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Abstract

Due to the large reserves, low cost, high security and high energy density, rechargeable multivalent batteries have attracted
extensive research enthusiasm for a long time. Multivalent batteries are also supposed as the potential candidates to Li-ion
batteries in portable electronic devices and large-scale energy storage units. Unfortunately, most commercial cathode materi-
als in Li-ion batteries cannot be applied in multivalent batteries because of the intensive polarization problem of multivalent
intercalated ions (Mg®", Zn?*, AI’"). Choosing and synthesizing the appropriate cathode materials are the main issues in
overcoming the intensive polarization problem. Vanadium-based materials often possess many kinds of oxidation states
because of the mutable vanadium element, which can facilitate achieving local electroneutrality and relieve the polarization
problem of multivalent ions. In this review, we summarize the researches about the vanadium-based cathode materials for
multivalent batteries and highlight the intercalation mechanism of multivalent ions to vanadium-based materials. In addition,
different kinds of optimizing strategies are extracted from the literatures. On the basis of our review, progresses and future
challenges of vanadium-based cathode materials in rechargeable multivalent batteries are more explicit.
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1 Introduction fuels [12—16]. In this regard, sustainable stationary electri-

cal energy storage devices (EESDs) are required to reliably

Conventional combustion of fossil fuels is still the main por-
tion of the energy supply methods in the world, although these
non-renewable resources are very limited and difficult to sus-
tain for many years because of the increasing energy con-
sumption in the future [1-8]. In addition, carbon dioxide and
other undesirable greenhouse pollutants promote the research-
ers to find green, economic and efficient renewable energy
sources [9—11]. Solar energy, wind energy, tidal energy, geo-
thermal energy and other kinds of renewable green energies
are potential alternatives to substitute the conventional fossil
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and efficiently store and transmit the electrical energy gen-
erated from the intermittent renewable sources [8, 17-19].
Although various technological innovations and scientific
breakthroughs have been reported in recent years, the current
EESDs still cannot satisfy the requirement in load leveling
and power regulation [20-27]. Various battery technologies,
such as lead—acid batteries, Ni—Cd batteries, Na—S batteries,
vanadium redox flow batteries and Li-ion batteries, have been
researched for a long time and applied partly in the EESDs or
portable electronic devices, but all of these battery technolo-
gies have corresponding weaknesses [26—39]. Lead—acid bat-
teries and Ni—Cd batteries are environmental hazards and suf-
fer low energy density. Memory effect (when batteries charge
and discharge many times incompletely, the batteries will
generate a secondary discharge platform and the discharge
capacity will decrease) is also a nonnegligible disadvantage
in practical application [28, 30-33]. Na—S batteries require
high operating temperature and suffer the safety problem of
sodium metal [26, 27]. Vanadium redox flow batteries are
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often costly, and maintenance charge is very high because the
V,05 phase will separate out in high temperature which might
destroy the battery [34-36]. Li-ion batteries have acquired
extensive attention in recent years and were applied in smart
grids, hybrid electric vehicles, personal electric devices and
electric vehicles successfully [37-39]. However, the further
development of Li-ion batteries is still limited by resource
scarcity, high prices, safety issues and energy density problem
[40—42]. On the other hand, carbon-based anode materials
with low capacity severely limited the energy density progress
in Li-ion batteries [43, 44]. Rechargeable multivalent batter-
ies (magnesium, zinc, aluminum batteries) tend to increase
the energy density based on high-capacity multivalent metals
which are used as anode materials directly (Table 1) [45]. In
addition, because the multivalent cations could transfer two
or three electrons per ion, multivalent cations could deliver
higher capacity compared with Li* ions when intercalated
into cathode materials if similar numbers of intercalant sites
are occupied [45]. Compared with Li* ions intercalation cath-
ode materials, the cathode materials that multivalent cations
can intercalate are relatively unexplored and the literatures
reported about the rechargeable multivalent batteries are also
insufficient. Thus, there still are large development space and
great application potential for multivalent batteries in the
future [45-50].

Rechargeable magnesium batteries (RMBs) have received
extensive attention in these years and are identified as one
of the most promising candidates to Li-ion batteries in
large-scale energy storage units and full electric vehicles
[45-48]. Magnesium metal possesses a high gravimetric
capacity of 2205 mAh g~! and high volumetric capacity of
3833 mAh cm™ with large reserves in the crust of earth
[51]. Moreover, magnesium is safer and cheaper than lithium
(Table 1). Two-dimensional deposition performance (Mg?*
ions deposit uniformly on anode interface and prefer non-
dendrite type deposition in charge and discharge process)
makes it feasible to use magnesium metal as anode material
directly without generation of one-dimensional dendritic
crystal which might impair separator film and result in the
short circuit of battery [52, 53]. Mg?* ions also have simi-
lar ionic radius of about 0.72 A compared with the 0.76 A
of Li* ions [54]. But intensive electric density of Mg>* ions

will result in the strong polarization effect and sluggish dif-
fusion process in cathode materials [55]. The polarization
problem comes from the large charge density of multivalent
cations which might attract anions in the crystal lattice and
break the local electroneutrality. When the local electroneu-
trality is destroyed severely, the crystal lattice will collapse
and the electrochemical performance will suffer depravation.
On the other hand, a rise in charge density will also increase
the transfer impedance of cations and deteriorate the rate
property of materials. Most commercial cathode materials in
state-of-the-art Li-ion batteries exhibit poor rate performance
and low capacity when applied in RMBs, due to the sluggish
dynamics of Mg?* ions [56]. Furthermore, passivation layer
might appear on Mg metal surface in commonly nonaque-
ous polar organic solvents-based electrolyte [57]. Unlike the
solid electrolyte interphase (SEI) in Li-ion battery, the pas-
sivation on Mg metal surface is ionic insulators which will
prevent further reaction process in RMBs [56]. From the
above analysis, finding decent cathode materials that could
sustain intensive electric density of Mg>* ions to provide fast-
diffusion channel, and compatible electrolyte that could avoid
the passivation problem and provide wide voltage window are
the most urgent issues in the development of RMBs [45-48].
In 1990, Gregory et al. [58] reported that Mg>* ions could be
reversibly plated in the Grignard reagents (R-MgX, R =alkyl,
X =Br, Cl). In 2000, Aurbach and co-workers methodically
refined the Grignard reagents-based electrolyte to improve
the magnesium anode stability and coulombic efficiency [59].
Ethereal solution of organomagnesium-chloride complexes
(Mg(AICl,BuEt), in THF, DCC) was developed, and RMBs
prototype was designed seriously for the first time [59]. Based
on the Chevrel phase MogSg as cathode materials, the RMBs
can deliver a stable capacity about 80 mAh g~! and operate
more than 2000 cycles with little capacity fading [59]. On the
other hand, several other kinds of Chevrel phase (M,MogTg,
M=metal, T=S, Se, Te) also exhibit the decent intercalation
kinetics of Mg?* ions and stable cycling performance [60—65].
Chevrel phase consists of MogTg unit in which the cubes of
T elements surround the Mog-octahedra clusters. The MogTyg
unit will stack as the three-dimensional open frameworks
based on face-sharing and corner-sharing, forming two dif-
ferent cavities for cations insertion. The negatively charged

Table 1 Comparative qualities
of lithium, magnesium, zinc and

aluminum

Parameter Lithium Magnesium Zinc Aluminum
Cationic radius (A) 0.76 0.72 0.74 0.54
Atomic weight (g mol™") 6.9 24.3 65.41 27

