = S or
Se. (b) Galvanostatic charge—discharge curve and CV curve of Mg,MogSs
in Mg(AICLL,BUEY),/THF electrolyte and distribution of Mg>* in the fully
discharged MogSg structure (reproduced from ref. 24, with permission
from Nature Publishing Group). (c) Schematic of Mg desolvation, absorption
and intercalation on the MogSg surface in a halide electrolyte (reproduced
from ref. 36, with permission from the American Chemical Society).

methods, and thus the topochemical substitution strategy has
important significance for Mg>" intercalation in the Chevrel phase.

In 2000, Aurbach et al. prepared Chevrel phase MogSs
by topochemical extraction reaction.>® Cu,MogSg was firstly
synthesized by high-temperature solid-state reaction and then
Cu atoms were extracted from Cu,MosSg by chemical etching
using an aqueous FeCl; solution. Finally, Mg ions could be
inserted electrochemically into MogSg in the Mg(AICl,BuEt),/
tetrahydrofuran (butyl: Bu; ethyl: Et; THF) electrolyte, and they
tended to insert into site A (cavity 1) and then site B (cavity 2),
resulting in two straight potential platforms at 1.2 and 1.0 V
(Fig. 3b). Moreover, Mo atoms on the MosSg surface could
facilitate the breaking of the Mg-Cl bond, leading to the
reversible intercalation of Mg ions (Fig. 3c).*® Favorable com-
patibility between MogSg or other Mo-based materials and
halide electrolytes was also suggested. But the following passi-
vation of CI™ and precipitation of Mg,Cl, species may result in a
higher barrier of Mg>* intercalation. The obtained MogSg
usually displayed a discharge capacity of ~100 mA h g™*
at room temperature, which was lower than the theoretical
capacity of 128.8 mA h g~', mainly owing to the relatively
slow kinetics of Mg”* intercalation in site A and large hopping
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energy barriers from site A to B.>>*7*%® The experimental
average diffusion coefficient of Mg>" (Dyg) in MogSg could
reach 2.6 x 10~ ** em? s based on the potentiostatic inter-
mittent titration (PITT) result.®® Although it exhibited acceptable
Mg”* mobility kinetics and excellent cycling stability, the low
working voltage and specific capacity resulted in a low energy
density, which still limited its practical applications. Therefore,
the exploration of high-voltage cathode materials is of great
significance to the development of RMBs. Next, we will review
some promising cathode materials with higher voltages and
reversible capacity for RMBs, which are prepared by topochem-
ical substitution, such as spinel, NASICON, olivines, etc.

2.2. Spinel phase

Spinel materials (space group Fd3m) are a family of materials
with the general formula AT,X,, where X can be a chalcogen;
Ais usually a bivalent metal element, such as Mg, Cu, Zn and so
forth; and T is a trivalent metal element (Ti, Mn, Co, Ni, Cr
and so forth). A and T are tetrahedrally and octahedrally
coordinated by X, respectively, and the [TX,] octahedra are
interconnected by edge-sharing, forming the three-dimensional
diffusion channels (Fig. 4a). Thackeray et al. first prepared the
spinel LiMn,O; as a cathode material for LIBs.*® It usually
exhibited a high operating potential around 3-4 V and specific
capacity over 200 mA h g~ '.*"** In addition, the electrochemical
properties (potential, specific capacity, cycling life, etc.) of spinel
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Fig. 4 (a) Crystal structure of spinel AT,X4 and T,X4 obtained by topo-
chemical extraction of A. The A atoms and T atoms are located at
tetrahedral and octahedral sites, respectively. T = Mn, Fe, Co, V, Cr, Ti,
Ni and so forth; X = O, S or Se. (b) Charge and discharge curves of the acid-
treated LiMn,O4 electrode in 1 M Mg(NOsx),/H,0. (c) Ex situ XRD patterns
of LiMn,Oy4 in different discharge/charge states. (d) ABF STEM image of
Mg,Mn,04 at —0.2 V vs. SCE. Reproduced from ref. 50, with permission
from Wiley-VCH. (e) Charge and discharge curves of the Ti,S4 electrode
at various rates in APC/THF electrolyte at 60 °C. Mg®" self-diffusion
coefficients and the corresponding energy barriers in Ti,S4 determined
by GITT at 60 °C (f) and DFT calculation (g) (reproduced from ref. 58, with
permission from the Royal Society of Chemistry).
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compounds could be adjusted by changing or doping the
T element.**** Therefore, spinel compounds show promising
prospects for application in LIBs, sodium ion batteries (SIBs)
and even multivalent ion batteries. The DFT calculations showed
Mg>* diffusion energy barriers of 650-850 meV between the
tetrahedral sites in Mn,0,, C0,0,4, Cr,0, and Ni,O,,** which
suggested the feasibility of Mg>" storage in spinel oxides.
Okamoto et al. synthesized a series of magnesium spinel
oxides for investigating the Mg intercalation and push-out
mechanisms, including MgCo,0,, MgMn,0,, MgFe,0,, and
MgCr,04, by high-temperature solid phase reaction.*> Unfortu-
nately, reversible Mg insertion and extraction were only observed
at high-temperature during electrochemical testing (about
150 °C). Meanwhile, the cation disorder phenomenon that the
A-site atom occupies the octahedral sites (rocksalt structure)
rather than the typical tetrahedral sites may occur in spinel
compounds in the case of a high A concentration during the
high-temperature solid phase reaction.***® In MgMn,0,, the
presence of the rocksalt structure will inhibit the Mg>" inter-
calation reaction, leading to the loss of half the theoretical
capacity.” To avoid the formation of the rocksalt structure,
electrochemical or chemical topotactic substitution as a mild
method may be more effective to obtain spinel MgMn,O,.
Sinha et al. prepared the well-ordered MgMn,0O, by an
electrochemical conversion process involving delithiation of
cubic spinel LiMn,0O, in 5 M LiNO;/H,O and the following
magnesiation in 1 M Mg(NO;),/H,0.*® The obtained MgMn,0,
presented reversible Mg>" insertion/extraction with a discharge
capacity of ~41 mA h g '. Xray Diffraction (XRD) result
revealed that the obtained MgMn,0O, was converted to a tetra-
gonal structure, owing to the lattice distortion after the
reduction of Mn*" to Mn** upon Mg>" insertion. A similar work
was reported by Yuan et al.,*® in which a high specific capacity
of 478.4 mA h g at 13.6 mA g ' in 1 M MgCl, aqueous
electrolyte could be obtained. In addition, Cabana et al. deeply
illuminated the phase transformation from LiMn,O, to
MgMn,0, by using ex situ XRD, atom-level scanning transmis-
sion electron microscopy (STEM) and X-ray absorption spectro-
scopy (XAS) measurements.”® The spinel A-Mn,O, could be
firstly prepared by acid treatment and electrochemical charging
of Li,Mn,0,4, and then Mg could be inserted into A-Mn,O, in
1 M Mg(NO;),/H,O (Fig. 4b). It delivered a high discharge
capacity of ~190 mA h g~ with an average working voltage
of ~2.5 V vs. Mg>*/Mg. During the discharge process, the
structure distortion from cubic (spinel) to tetragonal phases
resulting from the Jahn-Teller distortion due to increasing
amounts of Mn>" was confirmed (Fig. 4c), which is consistent
with the observation by Sinha et al. Meanwhile, an intermediate
between the cubic and tetragonal phases could be detected.
Nevertheless, the Mg-inserted A-Mn,O, still kept the major
spinel phase, which was further demonstrated by the ABF
STEM image of A-Mn,O, at —0.2 V vs. saturated calomel
electrode (SCE) (Fig. 4d). These results indicated that topo-
chemical substitution is able to relatively maintain the cubic
spinel structure of MgMn,0O, and further control the delithia-
tion and magnesiation. To date, other spinel metal oxides have
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not been prepared by topochemical substitution for the RMB
cathodes.”* ™

In order to achieve higher Mg** diffusion kinetics in the
host, some thiospinels were subsequently explored as cathode
materials for RMBs.>*>” As the radius of S atoms is larger than
that of O atoms, thiospinels possess a larger ion diffusion
channel and show a decreasing interaction with Mg ions.
DFT calculations showed that the diffusion energy barriers of
Mg>" in Mn,S,, Cr,S, and Ti,S, are 515 meV, 567 meV and
615 meV, respectively,®® which are distinctly lower than those of
the corresponding spinel metal oxides. Nazar and co-workers
reported the Ti,S, thiospinel as a cathode material for RMBs
prepared from CuTi,S, by chemical Cu' extraction.’® The
obtained Ti,S,; delivered an initial discharge capacity of
~200mA h g " (~0.8 Mg per formula) with an average working
voltage of 1.2 V in an all phenyl complex/tetrahydrofuran
(APC/THF) electrolyte at 60 °C (Fig. 4e). Upon Mg intercala-
tion/deintercalation, the cubic spinel phase was reversibly
preserved, while a moderate volume expansion of 10%
promoted good capacity retention. In the Ti,S, lattice, Dy
and the corresponding energy barrier of Mg”" were calculated
as 5 x 107'% cm® s7! and 550 meV based on the galvanostatic
intermittent titration technique (GITT) result, respectively
(Fig. 4f). This result agrees very well with the DFT calculated
value (Fig. 4g). In addition, Nazar’s group revealed the Mg>*
occupation situation in spinel Ti,S, compared to monovalent
Li".>” They found that the Dy in spinel Ti,S, was equal to that
of Li" (Dy) in the initial discharge state, which implied that
ionic charge did not play a large role in the Ti,S, lattice.
However, when the insertion amount of Mg?* (x) was greater
than 0.55, Dy, decreased by ~10-20 times compared to Dy;.
This was due to the fact that the tetrahedral site occupation of
Mg>" blocks the diffusion pathway between the four nearest-
neighbor octahedral sites (octahedral-tetrahedral-octahedral).
In contrast, the inserted Li* only occupies the octahedral site of
spinel Ti,S; for any composition.®® This result explains why
Mg, Ti,S, could not be discharged beyond x = 0.8. The above-
mentioned works demonstrate that magnesium spinel and
thiospinel compounds can be obtained by topochemical sub-
stitution and exhibit reversible Mg>* insertion/extraction. But
most DFT-predicted spinel materials still lack experimental
synthesis and investigation, such as Mn,S,, Cr,S, and so forth,
although the corresponding AT,X, has been reported.®"®*
In addition, how to accurately control the degree of A-site ion
substitution to avoid some inactive phase in spinel compounds
is significant and remains difficult. Thorough investigations on
Mg>" intercalation/extraction mechanisms and lots of experi-
ments are indispensable.

2.3. NASICON structures

Sodium super ionic conductors (NASICON) with the general
formula A,M,(XO,); (A = Li, Na, K, Ca, Mg; M =Ti, V, Fe, Zr, Mn;
and X = S, P, Si, As) and various crystal structures (rhombo-
hedral, monoclinic, triclinic, orthorhombic and so forth) have
been extensively studied in LIBs and SIBs owing to their
high ionic conductivity and excellent structural stability.®***

This journal is © The Royal Society of Chemistry 2020
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DME||Mg) at the second cycle (0.05C, 100 °C). (e) Nyquist plots of the
Mg full cell at room temperature and 100 °C at open-circuit voltage.
Reproduced from ref. 70, with permission from Elsevier.

The NASICON structure formed by corner-shared [MOg] octahe-
dra and [XO,] tetrahedra has a large interstitial space that can
hold up to 5 alkali metal ions per formula (Fig. 5a). Impor-
tantly, the large interstitial space suggests that the NASICON
structure has large potential to become a Mg** host for rever-
sible insertion/extraction. Moreover, the high ionic conductivity
and excellent structural stability may facilitate a fast and stable
diffusion of Mg”>* in the NASICON structure. To date, some
thermodynamically stable Mg,M,(X0,); materials, such as
Mgo 5Ti5(PO4)3,% Mgo 54y(FeyTii_y)5(PO4)3,°° and Mgy sZr(PO,)s,””
have been prepared by sol-gel and annealing methods. These
NASICON materials all exhibited the ability for electrochemical
Mg”* diffusion but a slow diffusion kinetics of Mg®*, and the
researchers did not reveal the reversible Mg”* extraction behavior.
Other thermodynamically stable, even metastable Mg,M,(XO,);
materials with possibly higher potentials or specific capacities
were not synthesized. Topochemical substitution is more effec-
tive to maintain the crystal framework and enable Mg?* to occupy
the A site, and thus it is appropriate for the preparation of some
thermodynamically stable, even metastable Mg,M,(XO,);
materials.

Huang et al. obtained the V,(PO,);/C materials by electro-
chemical delithiation of monoclinic Li;V,(PO,);/C in LIBs at
55 °C.°® The charge capacity of 197 mA h g~' corresponds to
three extracted Li" ions from LizV,(PO4);/C. The obtained
V,(PO,)5/C delivered a reversible capacity of 197 mA h g ' at
C/20 with an average working voltage of 2.7 V vs. Mg>" /Mg

This journal is © The Royal Society of Chemistry 2020
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at 55 °C. Unfortunately, V,(PO,)s/C exhibits poor cycling stability
(<10 cycles), which may result from the large structural dis-
tortion of V,(PO,);/C during the reversible Mg>* (de)intercala-
tion. Zeng et al. reported a more stable NaV,(PO,); framework
prepared by electrochemical desodiation from rhombohedral
NazV,(PO,)5/C at the expense of a lower capacity (Fig. 5a).°%7°
It exhibited a discharge capacity of ~96 mA h g~ " (~0.75 Mg)
with an average working voltage of ~2.5 V vs. Mg>*/Mg during
the GITT test (Fig. 5b). Ex situ XRD indicated that the Mg
storage mechanism of NaV,(PO,);/C is a two-phase transition
reaction, which is similar to the Na' insertion behavior in
NaV,(PO,);. But an ambiguous point is whether the residual
Na in NaV,(PO,),/C is replaced by the inserted Mg** during the
following cycles. The replacement mechanism from inherent
Li" to the intercalated Mg>" in spinel Li,Ti;O;, was observed.”*
Upon the intercalation of 0.75 Mg in NaV,(PO,);/C, the Dy,
ranged from 1.90 x 10~ to 1.02 x 10~ " em” s™" (Fig. 5¢),
which is close to the Dy, in Chevrel and spinel phases. In
addition, the Mg full cell assembled with the NaV,(PO,);/C
cathode, magnesium bis(trifluoromethylsulfonyl)imide/dimethoxy-
ethane (Mg(TFSI),/DME) and Mg anode exhibited a discharge
capacity of 92 mA h g™ ' at the second cycle but a low average
discharge voltage of 1.3 V at 100 °C (Fig. 5d). Although the high
temperature decreased the interfacial transfer impedance of
Mg”>" on the cathode (Fig. 5e), it aggravated the decomposition
of DME at high potential, leading to the absence of redox at
2.5 V vs. Mg”*/Mg. Therefore, choosing Mg electrolytes with
high oxidation stability and good compatibility is critical for the
application of high-voltage RMB cathodes. In addition, various
M-site atoms, such as Co, Fe, Mn, Cr, and so forth, could be
selected to obtain a higher voltage or capacity.

In addition to the electrochemical extraction of Li/Na, the
chemical reaction between the oxidizing agents, I,,”> NOBF, or
NO,BF,;, and NazM,(PO,); could also be used to prepare
NaM,(PO,); materials. This avoids electrode handling and the
mixing of binder and carbon black. But how to stabilize the
delithiated or desodiated metastable phase in the chemical
process still requires attention.

2.4. Olivine phase

Since olivine LiFePO, has been widely studied and used in
commercial LIBs, olivine MgMXO, (M = Fe, Mn, Co, Ni, etc.;
X = P, Si) have attracted plenty of attention as RMB cathode
materials, owing to their high theoretical capacity and potential
(such as MgFeSiOy: theoretical capacity of ~362.4 mA h g*
and theoretical working voltage of ~2.4 V vs. Mg>*/Mg).”* %!
In orthorhombic olivine MgMXO, (Pmnb space group), transi-
tion metal atoms usually occupy 4c sites (M2 site) and form
linear chains of edge-sharing MOy octahedra along the bc
plane, and XO, tetrahedra share corners and edges with the
MOg octahedra (Fig. 6a). Mg ions usually occupy 4a sites (M1
site) in the one-dimensional (1D) channels along the c-axis.®>%
In the olivine MgMXO, structure, two challenges have been
substantially discussed since 2000. The first is how to control
the degree of anti-site mixing of Mg and M ions. A clear consensus
is that the degree of mixing is temperature-dependent.
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In MgFeSiO,, Redfern et al. thought that Mg ions tend to
occupy the M1 site with the increase of synthesis temperature,
especially over 900 °C, as demonstrated by in situ neutron
powder diffraction.”® However, Nuli and co-workers and
Uchimoto’s group thought that high temperature would lead
to the increase of Mg occupation at the M2 site (M at the M1
site) in MgFeSiO, and MgMnSiO, according to electrochemical
measurements and XRD analysis, respectively.”®** When the M
ions occupy the M1 site, the Mg diffusion channel may be
blocked and the number of Mg storage sites might decrease, which
would result in low specific capacity and severe polarization.®**
Therefore, revealing the real relationship between temperature and
anti-site defect degree, and further eliminating the anti-site defects
are important for optimizing the electrochemical performance of
olivine MgMXO, materials.

Another challenge is how to improve the Mg”* diffusion
kinetics in the olivine framework. DFT calculations indicated
that the migration energy barrier of Mg>" along the ¢ axis (path A)
is the lowest (Fig. 6a). The “waviness” migration pathway is
similar to the diffusion of Li* in olivine LiFePO, (Fig. 6b), but
the theoretical Dy (1072 cm® s, 1025 meV) is twelve orders of
magnitude below Dy; (1072 em” 7', 270 meV) along the octahe-
dral-tetrahedral-octahedral path (Fig. 6¢).*® The reduced diffu-
sivity was due to the large intercalation energy penalty of Mg>*

1976 | Mater. Horiz., 2020, 7,1971-1995

into the intermediate tetrahedral site. The occupation of Mg at the
tetrahedral site may induce a trajectory for Mg®* migration toward
direct octahedral-octahedral hopping, leading to a larger activa-
tion energy barrier. The delithiated FePO, just displayed a low
specific capacity of ~13 mAh g~ " at 20 uA cm ™2 without any clear
voltage plateau. This was also due to the formation of an inactive
amorphous surface layer on the FePO, bulk that impedes Mg>*
intercalation from the surface into the bulk.

Compared with the olivine phosphates, silicates exhibit a
more stable and faster framework for Mg®* storage and migra-
tion owing to the fact that the compact SiO, tetrahedra can
afford intrinsic lattice stabilization.”® Meanwhile, the strong
inductive effect of SiO, can weaken the redox couple of M to
generate a relatively high potential. Chen et al. investigated the
Mg>" diffusion energy barrier along the ¢ axis in various olivine
silicates, such as MgCrSiO,, MgFeSiO,, MgNiSiO, and so forth,
by DFT calculations (Fig. 6d).®° The average energy barrier is
~600 meV, which is lower than that of FePO,. MgCrSiO,
exhibits the lowest Mg diffusion energy barrier of ~450 meV.
Moreover, the volume expansion ratio of various MgTMSiO,
compounds was also summarized, when all Mg was removed
(Fig. 6€). The smallest expansion was observed for Ti, V and Fe.

In an attempt to avoid the anti-site defects in high-
temperature solid phase reaction and improve the Mg diffusion

This journal is © The Royal Society of Chemistry 2020
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in MgTMSiO,, Orikasa et al. synthesized a metastable ortho-
rhombic MgFeSiO, by topochemical substitution (Fig. 6f).%”
Firstly, two Li" ions were removed from the monoclinic Li,Fe-
SiO, structure with a two-dimensional (2D) network of SiO, and
FeO, tetrahedra in LIBs, and then Mg”* ions were inserted into
the delithiated three-dimensional (3D) orthorhombic FeSiO, in
Mg(TFSI),/acetonitrile (AN) (Fig. 6g), which can achieve an
orderly occupancy of Mg and Fe in MgFeSiO,. Meanwhile, the
tetrahedrally coordinated Mg could facilitate Mg** diffusion
more than octahedrally coordinated Mg. Therefore, the meta-
stable MgFeSiO, exhibited a high electrochemical activity and
reversible Mg ion (de)insertion with a discharge capacity of
330 mA h g~ " and a high voltage of ~2.4 V vs. Mg”*/Mg at 55 °C
(Fig. 6h). The estimated energy density of ~746 W h kg '
dramatically exceeds that of MogSg (135 W h kg ). On the other
hand, replacing the SiO, tetrahedra by SiS, tetrahedra to reduce
the interaction between Mg>" and the host framework can also
improve Mg>" diffusion.®® But the related MgMSiS, materials
have not been synthesized.