E (V vs. SHE) —3.04 -237 - 0.76 - 1.66
Metallic capacity (mAh g™!) 3862 2205 819 2980
Metallic capacity (mAh cm™) 2046 3833 5848 8046
Global yield (kg year™) 2.5x% 107 6.3 x10° 1.4 % 10" 4% 10"
Price (USD kg™!) ~ 144 ~2.7 ~34 ~14
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frameworks and weak electrostatic interaction, optimize the
Mg?* ions mobility and reduce the diffusion barrier [47, 54].
In crystal structure of MogSg, eight chalcogenides surround
the Mo octahedral clusters with metallic bonds, which can
regulate the electron density quickly and tolerate the inten-
sity polarization effect. Thus, when Mg?* ions diffuse in
the Chevrel phase-based materials, polarization charge will
redistribute rapidly and local electroneutrality will be retained
relatively [47, 54]. Although the Chevrel phase-based mate-
rials possess the stable cycling performance and excellent
dynamics property of Mg>* ions, the poor specific capacity
(~80 mAh g~!) and low operating voltage (~1.1 V vs. Mg/
Mg?") still limit the further development of Chevrel phase-
based materials in RMBs [63]. Many kinds of materials, such
as transition metal chalcogenides and oxides, polyanions
compounds, NASICONS, borates compounds, prussian blue
analogues, spinel-related materials and organic compounds,
all exhibit unsatisfactory electrochemical property in RMBs
[66-76]. Therefore, finding appropriate cathode materials that
possess good rate performance and high capacity with high
operating voltage is a great challenge in RMBs.

The electrolytes used in secondary batteries are mostly
nonaqueous organic solvents, which have broad voltage
window, and usually could achieve high energy density
[77]. However, most organic solvents are toxic and flam-
mable, resulting in serious safety problems in application.
Besides, using nonaqueous electrolyte requires completely
no-water production environment, which greatly raises the
cost. These issues restrict their application in large-scale
energy storage. Therefore, the aqueous electrolyte is a quite
charming choice for researchers. Replacing organic elec-
trolyte with aqueous electrolyte could further decrease the
cost and improve safety. Aqueous electrolyte also possesses
much higher electrical conductivity, compared with organic
electrolyte. Zinc has low equilibrium potential, and high
over potential of hydrogen evolution [78]. It has the lowest
standard potential among all the metals that can reversibly
deposit/dissolve in water-based solutions. Besides, the zinc
metal has abundant resources, and is cost-effective and sta-
ble (Table 1). Thus, the aqueous rechargeable zinc batteries
(RZBs) utilizing Zn metal anode and water-based electro-
lytes have broad prospects for large-scale energy storage. In
1991, Mclarnon and Cairns [79] first proposed the multiva-
lent ion storage of a-MnO,, and expanded the application
of Zn metal anode to mild electrolyte systems. The «-MnO,
owns large tunnels, in which the Zn** ions could reversibly
insert/extract. The studies of RZBs are mostly focusing on
the cathode materials. There are only a few kinds of cathode
materials for RZBs that have been extensively investigated at
present: polymorphous of MnO, [80-83] and Prussian blue
analogues [84, 85]. Those materials suffer some defects, for
instance, the rate performance of manganese dioxide is not

satisfactory, and the Prussian blue analogue delivers low
capacity. In recent years, some vanadium-based materials
have been reported and part of them exhibit excellent elec-
trochemical performance in aqueous RZBs system.

Among multivalent battery systems, rechargeable alu-
minum batteries (RABs) possess unique advantages. Alu-
minum is the most abundant metal in the earth’s crust, and
as one of the highest multivalent charge carriers (AI**), it
can provide high volumetric capacity and gravimetric capac-
ity of 8046 mAh cm™ and 2980 mAh g™, respectively [49,
86—88]. Additionally, aluminum metal is also much cheaper
than other metals (Table 1). Safety and availability are also
important factors that make RABs a promising candidates.
Despite these advantages of RABs system, the practical
application of RABs has faced many problems, one of which
is electrolyte. As we know, the electrolyte is an important
component in battery system. In early times, Al metal used
as anode could date back to 1857 when the dilute H,SO,
solution was adopted in electrolyte [87]. In recent years, the
anatase TiO, with 1.0 M Al(NO;); aqueous electrolyte per-
formed well, but there are some problems that remain in this
aqueous system [89]. For instance, different pH values will
result in different kinds of cluster formations (Al3+, AlO,™,
and Al,O;), which limits the development of the high energy
density RABs system [49]. For these reasons, the aqueous
system still has no significant breakthrough. Investigation of
nonaqueous electrolytes has drawn more attention because of
the stable performance and higher efficiency. Moreover, the
nonaqueous electrolytes can provide wider voltage windows
compared to aqueous electrolytes. At present, the improve-
ment in organic electrolytes in RABs is still insufficient, and
we need to explore a more suitable and high-performance
organic electrolyte. Cathode material is another important
parameter for RABs. Unlike monovalent metal-based batter-
ies (Li*, Na*), the RABs have the highest requirement for
cathode materials because AI** ions have strong polarization
effect and the ionic group chloroaluminate anion (AICl,,
another kind of inserted species in RABs) is too large to
intercalate into cathode materials, which leads to the lower
stability and capacity of cathode materials. In the research
process of the cathode materials applied in RABs, the car-
bon-based materials play important roles, in which the most
noticeable material is the graphitic foam. It achieved 7500
cycles life at 4000 mA g~! and the coulombic efficiency
could remain at 97%, which is an excellent electrochemi-
cal performance in the reported materials of RABs [90].
On the other hand, researches of large-sized few-layered
graphene and defect-free advanced graphene aerogel in the
RABs have been published and also obtained good results
[91, 92]. However, the low discharge capacity of graphite-
type materials could not meet the demand for high energy
density. The transition metal sulfides, such as FeS,, Ni;S,
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and CuS, have overcome the limitation of the low capacity
[93-95]. But these kinds of materials might suffer the dis-
solution problem in acidic electrolytes, which leads to the
seriously decay of capacity [96].

Considering the dilemma of multivalent batteries, vana-
dium-based compounds as cathode materials have attracted
much attention [97, 98]. Vanadium-based compounds have
been researched as potential cathode materials in various
battery systems for about 40 years and part of which have
got practical application [99]. Diverse vanadium oxide
structures are generated because of the facile distortion of
V-0 octahedra and rich chemical valences (VZ*, V3*, V4,
V>*). The multiple oxidation states of the vanadium provide
broader variation range and higher specific capacity when
multivalent cations intercalate into the vanadium-based
materials. Vanadium also can facilitate achieving local elec-
troneutrality by changing two or more oxidation states to
stabilize the crystal structure and optimize the multivalent
cations diffusion process. On the other hand, the occupied
extent of d-orbitals in element will impact the magnitude
of the structural change. In octahedral environment, only a
small volume change will occur when nonbonding orbitals
are filled, but if antibonding orbitals are filled, the volume
will suffer a huge extension [100, 101]. Vanadium as one of
the early transition metals has several unoccupied nonbond-
ing orbitals, unlike the late transition metals, in which one or
more antibonding orbitals are often filled [100, 101]. Thus,
vanadium-based compounds could be considered as quali-
fied candidates for cathode materials in multivalent batteries.

In this review, vanadium-based compounds applied
in RMBs, RZBs and RABs are presented, respectively
(Table 2). Not only electrochemical performances of various
vanadium-based compounds are recommended, but the fun-
damental science about the complex intercalation reactions
between multivalent cations and materials are also deeply
studied. Different structural evolutions during multivalent
cation insertion process are discussed by multiple charac-
terization techniques results. Understanding the electro-
chemical process sufficiently in multivalent batteries is the
basic step in improving the electrochemical performance of
vanadium-based compounds. Moreover, special objective
factors in materials or electrolytes, such as water molecules,
which might affect multivalent cations intercalation process,
are systematically studied with a variety of research results.
Different optimized designs in vanadium-based compounds,
such as carbon composites, pre-intercalation, doping and
amorphization, are exhibited in this review. In addition, the
optimization performances are compared, which has guiding
significance for the future development of the vanadium-
based compounds. Compared with the commercial cathode
materials in state-of-the-art Li-ion batteries, vanadium-
based compounds in multivalent batteries still have the great
gap, but the enormous potential of this new battery system
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constantly stimulates the researchers to overcome the con-
tinuous challenges.

2 Vanadium-Based Compounds
for Rechargeable Magnesium Battery
System

RMBs hold great promises for high energy density, safety,
and low-price energy storage devices. Dendritic-free depo-
sition property and high deposition/dissolution efficiency
of Mg anode make the RMBs more prospective. Sulfide
materials have been investigated deeply in RMBs because
Mg** ions could diffuse steadily in this kind of materials.
Low discharge voltage and energy density limit the further
development of sulfide materials. Various vanadium-based
materials have been researched in RMBs for a long time
and some of them exhibit decent reactivity of Mg>* ions
storage. Mg>* ions often strongly interact with framework
lattice because of the high charge/radius ratio, but vanadium-
based materials possess facile distortion structure and large
cations storage cavities, which can lower diffusion barrier
of Mg?* ions and provide more reactive sites. At present,
the reaction mechanism of some vanadium oxides, such as
V,0s, has been investigated deeply. But the electrochemical
performance of vanadium oxides is dissatisfactory. Many
improvement methods have been proposed in these years,
and the Mg?* ions storage performance of vanadium oxides
has been much promoted. Other kinds of vanadium-based
materials, such as phosphate compounds, hydrous vana-
date compounds and calcium ferrite type materials, exhibit
decent Mg>* ions storage property and the reaction mecha-
nism will be discussed in the following content.

2.1 Vanadium Oxides

V,05 is a typical layered material that different V-O poly-
hedron constitute the layered framework. Different phases
will appear and the layered structure will change when
cations intercalate into the framework. In Li-ion batteries,
V,05 could provide large specific capacity and high work-
ing voltage. Thus, V,05 has received much attention in the
energy storage materials [45, 46, 102]. In 1993, Novak et al.
[103, 104] tested the conventional orthorhombic V,0O5 elec-
trode in Mg(ClO,),/AN electrolyte, and specific capacity of
170 mAh g~! was measured in the first cycle. But the capac-
ity decayed drastically in the further cycling process, which
was attributed to the dissolution of V,0s in the electrolyte.
Passerini et al. reported that V,05 with high porosities and
high surface areas might attain a high specific energy of
about 1200 W h kg~! [105]. This work indicated that V,Os
is a potential material in RMBs.
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Table 2 The electrochemical performance of vanadium-based cathode materials for rechargeable multivalent batteries

Material Electrolyte Counter  Operation range (V) Initial Current Capacity retention References
electrode capacity density (mAh g1
(mAhg™) (mAg™)
V,05 Mg(ClO,),/AN Mg 1.0-2.5 V versus Mg/Mg** ~ 170 - - [103]
V,05 thin-film Mg(ClO,),/AN AC 2.1-3.0 V versus Mg/Mg>* ~ 180 - ~ 150 after 36 cycles [51]
Mg-V,05 Mg(ClO,),/AN Sn 0.0-2.0 V versus Mg/Mg** ~ 160 30 ~ 120 after 50 cycles [109]
V,04/C Mg(CIO,4),/AN Mg 2.0-3.4 V versus Mg/Mg>* ~ 325 17,000 ~ 290 after 35 cycles [111]
RFC/V,05 [Mg,(C),(DME),][AIC1],/DME Mg 0.5-2.8 V versus Mg/Mg>* ~120 320 ~ 80 after 100 cycles [113]
V,05/GO Mg(TFSI),/AN AC 1.6-3.4 V versus Mg/Mg>* ~280 100 ~ 210 after 30 cycles [114]
V,05/GO Mg(AICLEtBu),/THF Mg 1.0-2.8 V versus Mg/Mg** ~178 58 ~ 140 after 20 cycles [115]
S-V,04 Mg(Cl1O,),/H,0/PC Pt 0.9-2.4 V versus Mg/Mg** ~ 300 60 ~ 300 after 3 cycles [117]
V,05-P,05 Mg(ClO,),/AN Mg 1.1-3.4 V versus Mg/Mg>* ~120 65 - [118]
V,05-PEO Mg(ClO,),/AN Mg 1.0-3.0 V versus Mg/Mg** ~ 130 10 ~ 90 after 35 cycles [124]
VO,(B) Mg(CIO,4),/AN AC 1.6-3.0 V versus Mg/Mgpr ~ 400 50 ~ 200 after 60 cycles [127]
V0,3, Mg(AIBu,Cl,),/THF Mg 0.2-1.6 V versus Mg/Mg>* ~176 5 - [130]
VO, Mg(ClO,),/AN Mg 1.5-3.5 V versus Mg/Mg?>* ~215 60 ~ 150 after 20 cycles [131]
NaV;04 MgCl,/AlICI,/EMIC Al 1.2-2.4 V versus Mg/Mg2+ ~110 - - [103]
Mg(V;04), MgCl,/AICI/EMIC Al 1.2-2.4 V versus Mg/Mg?* ~ 155 - ~ 60 after 50 cycles [103]
NaV;04-1.69H,0 AlCl;-(PhMgCl),/THF Mg 0.0-2.0 V versus Mg/Mg>* ~ 60 50 ~ 40 after 100 cycles [135]
NaVO,5 Mg(ClO,),/AN Mg 0.1-3.0 V versus Mg/Mg>* ~90 0.05 0 after 25 cycles [136]
Li3V,(PO,), Mg(TFSI),/AN Mg 1.5-3.8 V versus Mg/Mgpr ~ 197 10 ~ 197 after 5 cycles [144]
Na;V,(PO,); Mg(TFSI),/DME Mg 0.5-2.2 V versus Mg/Mg>* ~97 10 - [150]
Na,V,(PO,),/C Mg(TFSI),/AN AC 2.0-3.0 V versus Mg/Mg>* ~ 88.8 20 ~ 80 after 100 cycles [152]
Mo, 45VOy o3 Mg(TFSI),/AN AC 1.7-3.3 V versus Mg/Mg** ~379 2 ~ 235 after 15 cycles [156]
V,Mo0q AICl;-(PhMgCl),/THF Mg 0.4-2.4 V versus Mg/Mg>* ~ 200 20 ~ 60 after 1 cycles [157]
VOCI (HMDS),Mg/DEG/TEG Mg 0.5-2.5 V versus Mg/Mg>* ~ 160 10 ~ 100 after 50 cycles [161]
Nay 5V 55Tig 750, Mg(CB, H,,),/TEG Mg 0.0-3.0 V versus Mg/Mg>* ~ 80 5 ~ 40 after 4 cycles [164]
V,05/GO Zn(CF;S05),/water Zn 0.2-1.6 V versus Zn/Zn** ~230 6000 ~ 210 after 900 cycles [165]
V,05/CES Zn(TFSI),/AN Zn 0.3-1.5 V versus Zn/Zn** ~ 196 14.4 ~ 170 after 120 cycles [166]
Zn, »5V,05-nH,0 ZnSO,/water Zn 0.5-1.4 V versus Zn/Zn** ~230 2400 ~ 210 after 1000 cycles ~ [167]
Nag 33V,05 Zn(CH;F;S05),/water Zn 0.2-1.6 V versus Zn/Zn** ~ 300 1000 ~ 218 after 1000 cycles  [169]
Zn;V,0,(0H),-2H,0  ZnSO,/water Zn 0.2-1.8 V versus Zn/Zn>* ~ 150 200 101 after 300 cycles [170]
LiV;04 ZnSO,/water Zn 0.6-1.2 V versus Zn/Zn>* ~70 133 ~ 130 after 65 cycles [171]
H,V;04 Zn(CF;S0;),/water Zn 0.2-1.6 V versus Zn/Zn** 173.6 5000 136.1 after 1000 cycles  [173]
Na;V,(PO,); Zn(CH;COO),/water Zn 0.8-1.7 V versus Zn/Zn>* 97 50 72 after 100 cycles [177]
Na,TiV(PO,), ZnSO, /water AC 0.9-1.5 V versus Zn/Zn>* 55 128 52 after 10 cycles [179]
VS, ZnSO,/water Zn 0.4-1.0 V versus Zn/Zn** 1123 500 110.9 after 200 cycles [180]
V.05Aly 0501 5o(OH)y 77,  ZnSO4/water Zn 0.2-1.13 V versus Zn/Zn>* 156 15 105 after 50 cycles [181]
V,05 nanowires 1.1:1 AICl;:[EMIm]C1 Al 0.02-2.5 V versus AI/APP* 305 125 273 after 20 cycles [86]
V,05/Ni 1.1:1 AICl;:[BMIm]Cl1 Al 0.02-2.5 V versus AVAI** 239 44.2 - [184]
V,05 nanowires 1.1:1 AICI;:[BMIm]CI1 Al 0.02-2.5 V versus AI/APP* 107 - ~ 40 after 10 cycles [185]
V,0,/C 1:10:5 Al 0.1-2.5 V versus A/AIP* 60 44.2 ~ 50 after 30 cycles [186]
AICl;:dispropylsulfone:toluence