2.5. Metastable V,0;

In addition to the main Chevrel, spinel, NASICON and olivine
materials, some DFT-predicted metastable materials or analo-
gues of LIB cathode materials have also been given much
attention. For example, V,05; has many polymorphs, such as
0-V,05, metastable {-V,0s, bilayer &-V,05 and so forth.®*°" The
possible Mg>* migration channels and the corresponding
energy barriers were systematically calculated. Among these
materials, the migration barriers of Mg>* in metastable {-V,Oj
and metastable &-V,05; were approximately 0.62-0.86 and
0.21-0.24 eV, respectively, which give them significant potential
as RMB cathodes. Metastable {-V,05 and &-V,05 usually need to
be synthesized under high temperature and pressure conditions,
and thus are rarely reported in RMBs. Andrews et al. successfully
prepared the metastable {-V,05 by topochemical extraction of the
Ag ion of (-Agy;3V,0s in hydrochloric acid (Fig. 7a).”* The
metastable &V,0s may be obtained by similar topochemical
extraction from &-Cu,V,05.”* The metastable {-V,05 is composed
of distorted VO4 octahedra and VOs square pyramids, where the
edge-sharing and corner-sharing VO, octahedral layers are linked
by VOs square pyramids. The 1D channel along the b axis with two
distinct sites for ion intercalation is enclosed by these polyhedra.
Then, Mg”" could be inserted into the metastable {-V,05 by
chemical or electrochemical methods. After 100 cycles, the meta-
stable (-V,0s displayed a specific capacity of approximately
100 mA h g~ " with 1.0 V vs. Mg?>*/Mg in Mg(TFSI),/AN electrolyte
(Fig. 7b), which indicates that the tunnel structure is beneficial for
Mg>" reversible (de)intercalation. However, the unsatisfactory
coulombic efficiency suggests limited intercalation Kkinetics,
especially during demagnesiation (Fig. 7c).

2.6. Fluorinated polyanionic salts

Fluorinated polyanionic salts have been largely employed in LIBs
due to their high working voltage, high capacity and fast Li" diffu-
sivity.>* In light of this, Wu et al proposed the triclinic MgVPO,F
as a RMB cathode material using first principles calculations.’®

This journal is © The Royal Society of Chemistry 2020
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stable £-V,0s. (b) Charge—discharge curves of the metastable {-V,0s at
the 1st, 50th, and 100th cycles. (c) Cycling performance of the metastable
{-V,0s. Reproduced from ref. 92, with permission from Cell Press.

As shown in Fig. 8a, MgVPO,F consists of corner-shared VO,F,
octahedral layers connected by PO, tetrahedra, with Mg®* occupying
the framework. During the discharge process, VPO,F will exhibit
two discharge potential plateaus at 2.6 V (V*'/V*") and 1.5 v (V*'/V*")
and a high theoretical specific capacity of 312 mA h g~ *. Meanwhile,
the energy barrier for Mg”* migration along the [111] direction is the
lowest (0.704 eV). In addition, the Mg>" intercalation voltage and
diffusion barriers in the analogous VPO,0°® and tavorite-FeSO,F°’
were evaluated. VPO,O exhibited two higher plateaus at 2.8 V and
2.2V contributed by the higher redox couples of V>*/V*" and V*'/V*",
and an energy barrier of about 0.58 eV along the [111] direction
(A-B-C) (Fig. 8b). Tavorite-FeSO,F showed a lower diffusion energy
barrier of approximately 0.36 eV along the [010] direction, which is
comparable to that of Li" migration in FeSO,F and surpasses that of
many reported RMB cathode materials (Fig. 8c). These materials are
all expected to be obtained by topochemical substitution from the
corresponding Li or Na salts.

Recently, our group successfully developed the high-voltage
tetragonal NaV,0,(PO,),F/reduced graphene oxide (rGO) cathode
material for fast and stable Mg”* intercalation by topochemical
extraction of two Na' (Na1 at the 8h site and Na2 at the §j site) in
Na;V,0,(PO,),F/rGO (per formula) (Fig. 8d).”® Then, Mg>" was
inserted into the 8h and 8j sites with a relative occupancy of
14.4% and 17%, respectively. In situ XRD revealed the single-
phase insertion—extraction mechanism of Mg”* in NaV,0,(PO,),F/
rGO, which is similar to the Na® intercalation mechanism in
NaV,0,(PO,),F. 1D continuous diffusion channels along the
a direction with a diffusion energy barrier of 0.78 eV endow a
high average Mg*" diffusion coefficient of 2.99 x 10™"° cm?® s~ ™.
Moreover, the presence of F~ ions increases the electronegativity of
(PO,)*", leading to a high working voltage. Benefiting from these
advantages, the NaV,0,(PO,),F/rGO cathode delivered the highest
average discharge voltage (3.3 V vs. Mg”*/Mg) (Fig. 8e), outstanding
cycling stability (97.5% capacity retention at 100 mA g~ ") (Fig. 8f)
and remarkable rate performance (30.3 mA h g ' at5A g ") in
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Mg(TFSI),/AN electrolyte. More importantly, after assembling with
the Mg, ,oNaTiy(PO,); anode, the Mg-ion full cell displayed a
discharge capacity of 48.5 mA h g~ ' (based on the active mass of
cathode and anode) with an average discharge voltage of 1.5 V at
100 mA g~ " (Fig. 8g). After 200 cycles, the capacity retention rate
was 84.7% (Fig. 8h). The Mg-ion full cell has room for further
improvement by matching with an anode with lower potential and
higher capacity. These works reveal the great potential of fluori-
nated polyanionic salt cathode materials for future high-energy
and high-power RMBs. Besides, borate-based polyanions are also
promising systems for RMBs since the inductive effect and low
mass/charge ratio of borate groups endow a high operating voltage
and energy density.”

In summary, the current studies on topochemical substitu-
tion for RMB cathode materials can be mainly classified into
two categories. One is electrochemical extraction and intercala-
tion of the A-site ion in the corresponding electrolytes, which
can accurately control the ion concentration and avoid the
interference of the air environment. Another is the chemical
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oxidation reaction between the original materials and strong
oxidizing agents, such as I,, NOBF, or NO,BF,, and the following
reduction by Mg(C,H,),. This option avoids complex battery hand-
ling, and the introduction of binders and conductive additives.
Topochemical substitution as a room-temperature method can
moderately prepare some unique metastable phases with remark-
able performance and avoid the formation of an impurity phase in
high-temperature reaction. It also possesses wide universality for
many insertion-type materials. But topochemical substitution can
only release the inherent ion channels and sites of original crystal
structures. Therefore, other methods, such as substitution doping,
interlayer regulation and so forth, are necessary to modify the
compositions and structures of materials.

3. Substitution doping

Substitution doping is an effective method to modify the
physical or chemical properties of materials by introducing
heterogeneous atoms at a specific lattice site. Generally, sub-
stitution doping changes the energy band structure, carrier
density and localized electron configuration, rendering increased
electron/ion conductivity or bond polarization, further enhancing
the electrochemical rate performance or potential of materials.
Meanwhile, it may also introduce some negative effects, such as
increased side reactions or reduced structure stability. In this
section, the effects of cation doping and anion doping on RMB
cathode materials will be discussed and summarized.

3.1. Cation doping

The transition metal cation is usually the redox center of
electrode materials, which largely determines the redox potential
and electron transfer number. In conventional transition metal
compounds, some similar ions can be doped in the M site to
adjust the redox potential and improve the electron conductivity.
Zhou et al. prepared Fe*" doped cubic NiSe, (NigssFeq.255€,)
microflowers through a facile solvothermal approach.'®®
The Fe** ion occupies the Ni** site with 1/4 probability, owing
to their close ionic radius. Compared with the single discharge
voltage at ~0.85 V of NiSe,, Ni, y5Fe, 255€, exhibited two clearly
distinguished peaks at 0.72 and 1.03 V, revealing a stepwise
electrochemical conversion process (Fig. 9a and b). As demon-
strated by ex situ XPS, the first peak at 1.03 V was mainly
contributed by the reduction from Fe>" to Fe’, while the second
peak at 0.72 V resulted from the reduction of Ni** (Fig. 9c). This
indicated that the doping of Fe>" increases the potential of the
whole material based on the Fe*'/Fe® redox couple. Moreover,
the precipitated Fe metal enhances the electron conduction of
electrode materials. Then, the defect-rich NiSe, possesses
broadened ion channels that allow faster Mg>" diffusion
kinetics (Fig. 9d).

The effect of M-site cation doping in insertion-type cathode
materials on accelerating Mg>* diffusion or hopping at different
sites is more obvious.'®" Spinel Li TisO;, as a “zero strain”
insertion material has been widely investigated for LIBs.
When applied as the host material for Mg>" intercalation,

This journal is © The Royal Society of Chemistry 2020
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it underwent a multi-phase transformation mechanism from
Li,TisO1, to Mg,LiTisO,, and Li,TizO,.”" After full charging,
the co-extraction of Mg®" and Li* induced the formation of
Mg, sLiTisO;, as the final active structure for the following
cycles. The activation process from Li TisO;, to Mg, sLiTisOq,
usually requires dozens of cycles in organic electrolyte. Lee et al.
accelerated the activation process by the doping of trivalent Cr**
in nano Li TisOy; (Liz.01Cro26Tis52012), where three Cr’* replaced
one Li* and two Ti*" at 16d sites simultaneously.’®> Meanwhile,
this significantly enhanced the discharge capacity and rate per-
formance of Li,TisO;, by increasing electrical conductivity and
structural disorder (Fig. 10a and b). As demonstrated by DFT
calculations, the diffusion energy barriers of Li* and Mg>*
(8a-16c-8a) in Cr-doped Li,TisO;, were lower than those in
Li,TisOy, (Fig. 10c-¢). The enhanced ion diffusion facilitated the
migration of the multiphase interface during ion intercalation/
de-intercalation, thereby accelerating the activation process, while
improving the rate performance of Li,TisOy, for Mg>" storage.
Furthermore, cation doping can improve the structure
stability of cathode materials, especially for Mn-based spinel
and layered oxides. Owing to the Jahn-Teller distortion of high-
spin Mn*" in MnOg octahedron and its serious dissolution in
aqueous electrolyte, Mn-based spinel and layered oxides usually
undergo a rapid capacity fading.'®® The doping of inactive or
low-valence metal atoms in the Mn site, such as Mg, Fe, Ti, Al,
Ni, Co, Cr, Mo, and so forth, can stabilize the crystal framework
or reduce the formation of Mn*", resulting in an improved
cycling performance. Zhang et al. investigated the Mg>" storage
performances of MgFe,Mn,_,0, with an increased Fe/Mn ratio
in aqueous MgCl, electrolyte.'® When the ratio of Fe/Mn
is 2:1, the optimal discharge capacity of 136.5 mA h g™ ' at