V,05 nanowires (AI(OTF),/[BMIM]OTF Al 0.02-3 V versus AI/APP* 87 10 ~ 30 after 20 cycles [189]
xero-V,05 AICl,/water AC 1.5-2.0 V versus AI/AIP* ~110 60 ~ 75 after 13 cycles [191]
Vo, 1:1 AICl;:[BMIm]Cl1 Al 0.01-0.9 V versus AVAI** 165 50 116 after 100 cycles [192]
Li;VO,/C 1.3:1 AICl;:[EMIm]CI Al 0.05-0.95 V versus AVAIP* 137 20 48 after 100 cycles [195]
Na;V,(PO,); AICl,y/water Pt 1.9-2.4 V versus AI/AIP* ~ 120 60 ~ 60 after 20 cycles [196]
V,CT, 1.3:1 AICl:[EMIm]CI Al 0.1-1.8 V versus AI/AIP* 335 10 ~ 100 after 20 cycles [199]
VS,/rGO 1.3:1 AICI;:[EMIm]CI Al 0.1-2.0 V versus AVAI* ~ 400 100 ~ 90 after 100 cycles [200]

To investigate the key issues of V,05 in RMBs, many  diffusion properties on single-layered and bulk V,0s was
works about first-principle calculations based on density  studied [106]. From the result, binding energies of Li/Mg in
functional theory (DFT) have been carried out [106—108]. bulk V,05 (0.69 eV for Li and 2.20 eV for Mg) are smaller
Firstly, the difference of Li and Mg atoms in adsorption and  than those in single-layered V,05 (3.28 eV for Li and 4.06 eV
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for Mg). In addition, the single-layered V,05 has more num-
ber of active sites that could adsorb cations. As for diffusion
barrier, which links with the rate property, Li can diffuse
faster in single-layered V,05 (0.20 eV) than in bulk V,0;
(0.39 eV). However, the situation is different for Mg atom, its
diffusion barriers in single-layered and bulk V,0O; are simi-
lar (1.36 eV for single-layered V,05 and 1.40 eV for bulk
V,0s) (Fig. 1a, b). The author simulated the charge density
difference of Li/Mg atoms in single-layered and bulk V,05
(Fig. 1c—f). The Mg—O bond length, unlike the Li—O bond,
did not decrease much in the single-layered V,05 compared
with bulk V,0s, which might explain the enormous diffu-
sion barrier of Mg atoms in single-layered V,0s. Zhou et al.
[107] also discussed the crystalline V,05 property by using
first-principle calculations. They concluded that a-V,05 has
higher electronic conductivity compared with other V,05
phases because of the small band gap. For diffusion rate,
Mg atoms have much higher barrier (1.26 eV) than Li atoms
in 0-V,05 (0.35 V). Double-peak potential energy path of
about 0.81 eV was also calculated in Mg atoms diffusion
process which might account for the poor rate property of
V,05 in RMBs. From the elastic constants calculation results,
the V,0s structure will suffer shear distortion when Mg**
ions intercalate into the interval site and phase transition will
occur with no barrier. From the above calculation results,
the diffusion of Mg?* ions in V,Os is sluggish. To solve this
problem, some researchers found that the co-intercalation
of H,0 and Mg** ions might improve the electrochemical
performance of RMBs [108]. Gautam and co-workers dis-
cussed the Mg insertion voltage and phase transformation
of Mg-H,0O-xerogel V,0j5 in different electrolytic conditions
[108]. They thought that intercalated Mg** ions and H,0O
molecules located at V,05 bilayers. In interlayer, each of
Mg** ions was bonded with two O atoms from VO, poly-
hedra and four O atoms from interlayered H,O molecules
(Fig. 1g). After DFT calculation, it can be concluded that the
water content impacted the thermodynamic driving force of
Mg?* ions. In the electrolyte with high water content, Mg**
ions can intercalate into V,05 xerogel with high content and
shuttle along with the water molecules. But in dry condi-
tions, the intercalation of Mg2+ ions will decrease and water
molecules might not shuttle with Mg?* ions. More impor-
tantly, Mg?* ions insertion voltage will increase with high-
water-content electrolyte and phase behavior will become
more diversified compared with superdry condition (Fig. 2a).
Although the calculation results in these works might be dif-
ferent from the practical process, in considering tempera-
ture, electrolyte and crystallographic defects, the theoretical
calculation is still a powerful assistant method to predict the
electrochemical properties.