This journal is © The Royal Society of Chemistry 2020

View Article Online

Review
20 ~ 3 8080 soce co=l100
2150 L 5
45 16 20 @ 0.5C E 8 <
= —— b-LT¢ £ 2
2 tLTg 2'120 * b0 160§
=12 — nOrLTO g e RS I P
2 g oof ., ~""r=05C « ncCriTo E
2 08 S . -..._.1c 20 2
s 2 60 aea, TTUUL2C N
& g, e 3
o 0.4 2 uas "esmin 5C 38
a 30 e
- “.m ew
0.0 0 RCLLL TP
) 30 60 0 120 0 10 20 30
c Capacity (mAh g™) Cycle Number

© O

LiTi,Cr;04, LiMg;TisO1, Mg;TisCr;0y,
€os
~ 06 Li,Ti.O. 06
S 411512 . .
@ ~ LiMg,Ti.O,,
3 04 2 2 04
= yare. N > .
e 7 Li,Ti,Cr,0,, \ =) / \ Mg,Ti,Cr,0,, /‘
10 0.2 © 0.2/ /
S / \
wo / \
0.0 0.0 \ g y
“ea 16¢ 8a “ea g 8
00 02 04 06 08 10 00 02 04 06 08 10

Norrr;alized ﬁa(h Normalized path

Fig. 10 (a) Discharge—-charge curves for the 20th cycle and (b) rate
performances of bulk-type LisTisO1, (b-LTO), nano-sized LisTisOqz
(n-LTO), and Cr-doped LisTisO1, nanocrystal (n-Cr-LTO) at 0.5C (1C =
175 mA h g™3). (c) Crystal structures of LisTisO1a, LisTizCrsO1s, LiMgsTisO1o
and MgsTisCrsOy, and the corresponding diffusion energy barriers of Li*
(d) and Mg?* (e) between tetrahedral 8a sites via the octahedral 16c¢ site.
Reproduced from ref. 102, with permission from the Royal Society of
Chemistry.

50 mA g~ " and cycling stability (88.3 mA h g~ " after 1000 cycles
at 1 A g~ ') are achieved. Unfortunately, the related works on
cation doping for high-energy RMB cathode materials, such as
spinel compounds, layered oxides, olivine silicates and so forth,
have rarely been reported.

3.2. Anion doping

Introducing anions with higher polarizability into the anion
lattice of materials is an effective way to decrease the electro-
static interactions between Mg>" and the anion lattice, thereby
reducing the barriers for Mg”" diffusion. For example, in the
chalcogenide group, the polarizability of chalogenide ions
gradually increases with the increase of the ionic radius and
reduction of electronegativity (Te*~ > Se*” > §*>° > 0*7).'*
The high-polarizability atom can deform the electronic charge
density of the anion lattice during Mg>* shuttling, owing to a
decreased binding force of the nucleus to the bound electron.
This is also interpreted as the deformability of the electron
clouds of the anionic framework. Upon the intercalation of
Mg>*, the high deformability can easily accommodate the
brought charge, further facilitating Mg>* mobility. Especially
in the layered MX, structures (M = Ti, V; X = O, S, Se), the above
rule is obvious owing to the direct interaction between the 2D
anion layer and Mg”". Charge rehybridization further verified
this rule upon Mg”" diffusion between the interlayers of MX,."%°
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In Fig. 11a-c, the yellow color signifies charge accumulation,
while blue signifies depletion of electron density. Obviously,
along with the increased polarizability from 0>~ to Se®”, the
charge rehybridization gradually decreased, which indicates
the increasing charge deformability."®”'*® Combined with the
reduced Mg?" diffusion barriers from 1032 to 593 to 346 meV in
the series of “O-S-Se”, the higher polarizability truly accounted
for the faster Mg>" migration in the interlayer of MX,.
In addition, the expanded diffusion channel and increased
electron conductivity promote Mg?" storage and diffusion
kinetics in layered MSe, materials. The effect of Se doping
was confirmed in the Chevrel MogSg phase. With the increased
content of Se substitution doping from 0 to 2 in the MogSs_,Se,
(0 <y < 2) phase, the discharge capacity increased gradually
and the rate performance was improved dramatically
(Fig. 11d-f).’® The presence of Se not only increased the
polarizability of the anion framework, but it also changed the
geometry of Mg insertion sites (the inner and outer rings),
which resulted in a more facile Mg®" hopping in these sites,
thus enhancing the reaction kinetics. In spite of the fact that
the introduction of Se lowered the theoretical specific capacity,
an enhanced ion/electron transformation kinetics endowed a
higher practical capacity. In addition, in conversion-type CuS
cathode materials, the anionic Se substitution also improved
the redox reaction kinetics and electrical conductivity.*

The polarizability of the anion lattice is also related to
the types of covalent bonds to some degree. The F~ ion with
lower polarizability than O*~ usually increases the intercalation
energy of Mg”*, thus improving the redox potential of electrode
materials. It is also capable of decreasing the electrostatic
interaction between Mg and anions in specific crystal frame-
works, facilitating Mg>" diffusion. Incorvati et al. studied the
effects of mild F~ doping in layered o«-MoO; for Mg?" inter-
calation.""" The obtained MoO, sF,, maintained the layered
structure and showed dramatically improved specific capacity
and capacity retention, compared to the isostructural o-MoOj;
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configuration of F doping in a-MoOs. Calculated Mg diffusion energies
through the a-MoOs lattice (d, e) and F doped a-MoOs (f—h). Reproduced
from ref. 111 and 112, with permission from the American Chemical Society.

(Fig. 12a and b). In the MoOg octahedron, three types of oxygen
atoms, O(), Op), and O, were denoted. The Mo-O, bond
exhibits two distinctly different bond lengths, resulting from
the strong cation-cation distortion (Fig. 12¢).""> As demon-
strated by DFT calculations, F tends to replace the O, atom
owing to the lowest energetic cost. Interestingly, the displacement
of F in O, sites homogenizes the Mo-F/Mo-O, bond length,
reducing the cation-cation distortion and largely decreasing the
electronic band gap, thus enhancing the electron conductivity.
When increasing the content of F—, one or two F atoms will occupy
the O, sites while homogeneously dispersing among the Mo-O
layers in a typical 3 x 1 x 3 supercell (Fig. 12c). Upon Mg>"
diffusion, compared to the high energy barriers of at least 0.88 eV
from interlayer to intralayer sites in o-MoOj; (Fig. 12d and e), Mg>*
only needs to overcome a low energy barrier of 0.5 €V in F doped
0-MoO; (Fig. 12f-h). In addition, F doping did not decrease the
formation energy for Mg”* intercalation. Consequently, the redox
potential of F doped o-MoO; is similar to that of a-MoOj.

Substitution doping has undergone great developments in
materials science and has been applied widely in various energy
storage and conversion fields. Due to its versatility, it has
enormous potential for simultaneously improving the working
voltage, specific capacity, rate performance and even structure
stability. Unfortunately, the related reports in the RMB field are
relatively few, and vast attempts should be made. Moreover,
compared to single atom doping, multi-atom doping in one
crystal system by cations and anions could combine their
advantages and may synchronously increase the redox potential,
ion diffusion kinetics and structure stability. But this may be at
the expense of a complicated process and high cost.

4. Interlayer regulation

A lot of layered materials have also been reported for
RMBs, such as transition-metal dichalcogenides (TMDs)"**"*1®

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0mh00315h

Published on 21 April 2020. Downloaded by WUHAN UNIVERSITY OF TECHNOLOGY on 10/16/2020 11:35:09 AM.

Materials Horizons

(MoS,, VS,, TiS,, WS,, TiSe,, and VSe,), transition-metal oxides
or polyanionic salts17126 (bilayered V,0s, a-V,0s, H,V3Os,
MoO;, birnessite MnO,, V,Mo0QOg, and tetragonal VOPO,),
MXenes'*” (Ti,C, Ti;C,, and V,C) and so forth.*>**4'2° However,
the strong interaction between Mg”* and anions still results in a
sluggish migration of Mg®" in layered host materials, especially
for the strong interaction between bivalent Mg>" and the O
element. This was also verified by first-principles nudged
elastic band (NEB) calculation on «-V,0s (activation barrier of
975-1100 meV).”*® The above-mentioned anion substitution
(Section 2.2.2) effectively reduces the Mg”* migration barriers in
layered metal oxides by reducing electrostatic interactions
between Mg®" and the anion lattice. However, anion substitution
by ions with high polarizability can usually decrease the redox
potentials and specific capacity for Mg intercalation in 2D materials,
thus lowering the energy density of RMBs.

Interlayer regulation is another effective method to facilitate
Mg>" diffusion in layered materials by introducing pillared ions
or molecules (Fig. 13). The inserted pillared ions and molecules
in the interlayer can controllably expand or shrink the inter-
layer distance, thereby reducing the Mg”* diffusion barrier or
stabilizing the layer structure. In addition, the pillared mole-
cules with high polarity are able to shield the strong interaction
from the host materials by a nucleophilic reaction with Mg>",
thus improving Mg>* migration. In this section, the functions,
optimization mechanisms and development processes of
various pillared units in the interlayers of various 2D layered
materials for RMBs are systematically discussed, based on four
categories of water, metal ion and organic molecule regulation
and solvent co-intercalation.

4.1. H,0 molecule insertion

The H,O molecule with a strong polar dipole easily solvates
Mg>* to form the hydrated Mg(H,0)s>" ion, which is able to
shield the strong polarization of Mg>" and further reduce the
interaction from host materials during the ion diffusion
process. This discovery originates from inchoate Mg>" inter-
calation studies in V,05 xerogel in the 1990s."*"'**> The high
specific capacity and favorable rate performance of V,0s

H,0

expanded 2T UN Y interlayer

interlayer i 66 8 b E‘b molecules | PA >
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Fig. 13 Overview of the various interlayer additives, including metal ions,
H,O and organic molecules in reported 2D layered RMB cathode
materials.
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xerogel for Mg>" storage compared to those of orthorhombic
V,0s attracted the attention of a wide range of scholars.
Subsequently, lots of improvement works, including the intro-
duction of high-conductive carbon,***** current collectors,'**
or optimizing the electrolyte components,"**'*” were reported
in succession. But the role of the interlayer H,O molecule in
the Mg>" intercalation mechanism in V,Os still lacks deep
experimental characterization.

In 2015, Tepavcevic et al. revealed the evolution of the
layered structure of V,05 xerogel (bilayered V,0s5) during
discharge/charge processes by using small-angle and wide-
angle X-ray scattering."'” Upon Mg>" intercalation, the lattice
parameter ¢ of bilayered V,0; decreased from 13.1 A to 11.0 A
without significantly changes in the lattice parameters a and b,
which indicates that Mg** only intercalates in the interlayer of
bilayered V,05 and the strong interaction between bivalent Mg
ions and terminal hydroxyl groups results in the shrinkage of
layer spacing. This was also verified by molecular dynamics
(MD) simulation. Meanwhile, MD simulations showed a signi-
ficant solvation process between the inserted Mg ions and the
remaining water molecules in the structure. Moreover, a full Mg
ion battery assembled by the Mg,V,05/CNF cathode, Sn anode
and Mg(ClO,),/AN electrolyte was firstly designed. It showed
reversible Mg intercalation with a discharge capacity of
160 mA h g " at 20 mA g~ and an average voltage of ~0.6 V,
but limited cycling and rate performances. In addition, an
excess Sn anode is required and dissolution of Sn in the
electrolyte was observed. During the same period, our group
significantly improved the cycling stability and rate performance
by loading the V,0; xerogel nanowire on graphene (VOG)."*® The
VOG composite also exhibited a broad working temperature
window from —30 °C to 55 °C with a capacity over 200 mA h g~ !
at 55 °C (1.0 A g~ '). Meanwhile, the average diffusivity of Mg”" in
the interlayer of V,05 xerogel was calculated as 3 x 10~ "' em” s™*
based on GITT. This is about one order of magnitude higher
than the Mg>" diffusivity in Chevral phase MogSs (2-6 X
10~"* em?® s7").*° Further, the control electrochemical experi-
ments for the VOG composite with different H,O contents
demonstrated that the interlayer H,O molecule plays a critical
role in reducing the diffusion barrier and increasing the
magnesiation concentration by shielding the polarization of
Mg ions.

In spite of this, there were no theoretical studies that
demonstrated the role of interlayer water in the bilayered
V,0s5 system upon Mg ion intercalation under different solvent
conditions. On the other hand, it is uncertain whether the inter-
layer H,O in bilayered V,05 shuttles along with Mg?" after solva-
tion in various electrolytes and at different Mg concentrations.
Ceder and coworkers deeply investigated the subject by using first-
principles calculations in 2016."** The Mg coordination environ-
ment in Mg, sV,05-H,O was recognized as the hexa-coordinate
structure, where each Mg is bonded to four O" atoms from
interlayer H,O and two O atoms of the VO, polyhedra (Fig. 14a).
The dashed lines in the figure represent hydrogen bonds between
H,0 molecules and the lattice O,. Upon Mg removal, the stronger
hydrogen bond energy between H,O would lead to a stable
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Fig. 14 Crystal structures of the fully magnesiated (xmg = 0.5) and the fully
demagnesiated V,0s5-H,0O (a and b). (c) Grand-potential phase diagram at
0 K of Mg-xerogel V,0s as a function of various electrolytes and Mg
chemical potentials (umg). umg = O corresponds to full magnesiation.
(d) Average Mg insertion voltage as a function of water content in
the electrolyte at low (red line) and high (blue) Mg concentrations.
Reproduced from ref. 139, with permission from the American Chemical
Society.

arrangement of H,O molecules in the interlayer (Fig. 14b). Then,
the phase diagrams at 0 K and different voltages as a function of
both Mg and H,O concentration in the structure were presented,
based on a lot of DFT calculations (Fig. 14c and d). The diagram
was divided into three regimes by the water activity (ay,0), where
“wet” is ~1, “dry” is from 10 to 10~°, and “superdry” is <10,
A higher Mg chemical potential (i) refers to a higher Mg content
in the V,05 xerogel. According to Fig. 14c, it was found that
Mg shuttles along with H,O molecules across the interlayer
of bilayered V,0s under wet conditions, whereas under dry
conditions, water would not shuttle with Mg>". Further, the
presence of interlayer H,O molecules could increase the voltage
for Mg intercalation, especially in wet electrolytes (Fig. 14d). This
was also confirmed by experimental studies. A higher initial
voltage (~3.02 V) in aqueous electrolyte could be observed,
compared to that at ~2.88 Vand ~2.35V in dry and nonaqueous
electrolytes, respectively.

Soon afterward, Sa and Ceder et al presented a more
in-depth Mg2+ insertion mechanism in the V,05-nH,0 xerogel
in dry electrolyte (Mg(TFSI), dissolved in diglyme).'*® They
thought that the diglyme-solvated Mg>" can co-intercalate into
the bilayered V,05-nH,0 interlayer and largely shed the lattice
water. Meanwhile, the co-intercalation of diglyme is reversible
upon magnesiation/de-magnesiation processes. Interestingly,
after co-deintercalation of diglyme-solvated Mg**, diglyme
molecules would fill the bilayered V,05-nH,O that serves as a
“reservoir”’. This mechanism is achieved at the expense of
further decomposition of the electrolyte and passivation of
the Mg metal due to the removal of lattice H,O and the
decomposed electrolyte species. In 2018, Wang and coworkers
further investigated the role of H,O in Mg>" intercalation in 2D
layered materials using the layered VOPO,-nH,0 as a model
material."*® The dry and wet electrolytes were prepared by
dissolving 0.1 M Mg(ClO,),-6H,0 and Mg(ClO,),, respectively,
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in propylene carbonate (PC). Under the wet condition, the same
conclusion that the interlayer H,O shields the polarization of
Mg>" and increases the working voltage was proposed (Fig. 15).
The different opinion was that a desolvation step of Mg(PC)s>"
would occur at the electrolyte/cathode interface before Mg>*
insertion in VOPO,-nH,0 under dry conditions. Subsequently,
Mg>" inserted into the VOPO,-nH,0 interlayer and was further
solvated by H,O molecules for fast migration. During the charge
process, the interlayer H,O molecules would be extracted accom-
panied by Mg>" deintercalation.

In summary, the actual roles of interlayer H,O in the two
processes of Mg”" intercalation and deintercalation in layered
materials are still controversial and ambiguous. Especially in
organic electrolyte, the following issues still need plenty of
research and discussion. (1) Can the organic-solvated Mg”*
co-intercalate into the interlayer of 2D hydrated layered materials?
(2) Will the interlayer H,O shuttle into the organic electrolyte
accompanied by Mg®"? The answers should depend on several
factors, including the desolvation energy of organic-solvated
(Gorganic) and hydrated Mg”" (Guacer), the interlayer distance
(decided by the H,O content) and the anion electronegativity of
the layered materials. When Gorganic > Gwater and the diameter of
organic-solvated Mg®* is lower than the interlayer distance,
organic-solvated Mg”* may tend to reversibly intercalate/
de-intercalate into layered materials. Meanwhile, the insertion of
free organic molecules into the hydrated interlayer possibly occurs
owing to the acid-base proton reaction. When Gyater > Gorganics
organic-solvated Mg”* may tend to de-solvate at the electrode/
electrolyte interface, further combine with the interlayer H,O to
diffuse in the host material and shuttle into the electrolyte. So, we
think that the polarity, configuration of the organic solvent and the
interlayer H,O content significantly determine the Mg”* intercala-
tion/de-intercalation behaviors. This needs deeper and broader
investigations, and even statistics to promote the development of
2D hydrated materials for RMBs.

4.2. Organic molecule regulation

In order to avoid the H,0O-shuttling-induced surface passivation
of the Mg metal anode, interlayer organic molecule regulation

This journal is © The Royal Society of Chemistry 2020
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as a more feasible strategy was gradually developed for RMB
applications. Some usual polymer ligands,***™** (polyethylene
oxide (PEO) and polyvinylpyrrolidone (PVP)), nucleophilic
molecules'*® (phenylamine (PA)), and organic cations'**™4°
(1-butyl-1-methylpyrrolidinium ion (PYy,") and cetyltrimethyl-
ammonium ion (CTA")) were employed to expand the interlayer
spacing of TMDs, layered oxides or MXenes and thus decrease
Mg”* diffusion barriers.

Yao and coworkers firstly constructed the PEO-expanded
MoS, structure via exfoliation of MoS, bulk, followed by
restacking of PEO ligands and single-layer MoS,."*° The inter-
layer distance could be increased to 1.19 nm (PEO-MoS,) and to
even 1.45 nm (PEO,-MoS,) with 0.49 and 1.00 molar PEO
in MoS,, respectively, whereas that of H,O-inserted MoS,
(0.98 molar) was just 0.633 nm. The largely expanded interlayer
spacing truly allowed faster Mg”>* diffusion, in which the
average Mg diffusivity in PEO,-MoS, was twice that in H,O-
inserted MoS,. PEO,-MoS, also delivered a specific capacity
double that of H,O-inserted MoS, in APC electrolyte. However,
the further expanded interlayer spacing is not more beneficial
for Mg-ion storage, while the interlayer composition also affects
the Mg-ion storage performance. High amounts of polymer
ligands may occupy the Mg”" sites, reducing the Mg®" migra-
tion rate and storage capacity.’*’ Meanwhile, high amounts of
polymer will lower the electronic conductivity of host materials
owing to its insulativity. Therefore, choosing short organic
chains as the “pillar” unit may reasonably avoid the issues
while increasing the interlayer spacing. Yao and coworkers
further employed the PYy," chain to expand the moisture-
sensitive TiS, by an in situ electrochemistry intercalation for
preventing oxidation (Fig. 16a)."** After the first discharge to
1V (stage 1), the interlayer distance could be expanded to 10.86 A.
Then, the active MgCI" species would insert into the interlayer;
this mechanism was proposed in halogen-containing Mg electro-
lytes for the first time. This phenomenon is primarily due to the
fact that the energy (>3 eV) for breaking the Mg-Cl bond and the
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This journal is © The Royal Society of Chemistry 2020

View Article Online

Review

diffusion energy barrier (>1 eV) of Mg”" largely exceed the energy
barrier (0.18 eV) of low-polarization MgCl" in expanded TiS,. More
importantly, the expanded layer spacing (18.63 A) by intercalation
of PY,," further facilitated the fast diffusion of MgCI". Benefitting
from these advantages, the average diffusivity of MgCl" reached
107" ecm® s, and the expanded TiS, exhibited a high specific
capacity of over 300 mA h g~ " (Fig. 16b). At stage 3 (0 V), the layer
structure of MgCl" inserted TiS, would undergo distortion, but the
distortion does not lead to structure collapse or shuttling of
pillared PYy,", thus a long cycling life at 240 mA g~ * could be
obtained (Fig. 16c).