In actual conditions, intercalation process of Mg>* ions in
V,05 is complicated. Many researchers have investigated the
intercalation mechanism of Mg?" ions in different conditions
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[51, 109, 110]. Gershinsky et al. [51] researched Mngr ions
intercalation process in thin-film V,05 electrode completely
by using electrochemical and spectroscopic analysis. In
three-electrode system, active carbon clothes were used as
counter and quasi-reference electrodes in 0.5 M Mg(ClO,),/
AN electrolyte. The redox reaction in charge and discharge
process was ascertained by visual inspection, in which V,0;
went through the color changes [yellow (V%) to green (V**)
in discharge process and reversed in charge process]. Energy
dispersive spectrometer (EDS) patterns indicated the inter-
calation of Mg?" ions (Fig. 2b). In galvanostatic charge and
discharge process, V,0Os thin film could achieve the capacity
of 150 mAh g~! at 2.4 V (vs. Mg/Mg**) with 97% coulom-
bic efficiency, corresponding to 0.5 mol Mg?* ions inter-
calation per formula unit of V,0Os. The layers of V,05 are
weakly bonded by van der Waals force, and the vanadium
could change the oxidation state to provide electroneutrality
when Mg?* ions intercalated and diffused in the oxygen-
terminated slabs. As long as the orthorhombic V,05 can
sustain the electronic polarization effect and layered expan-
sion, the guest ions can be inserted into the material con-
stantly. But compared with Li* ions intercalation process
in the same measured system, over potential of Mg?* ions
insertion (700 mV) is larger than Li* ions (25 mV), indicat-
ing the slower kinetics of Mg?* ions insertion process. On
the other hand, there is multiple-step process in the magne-
siation process, the different thermodynamics and properties
in magnesiation process can be attributed to the different
phase formations. Novak et al. [102] even postulated that
there are ten different phase transition in Mg-V,0O5 phase.
Moreover, Gershinsky et al. [51] also found the change of
layered distance and the randomization of bond in the struc-
ture from ex situ X-ray diffraction (XRD) pattern and Raman
spectra (Fig. 2c, d). To investigate the insertion mechanism
of Mg>* ions more deeply, Tepavcevic et al. [109] enriched
the bilayered V,05 with Mg®" ions via electrochemical
synthesis method and assembled coin cell that Mg-V,05
matched with nanocrystalline Sn in 1 M Mg(Cl0O,),/AN
electrolyte. In Mg?* ions enrichment process, the capacity
of 240 mAh g~! was obtained when V,05 countered with
Mg metal (in Mg(ClO,),/AN electrolyte) [109]. The pro-
cess that Mg?* ions intercalate into the bilayered structure
was demonstrated by the X-ray absorption fine structure
(XAFS), X-ray fluorescence (XRF), small-angle X-ray scat-
tering (SAXS), X-ray photoelectron spectroscopy (XPS),
and high-angle annular dark-field (HAADF) techniques.
Three kinds of water are also found in bilayered Mg-V,Os.
One of them is free water adsorbed in layer, and the sec-
ond is bonded water in the layers linked by hydrogen bonds.
The third type of water is the structural hydroxyl groups
from the electrochemically synthesized Mg-V,0s. These
kinds of water will maintain the large interlayered space to
lubricate the solvated Mg?* ions diffusion path and shield



Electrochemical Energy Reviews

or stabilize the divalent Mg>* ions. Furthermore, discharged-
state bilayered Mg-V,05 was cycled with Sn anode. This
full cell delivered an initial capacity about 160 mAh g~! and
decreased to 80 mAh g~! after 20 cycles. After 50 cycles,
the capacity recovered to 120 mAh g~!, which was attrib-
uted to the nanocrystalline nature. Except electrochemical
synthesis method, Lee et al. [110] also synthesized Mg-V,0s
(Mg, ;V,0s5) by using a sol-gel method in room temperature.
This Mg-V,0s5 exhibits good electrochemical performance
and the high capacity of 300 mAh g~! could be obtained.
Moreover, different electrolytes also affect the electrochemi-
cal performance. From the experiment result, the CH;CN
related electrolyte is more compatible than carbonate-based
solvents when linking to Mg?* ions insertion process.

To improve the electrochemical performance of V,0;5 in
RMBs, many optimization methods, such as carbon coat-
ing, graphene recombination and micromorphology control,
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measured specific capacity. Except solid-state diffusion
process of Mg?* ions, pseudocapacitance might also exist
in the cycling process of V,05/C composites [112, 113].
Cheng et al. [113] synthesized the high dispersed V,0;
nanoclusters supported on porous carbon. This amorphous
compound has the pseudocapacitive performance when
cycling in 0.2 M [Mg,(p-Cl),(DME),J[AICL],/DME elec-
trolyte and the composites exhibit an outstanding rate per-
formance. At the high current density of 640 mA g~', the
composites could display the capacity of 100 mAh g=!. After
the analysis of electron microscopy, spectroscopy, and elec-
trochemistry characterizations, there is no substantial solid-
state Mg* ions diffusion process and the reversible chemical
binding reaction in active surface of molecular nanoclus-
ters dominates the cycling process. This work provides a
viable approach to optimize the reaction kinetics in V,0s.

In addition, high-voltage as well as high-capacity RMBs
was assembled based on “molecular storage mechanism”
in this work. Generally, carbon composite could improve
the electrical conductivity of materials and optimize the
rate property of batteries. However, excess carbon con-
tent might reduce the energy density of batteries. Except
V,05/C composites, V,05/GO composites also have been
synthesized by many researchers [114, 115]. An et al. [114]
synthesized nanowires/GO nanocomposites via freeze dry-
ing and annealing process. This V,05/GO aerogel exhibits
excellent electrochemical performance in Mg** ions stor-
age. Except the special structure that graphene is convolved
by V,05 nanowires (Fig. 2e), the crystal water molecules
in layers also play an important role in Mg?* ions diffu-
sion. When active carbon was used as counter and reference
electrodes in Mg(TFSI),/AN electrolyte, high capacity at
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Fig.2 a Ternary phase diagram of the Mg-(Xerogel)V,05-H,0O sys-
tem, which summarizes the possible equilibrium phases under dif-
ferent electrolyte conditions, reproduced with permission [108].
Copyright 2016, American Chemical Society. b HR-SEM images of
the V,0s thin-film electrodes: pristine, magnesiated (Mg, 5V,0s5),
and demagnesiated in Mg(ClO,),/AN solution. EDS patterns are
presented in the images (overlapped), and visual photographs of the
electrodes are presented in the insets. ¢ XRD patterns and d Raman
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spectra of pristine, magnesiated (Mg,sV,0;), and demagnesiated
V,05 thin-film electrodes. Figure b—d reproduced with permission
[51]. Copyright 2013, American Chemical Society, e schematic illus-
tration and f cycling performance of the V,05/GO nanocomposite at
1.0 A g7, reproduced with permission [114]. Copyright 2015, Else-
vier, g galvanostatic charge—discharge voltage profiles and h cycling
performance of the ED-NVP/C at 20 mA g~!, reproduced with per-
mission [152]. Copyright 2017, Wiley—VCH
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around 280 mAh g~! could be obtained at 100 mA g~!. At
high current density of 1.0 A g~', 81% capacity could remain
after 200 cycles (Fig. 2f). This nanocomposite also exhibited
the outstanding rate property and wide working tempera-
ture range. The authors further annealed nanocomposites to
remove the crystal water molecules, but annealed nanocom-
posites exhibited a deteriorated electrochemical property.
They concluded that the crystal water shielded the strong
polarization effect of multivalent Mg?* ions and reduced
the diffusion barrier in insertion kinetics. When Mg?* ions
intercalate into the V,05/GO aerogel, the dipole molecule
(H,O in crystal) will coordinate to Mg?* ions as the solva-
tion shell and transform Mg”" ions into less polarized and
solvated ions. In this solvation process, the dipole moments
of multivalent Mg>* ions will reduce and the strong polari-
zation effect of Mg?* ions will be shielded by crystal water
molecules [114]. Du et al. [115] also synthesized orthorhom-
bic V,05/GO by using hydrothermal method in 200 °C fol-
lowed by calcinating process. This composite is constituted
of orthorhombic V,05 microparticles wrapping around GO
sheets. In 0.25 M Mg(AICIl,EtBu),/THF electrolyte with Mg
foil as counter electrode, the V,05/GO composites could
deliver a high capacity about 178 mAh g~!, correspond-
ing to 0.6 mol Mg”" ions inserted into per formula unit of
V,0s. After 20 cycles, the specific capacity of 140 mAh g™!
remains. This property is pretty well in the batteries that Mg
metal is used as anodes directly. The disordered structure
and superior recombination buffer the structure expansion/
contraction and improve the electrolyte contact areas which
shorten the Mg?* ions transportation length. Furthermore,
graphene also optimizes the electronic conductivity and sta-
bilizes the structure in cycling performance. Although V,05/
GO could work in coin-type cells, the practical application
of V,05/GO in RMBs still needs further explorations.
Sulfur doping is an effective strategy to improve the
capacity of materials [116]. From the researches about mag-
nesium batteries, metal oxides materials often possess stable
crystal structures and strong binding bonds that will result
in the sluggish diffusion rate and large intercalation barrier
of Mg?* ions. On the other hand, Mg?* ions also tend to be
trapped in metal oxides materials more easily because of the
large electronegativity of oxygen. So sulfur-doped methods
and amorphous structures will bring more labile factors in
materials and change the local charge distribution which will
reduce the intercalation barrier of Mg?* ions and improve
the capacity of materials. Inamoto et al. [117] synthesized
the sulfur-doped vanadium oxides (S-V,05) with low-tem-
perature plasma and a microwave generator. The surface of
S-V,05 might become amorphous and the electrochemi-
cal performance improved much. In S-V,0s, a capacity of
300 mAh g~! was obtained while the pure orthorhombic
V,0; only exhibited a capacity of 170 mAh g~!. Further-
more, different metal oxides, such as MnO,, MoOj;, Fe, 05,

NiO, and ZrO,, were composited with the S-V,0; structure
and their electrochemical performances improved in different
degrees. From this work, sulfur doping and compositing with
metal oxides are effective to improve the electrochemical
performance of orthorhombic V,0s. However, sulfur doping
might result in the low discharging voltage. To improve the
discharging voltage in magnesiation process of V,0s, Arthur
et al. [118] synthesized the amorphous V,05—P,05 via ball-
milling and investigated the electrochemical performance of
RMBs at different V,05/P,05 molar ratios. From the result,
V,05/P,05 molar ratio of 3:1 achieved the high-voltage elec-
trochemical magnesiation and the structures of compounds
were investigated by XRD, NEXAFS, DSC, XPS. Large
quantity of V** sites and PO, units result in the improved
vitrification and the most atomic vacancies might be created
at the terminally bonded or epaxial oxygen of V,05. Com-
pared with ordinary polycrystalline V,0s, the amorphous
V,05-P,05 reached better electrochemical performance,
owing to the increased interlayer spacing and the special
V-0O-P bond. Although recombination of P,05 with V,05
and amorphization method improved the discharging volt-
age, the reversibility of compounds and the non-corrosive,
high-voltage electrolyte are still puzzles in this work.
Many researchers have demonstrated that pre-interca-
lating organics in V,0j5 crystal structure could optimize
the electrochemical performance [119-123]. Perera et al.
[124] pre-intercalated different amounts of poly ethylene
oxide (PEO) in the layers of V,05 xerogels and controlled
the interlayered spacing by using in situ sol-gel synthesis
method. From high rate transmission electron microscopy
(HRTEM), XRD, infrared (FTIR) and Raman spectroscopy
results, the different quantities of PEO have been interca-
lated into V,Os5 by in situ sol-gel synthesis method. With the
increasing PEO content, the layers distance enlarged and the
electrochemical property of Mg>" ions storage improved in
certain degree. V,05-PEO could exhibit ~5 times of Mg**
ions storage capacity and ~2 times higher diffusion coef-
ficient compared with the ordinary V,0s;. Moderate con-
tent of PEO will expand the interlayer spacing and shield
the powerful polarization effect of divalent Mg?* ions. But
excessive PEO intercalation into the V,05 will result in the
deteriorated electrochemical performance, owing to lower
diffusion of Mg>* ions, lower electronic conductivity and the
excessive coordination of PEO with V,0j5 structure, which
will block the Mg?* ions diffusion. In this work, PEO is
used as additive to expand the interlamellar spacing of V,0;
and shield the polarization effect of Mg?" ions. Moreover,
this work also makes it possible for aprotic constituents in
organic electrolyte to co-intercalate in the cathode materi-
als. Pre-intercalation is a meaningful method to activate
the Mg" ions storage ability of materials. Pre-intercalated
ions or compound will exploit the diffusion path and opti-
mize the diffusion dynamics of transfer cations. Different
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pre-intercalated materials or pre-intercalated extents will
impact the electrochemical performance of cathode materi-
als. For further development, the optimization mechanism of
pre-intercalation needs to be explored more clearly.

Recently, Vadym et al. [125] concluded that VO, has
the lower Mg?* ions diffusion barrier of 0.33 eV compared
with a-V,05 (1.15 eV) and B-V,05 (0.65 eV). Moreover,
VO, has low-toxicity, structure diversity and more flexible
structure compared with V,05 [126, 127]. In this material,
VO octahedrons constitute the crystal structure in different
connected ways and V-O tunnel could provide the diffu-
sion path for Mg”* ions. Luo et al. [127] reported the inves-
tigation of nanostructured VO,(B) as a high-voltage and
high-capacity cathode material in RMBs. Nanostructured
VO,(B) was measured in three-electrode system, in which
carbon rod and Ag/AgCl electrode were used as counter
and reference electrodes in 1 M Mg(ClO,),/AN electrolyte.
From the result, the electrochemical performance of VO,(B)
nanorods is much better than that of VO, (B) nanosheets. In
the first cycle, VO,(B) nanorods deliver a high capacity of
391 mAh g7! at 25 mA g~! while VO,(B) nanosheets deliver
a capacity of 356 mAh g~!. After 10 cycles, the capacity
of VO,(B) nanorods remains at 94.7% but that of VO,(B)
nanosheets only remains at 42%. The main reason for the
better electrochemical performance of VO,(B) nanorods
is that the special morphology obtains the faster ions dif-
fusion rate and reduces the diffusion path [128]. Actual
quantity of intercalated Mg>* ions was detected by ICP, and
the result was in accordance with the measured capacity.
The authors also explored the structure changes of VO,(B)
nanorods by the ex situ XRD analysis, from which amorphi-
zation trend was found in the cycling process, linking with
the capacity fading. From XPS result, both V** (516.3 eV)
and V* (519.0 eV) exist in the VO,(B) nanorods, and both
of them are reduced to V3* (515.1 eV) in discharge pro-
cess. In this study, nanostructured VO,(B) is a promising
high-capacity cathode material in RMBs but the detailed
mechanisms remain to be further investigated. To assemble
VO, with Mg anode directly and avert the incompatibility
problem of Mg(ClO,),/AN electrolyte with Mg anode, the
magnesium storage performance of VO,(B) cathode mate-
rial in (PhMgCl),~AICl;/THF electrolyte (APC) also has
been reported [129]. However, the incompatibility problem
between APC and vanadium oxides results in the poor elec-
trochemical performance of VO,(B) in RMBs.