With regard to some hydrated layered compounds, the
in situ electrochemical insertion of organic ions may be infeasible
owing to possible H,O shuttling. In this case, a nucleophilic
organic molecule could be intercalated as a short chain “pillar”
unit by a nucleophilic reaction with lattice H,O or by displace-
ment. Our group chose hydrated VOPO, (OH-VOPO,) as a model
material; the PA intercalated VOPO, nanosheets (PA-VOPO,) were
prepared by a displacement reaction.’®® PA-VOPO, delivered
a largely increased discharge capacity of 310 mA h g !
100 mA g~ ' compared to ~160 mA h ¢! of OH-VOPO,, and a
long cycle life (192 mA h g~ " after 500 cycles). The optimized
performance was contributed by the enlarged layer distance of
1.424 nm and a fast MgCl" diffusion (Fig. 17a). Interestingly, the
diffusion routine and energy barriers of Mg®* and MgCl® in
PA-VOPO, were calculated by DFT (Fig. 17b and c). In Path 1,
the diffusion energy barrier of MgCI" (0.42 eV) is the lowest,
relative to the others.

These works further reveal that the synergistic effect of MgCl"
intercalation and organic-expanded diffusion spacing opens a door
for the development of high-rate and high-capacity RMB cathodes.
The strategy, organic molecule regulation, was also widely applied
to other 2D materials, such as Ti,Cs,"*” VS,**® and so forth.

4.3. Co-intercalation of Mg>" and solvent

The pre-intercalation of H,O or organic molecules in layered
structures suggests the feasibility of co-intercalation of Mg**
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Fig. 17 (a) Schematic illustration of the expanded PA-VOPO,4 nanosheets
for MgCl* intercalation. Diffusion routine (b) and energy barrier profiles (c)
of Mg?*/MgCl* transport in the PA-VOPQ, interlayer. Reproduced from
ref. 143, with permission from Wiley-VCH.
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and solvent during magnesiation/demagnesiation processes.
The intercalation of the solvated Li* or Na“ ion in layered
materials, quasi-layered materials and even non-layered materials
has been found and discussed in LIBs and SIBs.'*’ It primarily
occurs in the following cases: (1) the intercalation of the pure metal
ion in the host is thermodynamically unfavorable, such as in the
well-known example of the intercalation of Na' into graphite."**
(2) A too high intercalation energy barrier of the pure metal ion or a
too high desolvation energy of the solvated ions leads to sluggish
kinetics, which mainly occurs in multivalent ion intercalation
processes or in high-polarity electrolyte systems.'*® In these cases,
the co-intercalation of ion and solvent may be more thermo-
dynamically and kinetically favorable. Especially for Mg inter-
calation chemistry, the solvated Mg>" ions have a larger ionic
radius and thus reduced charge density, resulting in a lower
migration energy barrier through the host, which is also referred
to as the “shielding effect”.

In aqueous magnesium ion Dbatteries (AMIBs), water
co-intercalation can take place easily. The strong shielding
effect of water molecules can significantly enhance the inter-
calation and diffusion kinetics. This provides new opportunities
for the fast development of AMIBs. The intercalation mechanisms
of Mg(H,0)s>" in bilayered V,05-nH,0 and VOPO,-nH,0 have also
been discussed in Section 4.1. For organic RMBs. Kim et al. first
presented the co-intercalation of Mg®" and linear ether solvents
into graphite."”® Compared to ethylene carbonate (EC) and diethy-
lene carbonate (DEC) solvents, the binding energies between Mg>*
and ether solvents, such as DME and diethylene glycol dimethyl
ether (DEGDME), are higher, which indicates that the solvation
of Mg by linear ether solvents is most energetically favorable.
Meanwhile, DFT, ex situ XRD and Fourier transform infrared
spectroscopy (FT-IR) analyses demonstrated that the intercalation
and diffusion of double-layer Mg>"/DEGDME into and through
graphite are thermodynamically and kinetically favorable.
Fichtner and co-workers further developed the co-intercalation
chemistry into the MoS, cathode for RMBs.""” In the magnesium
tetrakis(hexafluoroisopropyloxy)borate (MgBOR)/DME electrolyte,
the porous 2H-MoS, nanorods delivered a high capacity of
120 mA h g~" and exhibited a good cycling stability (retention
of 71% after 200 cycles at 0.5 A g~ ). The STEM-EDX and pair
distribution function (PDF) analyses clearly demonstrated the
intercalation of the solvated Mg®" ions ([Mg(DME);**) in 2D
layered 2H-MoS,. The intercalation of large solvated Mg ions
leads to the fragmentation and structural distortion of 2H-MoS,
(Fig. 18). Meanwhile, a transition from semi-conductive 2H to
metallic 1T phase would occur, which largely improved the
electron conductivity. Interestingly, after the extraction of
Mg(DME);>*, the 1T-MoS, fragments preferred to rearrange
and transform back to the thermodynamically stable 2H phase.
In addition, less DME molecules and Mg** ions would remain in
the interlamination of 2H-MoS,, inducing an electrochemical
activation of the surface structure. The co-intercalation of solvent
and Mg>" effectively shields the strong electrostatic interaction
from the host and avoids the extra introduction of inactive
interlayer molecules in RMBs, compared to other interlayer
regulation strategies. This method provides a new opportunity
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Fig. 18 Schematic illustration of the DME-solvated Mg* storage mecha-
nism in MoS, structures. Reproduced from ref. 115, with permission from
Nature Publishing Group.

for high-energy RMBs by employing high-energy cathode materials
and highly anodically stable halogen-free electrolytes.

4.4. Pillared ion regulation

Metal ions can also be employed to modify the interlayer
spacing by electrostatic interactions with the anion layer of
2D materials. Meanwhile, the electrostatic interactions can
stabilize the expansion/shrinkage of the layer structure during
repeated Mg®" intercalation/de-intercalation. Compared with
the organic molecule intercalation, metal ion regulation is able
to minimize the occupying volume of the “pillar”’ unit. More-
over, the electrostatic repulsion between pillared metal cations
and Mg ions may accelerate the migration kinetics of Mg ions
in a specific path, whereas the nucleophilic groups of pillared
organic molecules may interact with the diffused Mg ions.

The pillared metal ions mainly include alkali metal, alkali earth
metal and transition metal ions. Monovalent alkali metal ions with
low polarization facilely intercalate into the layer of 2D materials.
Their intercalation chemistries have also been widely studied in
LIBs and other energy storage systems.'*® Tang et al. summarized
the interlayer spacing change of Li, Na, and K ions in the V;04 layer
(A-V50g: LiV;30q = 6.32 A, NaV,04 = 6.85 A, KV;04 = 7.48 A).™" The
interlayer spacing gradually increased with the increased ionic
radius of alkali metal ions. Upon Mg”" insertion, LiV;0g exhibited
a higher specific capacity but a poor cycling stability. In contrast,
KV;0; delivered a low specific capacity but a high cycling stability.
The performance of NaV;0g was in-between. These results indicated
that the alkali metal ions with a large ionic radius occupy more
Mg”" storage space, leading to less Mg®" intercalation but a stable
layer structure.

By Coulomb’s law, the electrostatic interaction (x) can be
calculated by the following equation:***

_ keq1q2
r2

(1)
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Reproduced from ref. 153, with permission from Cell Press.

where r is the distance between charges, k. is Coulomb’s
constant (k. & 9.0 x 10° N m®> C?), and q is the charge
quantity of the metal ion. It was found that a bivalent alkali
earth metal ion possesses stronger electrostatic interactions
with host anions. In order to simultaneously acquire large layer
spacing, fast ion diffusion and a stable layer structure, Xu et al.
chose the hydrous bilayered V,0s as the host material, and
used a few pre-intercalated Mg”>* as pillared ions.">® The
Mg>"-inserted bilayered V,05 (Mg 3V,05-1.1H,0) possesses a
reduced interlayer distance of 11.9 A compared to that of
bilayered V,0s. Nevertheless, Mg, ;V,05-1.1H,0 exhibited a
higher capacity and excellent cycling stability compared to that
of bilayered V,05 and anhydrous Mg, ;V,0s (Fig. 19a and b),
which demonstrated that slight Mg®" pre-intercalation not only
stabilized the expanded layered structure by strong electrostatic
interaction, but also increased the Mg storage activity. The
shielding effect of interlayer H,O was not influenced by the
pre-intercalated Mg”*, and the average diffusivity of hydrated
Mg”>" in Mg, ;V,05-1.1H,0 was close to that in bilayered
V,05 (Fig. 19c). Interestingly, the pre-intercalated Mg”* also
enhanced the electron conductivity of the host materials
(Fig. 19d). Moreover, the Mg and H nuclear magnetic resonance
(NMR) spectra of the pristine, and fully discharged and charged
states demonstrated that the pre-intercalated Mg>" and lattice
H,0 molecules stably exist in the interlayer of bilayered V,05
during the charge/discharge processes (Fig. 19e and f). Thus,
the Mg, 3V,05-1.1H,0 cathode material is compatible with the
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Mg metal anode, but a compatible electrolyte with oxidation
stability over 3.5 V and with high Mg deposition/dissolution
efficiency has not been obtained and used in this system.
Importantly, the synergistic effect of Mg** and H,O molecule
pre-intercalation endows an ultrastable and fast Mg** inter-
calation/de-intercalation, which gives significant inspiration
for the future interlayer design of 2D RMB cathodes. Multi-
valent transition metal ions can also be used to further stabilize
the layer structure and enlarge the interlayer distance, resulting
from their stronger polarization and larger ionic radius.">*
But this will slightly reduce the specific capacity of the host
materials due to the bigger molar mass than that of alkali metal
and alkali earth metal ions.