Except V,05 and VO,, many non-stoichiometric vana-
dium oxides have also attracted considerable interests as
Mg2+ ions intercalation cathodes [130, 131]. Jiao et al. [130,
132] synthesized the open-ended VO, ;; nanotubes through
sol—gel reaction followed by hydrothermal treatment. These
special nanotubes have the length of 1-3 pm and the outer
diameter of 60—100 nm. Moreover, the inner diameter of
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15-40 nm and the open tube ends structure are also found
in the nanotube materials. In the 0.25 M Mg(AlBu,Cl,),/
THF solution with Mg metal as counter and reference elec-
trodes, VO, 37 nanotubes exhibit a oxidation peak at 1.16 V
and a redox peak at 0.92 V, which correspond to the (de)
intercalation of Mg?* ions. At 1 mA g~!, VO, 5, nanotubes
deliver the discharge capacity of 76 mAh g~! and Mg?* ions
diffuse much faster than that in polycrystalline V,05 from
the EIS results. From the XPS spectra and ex situ XRD pat-
terns of the different-state VO, 5, nanotubes, the d value of
VO, 5, gradually increases and V°* is reduced to V** in the
discharge process, and the Mg?" ions will intercalate into the
layer of the tubes. The open-ended VO, 3, nanotubes with
wide inner and outer diameters exhibit better electrochemi-
cal performance compared with the polycrystalline V,0s,
which might result from the specific structure. First, in open-
ended structure, Mg?" ions could diffuse faster compared
with the surface-to-bulk structure. Second, the diffusion path
of cations is shorter than the ordinary structure. Finally, the
open-ended tubes will provide large electrode—electrolyte
contact areas in electrolyte-filled channels. Similar works
were also reported by Ryoung-Hee et al. [131], and they
synthesized the highly reduced VO, nanotubes via micro-
wave-assisted hydrothermal method with amine as reducing
agent and organic template. VO, mainly consists of distorted
edge-shaped VO5 pyramids with large-interlayer-distance
layered structure [133]. Open-ended structure and rolled-
tube shapes of VO, nanotubes also exhibit in this work and
the roll-tube comes from the octahedral VO, (V3*) structure
[131]. Two different kinds of VO, (low and high concentra-
tions of the amine template in VO, are denoted as LT-VO,
and HT-VO,) were measured in 0.5 M Mg(ClO,),/AN elec-
trolyte with magnesium alloy as counter electrode and Ag/
AgNOs; as reference electrode. Although LT-VO, nanotubes
exhibit higher specific capacity (230 mAh g™') than HT-VO,
nanotubes (218 mAh g, the capacity retention of HT-VO,
nanotubes (70.8% after 20 cycles) is much higher than that
of LT-VO, nanotubes (24% after 20 cycles). In the EIS analy-
sis, HT-VO, nanotubes show lower charge transfer resistance
than LT-VO, nanotubes no matter in fresh state or after the
first cycle. For explaining the excellent electrochemical per-
formance of HT-VO, nanotubes, the authors demonstrated
that V3* only exists in the HT-VO, nanotubes, and thought
that the existence of octahedral VO, (V**) in the HT-VO,
nanotubes enhances the mobility of Mg?* ions in the crystal
structure. Furthermore, VO4 octahedron might expand the
interstitial sites because of the higher coordination number
and larger ionic size of V3* ions compared with V#* and
V3*. From this work, introducing the large V3*+.0 cluster to
activate the VO, tetrahedron and VO square pyramid might
be the feasible ways to improve the property of vanadium
oxide materials in RMBs.
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2.2 Vanadium Bronzes

Vanadium bronzes (M, V,0,, M =metal elements), as a ter-

nary compound, could have more stable structure owing
to the M"* ions that usually are sited between VO, layers
and act as “pillars”. In 1995, Novak et al. reported about
electrochemical insertion of Mg”* ions into NaV;0g4 and
Mg(V;0y), for the first time [103, 134]. In these kinds of
vanadium bronzes, one vanadium atom is with a coordina-
tion number of 5, and the other two are with a coordina-
tion number of 6, accompanied by a distorted octahedron
and elongated V-O bonds. MgCl,/AICI,/EMIC salt melt
(liquid at room temperature) was chosen as electrolyte. For
Mg(V;0y),, the high specific capacity about 150 mAh g
was obtained in the first cycle and more than 80 mAh g~!
could remain after 60 deep cycles. Unfortunately, the dis-
charge capacity is always much higher than charge capac-
ity in the first 15 cycles and the phenomenon that Mg+
ions trapped in NaV;0Og bronze is severer than Mg(V;0g),.
Partly irreversible Mg>* ions might occupy some available
insertion sites in the structure to smooth the diffusion path
of Mg?* ions, but the reason for the difference between
NaV;0; and Mg(V;0y), is still unclear. On the other hand,
the NaV;04 (Mg(V;0g),) dried at different temperatures
(50, 200 °C and higher temperature) have different electro-
chemical properties. The bronzes synthesized or dried at
high temperature are less active than that in low temperature.
From the FTIR, XRD and differential scanning calorimeter
(DSC) results, slight variance in water content can be related
to the different electrochemical property. The water mol-
ecules act as “spacers” and bonded water molecules also
stabilize the lattice of bronzes when divalent Mg** ions dif-
fuse in the structure. To take advantage of the shield effect
of water molecules, NaV;04-1.69H,0 nanobelts were syn-
thesized recently [135]. The novel room temperature syn-
thetic method maintain the water in the structure. In addi-
tion, the NaV;05-1.69H,0 nanobelts exhibit high surface
areas compared with commercial V,0s. In coin-type cell
with APC electrolyte, NaV;04-1.69H,0 nanobelts exhibit
high specific capacity of 110 mAh g~ at 10 mA g~!. At high
current density, 80% capacity remains after 100 cycles. For
increasing the specific capacity, the authors increased the
cutoff voltage. However, with the increasing cutoff voltage,
the coulombic efficiency will decrease due to the electrolyte
decomposition. During cycling performance, no new phase
is observed in the materials. But some Mg”* ions will be
trapped in the NaV,;04-1.69H,0 nanobelts. Moreover, these
trapped Mg?* ions will affect the reversibility of battery and
result in the low ions diffusion rate inside NaV;04-1.69H,0
nanobelts. In this work, the lateral confinement and high
conduction channels of NaV;0g-1.69H,0 nanobelts facili-
tate the electron movements along the nano-length axis. The
fast insertion and extraction of Mg?* ions are also attributed

to the shield effect of water. Reducing the internal resistance
of trapped Mg?* ions is the next problem to solve in the
NaV;04-1.69H,0 nanobelts.

The bannermanite-type NaV,0,5 with monoclinic space
group C2/m was also applied in RMBs recently [136]. In
individual unit cell of NaV4O,s, there is one oxygen atom
linked with the V40,5 layers and two interstitial cation-sites
existing in tunnels that are connected with quasi-1D con-
ductivity [137]. Although NaV,O, s displays decent electro-
chemical property in dual-electrolyte solution (Mg(BH,),
and NaBH, in DGM), it suffers poor electrochemical per-
formance in RMBs (1 M anhydrous Mg(ClO,), in dry ace-
tonitrile (AN) as electrolyte). In two-electrode configura-
tion, NaV,O,5 suffers a rapid capacity decrease from 90 to
0 mAh g~! in only 20 cycles and is accompanied by the
increasing polarization and low efficiency. This phenom-
enon is caused by the passivation of negative electrode in
the electrolyte. The poor electrochemical performance was
ameliorated in the three-electrode configuration. In the first
five cycles, the capacity increased from 90 to 210 mAh g™!
which probably resulted from the electrode activation. But
the irreversible electrolyte decomposition and the formation
of blocking layer on Mg surface caused the low coulombic
efficiency in the next cycles [100]. In spite of the trouble-
some problem about electrolyte, NaVO5 is still a potential
material in RMBs due to its high specific capacity and acces-
sible synthesis methods.