In summary, interlayer regulation has experienced adequate
development in RMB cathode materials. It endows fast Mg>*
migration kinetics and additionally increased the number of
storage sites and structure stability for various layered materials.
However, for practical application, the introduced pillar units and
the largely expanded interlayer spacing are going to partly reduce
the mass and volume energy densities. Generally, when the
interlayer distance is greater than 10 A, the diffusion energy
barrier of Mg>" in the interlayer is able to be significantly reduced,
according to DFT calculations. Therefore, reasonably controlling
the insertion content of pillar units to gain an optimal perfor-
mance of both high energy density and power density is of great
concern in future.

5. Vacancy introduction

Vacancy introduction is a new star in the crystal engineering of
cathode materials for RMBs, and it has been identified as an
efficient optimization strategy for magnesium storage perfor-
mance in recent years. The intentionally introduced vacancies
would facilitate the diffusion of Mg ions and act as possible
intercalation sites in some cases.”>®'*® Thus, introducing
vacancies holds promise in enhancing the rate capability and
electrochemical activity of cathode materials for RMBs.

The positive effects of cationic vacancy on magnesium storage
performance have been demonstrated in anatase TiO,. In anatase
TiO, with monovalent anionic doping (F~, OH, denoted as
F-TiO,) reported by Koketsu et al, a large amount of charge-
compensating titanium vacancies were formed."”> DFT was
utilized to calculate the intercalation energies of Mg>" at different
sites. The calculated intercalation energies indicate that magne-
sium ions intercalate more readily into both single- and double-
titanium vacancy sites compared to the interstitial site from a
thermodynamic perspective (Fig. 20a). Consequently, F-TO, with
cation vacancies displayed greatly increased reversible magne-
sium storage capacity compared to the stoichiometric case (155 vs.
25 mA h g ") in 0.2 M 2PhMgCI-AICI,/THF electrolyte (Fig. 20b).
In addition, F-TO, also delivered superior rate performance and
cycling stability in that a capacity of 65 mA h g™ was retained
after 500 cycles at 300 mA g~ . Besides, the PDF and magic angle
spinning NMR (MAS-NMR) spectroscopy were employed to probe
the intercalation sites of magnesium ions in F-TO,. The PDF
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Reproduced from ref. 155, with permission from Nature Publishing Group.

of F-TO, in different charge/discharge states (Fig. 20c and d)
and the "F MAS-NMR spectrum of chemically magnesiated
F-TO, confirmed the presence of intercalated magnesium ions
mainly in titanium vacancies and fewer in octahedral inter-
stitial sites (Fig. 20e). Moreover, the Mg diffusion coefficients
obtained from the GITT show that F-TiO, delivers higher
diffusion kinetics than TiO,. In summary, the Ti vacancies
in anatase TiO, acted as intercalation sites and facilitated
Mg-ion diffusion, thus enhancing the reversible capacity and
rate performance.

Besides, anionic vacancy has also been employed to improve
the magnesium storage performance. Wang et al. fabricated
oxygen vacancy-rich black TiO,_, (B-TiO,_,) and evaluated its
electrochemical performance as a cathode material for
RMBs."*® The formation of oxygen vacancies was accompanied
by the partial reduction of Ti*" to Ti**, which narrows the band
gap and increases the electrical conductivity. B-TiO,_, exhib-
ited enhanced rate performance, i.e., a capacity of 106 mAh g~*
at 300 mA g !, which is about twice that of TiO, with few
oxygen vacancies.

These two representative works demonstrate the possibility
of improving magnesium storage performance via vacancy
introduction. The positive effects of both cationic and anionic
vacancies on magnesium storage were verified in the example
parent material TiO,, but the extension to other promising
cathode materials for RMBs is still almost non-existent and has
a long way to go. On the other hand, many high-capacity
cathode materials for RMBs suffer from poor cycling stability,
and it is not clear whether vacancies can play a positive role in
improving cycling stability. This is indefinite, but at least no

1986 | Mater. Horiz., 2020, 7,1971-1995

negative effects on cycling stability were observed in vacancy-
rich TiO,.

6. Amorphization

Owing to the strong interaction between magnesium ions and
hosts, especially oxides, the structural integrity of cathode
materials is difficult to maintain during the repeated intercala-
tion/deintercalation of magnesium ions, resulting in capacity
decay. The loose frameworks of amorphous materials hold
promise to accommodate the volume change originating from
magnesium-ion intercalation and thus to maintain the struc-
tural integrity and achieve better reversibility.">”**®* On the
other hand, the structural defects, such as vacancies and void
spaces, in amorphous materials may be able to act as ion
storage sites, which would increase the capacity.">® Therefore,
amorphization is a promising strategy to fabricate high-
capacity and long-life cathode materials for RMBs.

Some researchers have attempted to exploit amorphous
cathode materials for RMBs. For example, Arthur et al. fabri-
cated V,05-based amorphous powders by ball-milling with the
addition of P,Os and investigated their magnesium storage
performance.'®” In contrast to the low magnesium storage
activity of polycrystalline V,05, the amorphous V,05-P,05
(75:25) cathode material displayed largely enhanced magne-
sium storage capacity (121 mA h g™ '). In addition, the crystal-
lization products from amorphous V,05-P,05 displayed
degraded electrochemical performance, further demonstrating
the superiority of the amorphous structure for magnesium
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storage in this system. Besides, amorphous FePO, reported by
Mathew et al. also delivers attractive magnesium storage
capacity.”® However, both these works employ Mg(ClO,),/
CH;CN electrolyte, which is incompatible with the Mg anode
because of the passivation effect. Considering practical appli-
cation, the use of an electrolyte possessing good compatibility
with both Mg anode and cathode materials is a key point.
Furthermore, amorphization can be combined with nano-
structure construction to further improve the Mg storage
performance of cathode materials. Cheng et al. investigated
the magnesium storage performance of vanadium oxide nano-
clusters with an amorphous nature (Fig. 21a) in [Mg,(u-Cl),-
(DME),][AIC],],/DME electrolyte."® The V,05; nanoclusters/
porous carbon (V,05/RFC) composite delivers a high capacity
of over 200 mA h g ! at 40 mA g ' in the range of 0.5-2.8 V
(vs. Mg*>*/Mg) (Fig. 21b). At 640 mA g ', a capacity of about
100 mA h g~" was still obtained. Unfortunately, the expected
cycling stability of amorphous materials is absent in this
composite. During the cycling process, the capacity of V,0s/
RFC decays fast in the first several cycles, especially at low
current density (Fig. 21c and d). The capacity fading may be
attributed to the detachment of V,05 nanoclusters from the
porous carbon substrate during the repeated magnesiation/
demagnesiation process rather than the destruction of the
amorphous structure. In addition, amorphous MoS, nanoclusters
also display potential as cathode materials for RMBs."**
Although the enhanced magnesium storage activity of some
amorphous cathode materials for RMBs has been reported, the
related investigations are still rare. The extension of amorphi-
zation to other cathode materials is worth exploring. Further
optimizing the structure to sufficiently utilize the advantage of
amorphization is important for attaining high-performance

b 2sf

21F

Voltage (V vs. Mg)
N

0.7}

0 80 120 180 240
Specific Capacity (mAh g”)

C d 200
i . e
pagcy © 160
< <
\E/ 240 é 120 p
> 4 > .
S ", 40 mA g-' 1] 320 mA g
S 160 . S g
L e g 40
8 2
& ° » o

o
@
>
N
®
@
8
5
&

=)

20 40 60 80 100

Cycle Number Cycle Number

Fig. 21 (a) HRTEM image and SAED pattern (inset) of the amorphous
V,0s/RFC composite; (b) the charge/discharge curves at different current
densities and (c and d) the cycling performance at 40 and 320 mA g™t of
the amorphous V,0s/RFC composite. Reproduced from ref. 160, with
permission from Wiley-VCH.
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amorphous cathode materials. In addition, the actual effects
of amorphization on magnesium storage performance are still
unidentified, and more effort is required.

7. The development of unique crystal
frameworks

In addition to regulating the main crystal frameworks for
obtaining better electrochemical performance, designing or
developing cathode materials with new, unique crystal struc-
tures is also significantly important to promote the develop-
ment of high-energy RMBs. This is considered as a kind of
crystal engineering to meet the demands of Mg>* and other
multivalent ion intercalation chemistries.

7.1. 3D open framework

A system containing voids with sizes ranging from a few
angstroms to hundreds of angstroms is usually considered as
a 3D open framework."'®>"'® Its open channels with large sizes
are conducive to facilitating the migration and storage of Mg>".
Jacobson et al. designed a 3D microporous Moy 54,VOo.;
(M0, .45VOs o3) material originally for Li* ion storage.'®* Subse-
quently, its large microporous structure and rich redox valances
from Mo®"®" and V*** endowed it with great potential for
Mg>" intercalation."” In Mo, 5,,VOo.s the three-, six-, and
seven-membered ring-type tunnels are enclosed by corner-
sharing MOy octahedra and pentagonal [(Mo)Mo050,;] units
formed by a MoO, pentagonal bipyramid and five edge-
sharing MoOg octahedra (Fig. 22a). Apart from the advantages
of open and stable ion tunnels, the oxygen lattice bound by
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Fig. 22 (a) Crystal structure of Mo, 5,,VOg,s (green, Mo>*/V**; red, Mo®*/
V>*: blue, Mo®"/Mo>*; orange, Mo>*; and purple, Mo®*). (b) Discharge—
charge curves of an AC//Mo0;4gV0Og03 cell at 2 mA g’l. Reproduced
from ref. 165, with permission from the American Chemical Society.
(c) Structure of the PBA AM[M/(CN)¢l;_,-nH>O. Reproduced from
ref. 169, with permission from IOP Publishing. (d) Discharge—charge
curves of NiFe-PBAs at 10 mA g~ Reproduced from ref. 173, with
permission from Elsevier.
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high oxidation state metal ions facilitates achieving local
electroneutrality and lower Mg®" diffusion barriers.'®® When
evaluated as a RMB cathode, it could display a high discharge
capacity of 397 mA h g~* (3.49 Mg®" per formula) with short
plateaus of 2.15 and 1.75 V vs. Mg>*/Mg at the first cycle in
Mg(TFSI),/AN (Fig. 22b). This suggests that a promising energy
density of approximately 790 W h kg™ ' may be obtained. Upon
Mg”" intercalation, a single-phase solid solution reaction was
demonstrated by ex situ XRD, while the intercalation is highly
reversible.

Prussian blue (PB) and its analogues (PBAs) are typically
open frameworks. They have received great attention from
researchers as potential cathode materials for LIBs, SIBs and
other multivalence ion batteries.’®”'*® The general formula of
PBAs is A,M[M'(CN)s],_,-nH,0, where M and M’ are transition-
metal ions octahedrally coordinated with six triple-bonded CN
ligands respectively, forming microporous frameworks with
open and large spaces (Fig. 22¢); A as the carrier ions and
H,O molecules occupy the large open cages (A-site, ~4.6 A in
diameter)."®® The y value is the fraction of the primary M or M-
site vacancies. Some CuFe-PBAs,'®*'’° NiFe-PBAs,'”**"* FeFe-
PBAs,"””> and sodium/potassium-containing PBAs'’®'”” have
been investigated in aqueous and organic RMBs, and hybrid
Mg-ion systems. They usually delivered stable capacities of
50-70 mA h g ' with a plateau of approximately 3.0 V vs
Mg>*/Mg contributed by the main Fe*'/Fe** redox (Fig. 22d)."”?
The cubic CuFe-PBAs, NiFe-PBAs and ZnFe-PBAs mainly exhibited
a single-phase Mg>" insertion/extraction mechanism. Based on
the stable framework and the broad ion diffusion channels,
superior cycling and rate performances could be obtained. One
of the key factors to deliver capacity is the solvent molecule
structure of the electrolyte that determines the configuration
and desolvation energy of the solvated Mg”" ion."®® In aqueous
electrolyte, the high desolvation energy of Mg(H,0)s>" leads to a
co-intercalation mechanism, which also facilitates a faster diffu-
sion kinetics. In organic electrolytes using long-chain ethers as
solvents, such as triglyme, TEGDME and so forth, complete
desolvation is necessary for Mg”* intercalation because of the
oversized length. For the short-chain molecule solvated Mg”" ions,
the co-intercalation reaction in PBAs is also probable. Besides, the
defects and crystal water contents have important influences on
the specific capacity and cycling stability of PBAs during the Mg>*
intercalation process, but the related research is rarely reported.

7.2. 1D atomic-chain structure

Recently, some chain-like transition metal polysulfides, such as
VS,,787182 Tig, 18 NbS,'®* and so forth, have received much
attention for multivalence ion intercalation. The atomic-chains
are loosely stacked by weak van der Waals forces. The weak
interactions between neighboring atomic chains favorably
facilitate the Mg®>* migration kinetics. Moreover, compared to
2D layered materials, the 1D chain-like structures possess more
open ion migration channels. VS, is a typical “linear-chain”
compound, and its interchain distance is 5.83 A (Fig. 23a),
which is comparable to the interlayer distance of the layered
VS, (5.8 A). Wang et al. firstly employed VS, nanorods as a RMB

1988 | Mater. Horiz., 2020, 7,1971-1995

View Article Online

Materials Horizons

Pt VCr LSS
AR AR -

[o% 5 % %)) o, %))
ek o £%’: o G
;& L=}‘£’: g( L»}*&e %

¥
<L
| &
i o L (._,
C@%WW' “ e
- ; 120
0 100 mAg" 2300 . g P ?
o 2. 3 c
s — st E 100 mAg" % g
¢15 — 2nd 2200 g
= — 5th 8 (60 o
¢ 1.0 3 t 2
S 3100 177 mAh g % 3
g 0.5 !‘;3 - Discharge 150 mAh g* :<‘:
a + Charge =
0.0 a g 0o S
0 50 100 150 200 250 0 30 60 90 120 150 180
Capacity (mAh g') Cycle number
50
3 L
2 04 o 4 'y
3 \ T 'S v,
13 \ p 2 ‘ kY
5 50 N @ » { .
@ 4 . -
g Y. \ ‘: v S <
-100 \
Loy @ N4 v ° 3
2 € v a a2
% 150 N X g a7
§ B _ ° .
e S~ o o.-”
2 -200 o . o
s -~ .-
a0  TB---o o
T T T T T T T
0.125 0.250 0.375 0.500 0.625 0.750 0.875
x in Mg,VS,

Fig. 23 (a) Crystal structure of the atom-chain VS4. Discharge—charge
curves (b) and cycling performance (c) of VS, nanorods at 100 mA g—*
APC electrolyte. (d) DFT-calculated formation energy of Mg,VS, supercells
at different contents of Mg?* occupation. Reproduced from ref. 178, with
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cathode material.'”® When discharged to 0.2 V in APC electro-
Iyte, the VS, nanorods exhibited an initial discharge capacity of
251 mA h g~ " (0.84 Mg”" per formula) at 100 mA g~ " (Fig. 23b).
Due to the partially irreversible extraction of Mg”" in the initial
charge, a reversible charge capacity of 179 mA h g ' was
obtained (Fig. 23c). Then a stable specific capacity of approxi-
mately 150 mA h ¢~ ' could be maintained until the 180th cycle.
Interestingly, the Mg>" storage mechanism in VS, is different
from the conversion reaction of VS, during sodiation."®> The
ex situ XRD and Raman results indicated that the intercalation/
extraction of Mg”* has a very slight influence on the stability of
the V-S chain of VS,, demonstrating a single-phase reaction
mechanism. To further verify this mechanism, DFT calcula-
tions were used to obtain the average relative formation
energy of Mg, VS, with the Mg content ranging from 0.125
to 0.875 (Fig. 23d). From 0.125 to 0.625, the intercalation of
Mg>" was increasingly energetically favorable. Although the
formation energy gradually increased upon subsequent Mg”*
insertion, intercalation of Mg>" was still energetically favor-
able. These results demonstrated that the intercalation of
Mg** in VS, is a single-phase process and is thermodynami-
cally favorable. Our group further expanded chain-like
VS,@rGO by pre-intercalation of PYy,", and thereby obtained
a higher capacity of 268.3 mA h g™', a remarkable rate
performance of 85.9 mA h ¢! at 2 A g~' and outstanding
temperature adaptability (—35 to 55 °C)."”°
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The exploitation of new frameworks with an active redox
center still faces many challenges in crystallography and syn-
thetics. The typical open frameworks reported in other fields,
such as zeolite-like materials, metal-organic frameworks (MOFs)
and covalent organic frameworks (COFs), may exhibit unique
properties for Mg”" intercalation chemistry in the future.

8. Conclusions and outlook

In conclusion, we summarized the current crystal regulation
strategies for modifying the various Chevrel, spinal, layered,
olivine materials and so forth, while discussing their advan-
tages/drawbacks and some ambiguous controversies. Topo-
chemical substitution can facilely obtain insertion-type RMB
cathode materials, which is significant to develop new crystal
frameworks for reversible Mg>* storage and diffusion. Substitu-
tion doping and vacancy introduction can subtly control the
energy band, the localized electron configuration of crystals
and Mg migration channels, further facilitating the kinetics
and magnesiation concentration. Interlayer regulation of pro-
mising layered materials effectively decreases the Mg migration
energy barriers, and increases the Mg storage sites and struc-
tural stability. Amorphization is able to liberate the Mg storage
capacity at the expense of the stable voltage platform. Benefiting
from these strategies, the electrochemical performances of many
RMB cathode materials have been largely improved. Besides,
some unique frameworks accommodating fast and stable Mg”*
intercalation, including binary Mo-V oxides, Prussian blue ana-
logues and atom-chain polysulfides, were also introduced.
The specific capacities, working voltages and the corresponding
energy densities and power densities of the representative modi-
fied materials were further included, as shown in Fig. 24 and
Table 1. The modified spinal A-MnO,, olivine materials, bilayered
V,0s, layered MnO, and Mo, 43VOs o3 exhibit significant prospects
by virtue of their high energy densities over 500 W h kg~ ' and
high voltages of more than 2.0 V vs. Mg*>*/Mg (Fig. 24a). Mean-
while, the average diffusion coefficient of Mg>" as a key parameter
was improved to the order of magnitude of 10" em® s™* in
Mg2+/HZO-inserted bilayered V,0Os5 and similar layered materials,
benefiting from the shielding effect or solvent co-intercalation.
The diffusion coefficient is similar to that of Li" in LiFePO,.
Therefore, they exhibit high power densities over 5 kW kg ™'
(Fig. 24b). Unfortunately, these outstanding electrochemical
performances are mostly obtained in the systems consisting of
aqueous or organic electrolytes that cannot dissolve/deposit Mg
metal and AC counter electrodes. This suggested that there are
very few compatible electrolytes for achieving the full performance
of these promising cathode materials with Mg metal over 2 V vs.
Mg**/Mg, although many high-efficiency electrolytes with oxida-
tion stability over 3.5 V have been developed. Therefore, the
development of commercial high-energy RMBs still remains very
difficult.

According to the above-mentioned discussions, the compati-
bility mechanism between high-voltage cathode materials and
highly anodically stable electrolytes is very important but lacks
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Fig. 24 Energy densities (a) and power densities (b) of representative RMB
cathode materials after crystal modification. The square, circle, triangle,
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amorphization and unique crystal frameworks, respectively; red, blue,
green, purple, and yellow represent different counter electrodes, i.e. Mg
metal, active carbon (AC), Pt, Sn, and MnO,, respectively.

investigations. The high energy penalty for breaking Mg-Cl
bonds in chlorinated electrolytes and the high desolvation
energy in halogen-free electrolytes at the cathode/electrolyte
interface may dramatically decrease the Mg ion intercalation
kinetics, leading to low capacity, especially in close-packed
frameworks. In these cases, SEI design or surface modification
by crystal regulation, and electrolyte optimization are critical to
achieve good compatibility between cathode and electrolyte.
From the aspect of cathode materials, crystal regulation,
especially multi-atomic substitution doping (cation and anion)
and vacancy introduction, still needs to be largely developed to
improve the electrochemical performance of the promising
materials, such as high-voltage NAISCON, olivine silicates,
fluorophosphates and so forth. For the interlayer regulation,
the insertion content of pillar units in the layered oxides should
be well controlled for the optimal mass and volume energy
densities. The co-intercalation of Mg>" and solvent is an effective
strategy, but puts forward higher demands on the structural
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stability and site space of the crystal framework for the repeated
insertion/extraction of the large solvated ion. Moreover, crystal
engineering that builds more open frameworks from molecule or
atom to crystal for faster Mg>" migration and storage, such as
MOFs, 2D van der Waals heterostructures, and COFs, may receive
much attention in the future. This aims at developing cathodes
with discharge voltage over 3.0 V vs. Mg>’/Mg and an energy
density of 600 W h kg™ '. The mass loading of cathode materials
should also be increased in laboratory research for better access to
practical application. Finally, we hope that this review will provide
a significant reference and enlightenment for the future research
on reversible Mg batteries and other multivalence ion batteries.
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