2.3 Vanadium-Based NASICONs

Na super ionic conductors (NASICONSs) have proven to be
potential materials for lithium and sodium batteries because
of high working voltage platform and excellent cations
mobility in NASICONs [138-143]. A, M,(PO,); is the gen-
eral chemical formula of NASICON in which A is metal
cation such as Li*, Na*, K* and Mg?* ion, M refers to transi-
tion metal such as Ti, Zr, V, Fe. Because of the high mobility
of the monovalent cations in the structure, researchers also
anticipate the good mobility of Mg?* ions in NASICONSs.
Huang et al. [144] firstly reported the vanadium-based
phosphate (Li;V,(PO,);) with electrochemical method to get
monoclinic V,(PO,);-NASICON structure in RMBs. They first
assembled the Li,V,(PO,); cathode with Mg rod and Ag/AgCl
electrode as counter and reference electrodes in Mg(TFSI),/
AN directly. Four little two-phase charge plateaus in 3.59,
3.68, 4.08 and 4.49 V were observed which linked with the
three kinds of Li* ions extraction from the different crystal-
lographic sites of intervals [145, 146]. During the discharge
process, four voltage plateaus disappeared and gradual slop-
ing single-phase discharge profile appeared. In this process,
delithiated V,(PO,); was generated from the cycling process
and Mg?* ions intercalation gradually substituted Li* ions
intercalation process. To eliminate the impact of Li* ions
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extracted from the Li;V,(PO,); in electrolyte, Huang et al.
took the delithiated V,(PO,); (charged state of Li;V,(PO,);)
into the new RMBs. After 5 cycles, the capacity of V,(PO,),
increased to 197 mAh g~! (equal to the first discharge capac-
ity of Li;V,(PO,);). In this process, Mg** ions change from
surface absorption and intercalation to “inner core” diffusion
in the structure. Although the shift of the X-ray absorption
spectroscopy (XAS) result testified the reduction of vanadium
in the discharge process, the detailed reaction mechanism is
still unclear. The discharge plateau at 1.5 V (vs. Mg/Mg>™)
still need to be understood more deeply [147-149]. Similar
work about Na;V,(PO,); in hybrid batteries was also reported
by Cabello et al. [150]. They found that 1.7 mol Na* will
be extracted from the structure per formula unit in the first
charge process. In this work, Mg metal is used as counter and
reference electrode in Swagelok-type three-electrode cells
and 0.5 M Mg(TFSI),/DME is used as electrolyte. Na* ions
and Mg** ions will intercalate into Na, ;V,(PO,) at 1.6 and
1.2 V (vs. Mg/Mg?), respectively. This result is discrepant
from the result of Li et al. [151]. Cabello et al. thought the
differences of electrolyte and test methods resulted in the dis-
crepancy. With the cycling process, Na* ions in electrolyte
were consumed by deposit and Na* ions intercalation pro-
cess became obscure. Thus, Mg”" ions gradually dominated
the intercalation process. The author also investigated the
mechanism of Mg?* ions electrochemical insertion process
via assembling charged-state Na;V,(PO,); (Na, 3V,(PO,)) in
sodium-free electrolyte. During first discharge process, around
100 mAh g~! capacity with discharge platform of 1.2 V (vs.
Mg/Mg**) was obtained, which suggested the high feasibility
of Na;V,(PO,); in RMBs. Zeng et al. [152] deeply investigated
the Mg?" ions storage property of high-voltage mesoporous
Na;V,(PO,),/C in sodium-free electrolyte. To avert the passive
problem on Mg surface in conventional electrolytes, they chose
active carbon and Ag/AgCl as counter and reference electrodes
in Mg(TFSI),/AN electrolyte which would be more compatible
with high-voltage mesoporous Na;V,(PO,),/C. At 20 mA g
desodiated NaV,(PO,); (ED-NVP) obtained a high discharge
platform at 2.58 V (vs. Mg/Mg>") and delivered the capacity
of 88.8 mAh g~! with high coulombic efficiency (Fig. 2g).
After 100 cycles, 81% specific capacity remained (Fig. 2h).
Compared to other NASICONs in RMBs, this mesoporous
Na,;V,(PO,),/C exhibited a higher discharge voltage platform
and more stable cycling performance [144, 150]. Specific
spray drying-annealing synthetic method and carbon-coated
strategy modified the electrochemical performance of NASI-
CON in Mg** ions diffusion, which enlightened further work
about NASICONSs. The electrochemical reaction mechanism
of Na;V,(PO,),/C was investigated by ex situ XRD, XPS and
galvanostatic intermittent titration technique (GITT) measure-
ments. When Na* ions deintercalated from the Na;V,(PO,)s,
the volume of unit cell decreased. After Mg?* ions inserted
to ED-NVP, the lattice constant enlarged, accompanied by
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the shrinkage of V-O bonds. But the lattice volume of mag-
nesiated phase is still smaller than that of Na;V,(PO,);. The
smaller size of Mg”* ions (0.72 ppm) than Na* ions (1.02 ppm)
might result in this phenomenon. Moreover, some Na™ ions in
6b sites of ED-NVP might also be extracted from the struc-
ture partly, resulting in the volume decrease of structure. The
XPS analysis illustrated that magnesiation process was accom-
panied by the redox of V** to V**. From the GITT curves,
the minimum apparent diffusion coefficient in discharge and
charge platform accounted for the two-phase transition pro-
cess in materials. This similar phenomenon is also observed
in LiFePO,, Li;V,(PO,); and other phosphate-based materials
in Li-ion batteries [153-155].

2.4 OtherVanadium-Based Materials

Kaveevivitchai et al. [156] synthesized the unique
Mo, 43VOyq o5 material with three-dimensional microporous
framework structure and examined Mg intercalation per-
formance. The pentagonal [(Mo)Mos50,,] units and corner-
sharing MOy (M=Mo or V cations) octahedra constitute
the layered structure of the Mo, 44VOy o3, which stacks
along ¢ axis and forms a microporous framework with
three, six and seven ring tunnels (Fig. 3a). The large open
ring tunnel preferentially provides active sites for the diffu-
sion of Mg** ions and buffers the structure volume change
when strongly polarized Mg?* cations diffuse in channel.
When Mo, 4,4VOq ¢; was assembled with active carbon as
counter and reference electrodes in 0.5 M Mg(TFSI),/AN
electrolyte, high capacity of 379 mAh g~! (corresponding
to 3.49 mol Mg>" ions inserted into Mo, 45VOy ¢; per for-
mula unit) was obtained at low rate of C/70 (2 mA g~!).
But after 10 cycles, only 62% capacity (235 mAh g™
remained (Fig. 3b). On the contrary, at higher rate of C/70
(4mA g™'), Mo, 44VOy o5 could cycle with no capacity faded
during the first 25 cycles. When inserted number of Mg>*
ions are small (Mg Mo, 4,4VOq o3, 0 <x< 1), Mg** ions were
preferentially inserted into the six- and seven-membered
ring channels. The large channels (3 A for six- and 5 A for
seven-membered ring channels) allowed the rapid diffusion
of guest cations and could shield or sustain the structure
change. But when 1 <x<3.49, too many Mg>* ions were
inserted into the structure and they were forced to diffuse
in the three-membered ring channels which might result
the contact problem of ring channels, structure destruction
and irreversible intercalation of Mg** ions. For examining
the structure change of materials in charge and discharge
process, the author simulated the electrochemical insertion
process of Mg?* ions based on chemical redox intercalation
of Mo, 4gVOq g5 (Mg Mo, 44VOy ¢35, 0 <x <3.49). Consider-
ing the Le Bail refinement (Fig. 3c, d) and changes of the
lattice parameters of Mg Mo, 44VOg g3, when x< 1, a and b
parameters of Mg Mo, 4,4VOyq 5 change slowly. But when
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x>1, a and b parameters will increase significantly and
¢ parameter remains constant, which explains the drastic
extension in a—b dimension layers when too many Mg>* ions
intercalate into materials. This novel work provides many
realistic strategies for Mg?* ions storage. First, synthesizing
the materials with microporous framework structure which
could provide the large size migration channels and activate
more vacant sites for transporting Mg?* ions is an efficient
method. On the other hand, adjusting the number of interca-
lated cations could maintain the structure stability in cycling
performance. Recently, Miao et al. [157] reported the elec-
trospun V,MoOy as cathode materials for RMBs. This work
researched the materials electrochemical properties in APC
partly. Although the initial discharge capacity of V,MoOq
is 200 mAh g~! with the plateau of 0.96 V, the capacity is
just 30% of that in the second cycle and discharge plateau
disappears. This phenomenon exists in many oxide materi-
als when nonaqueous organic solvents are applied, in which
solvation process of Mg?* ions in electrolyte might affect the
de-intercalation process [158—-160].

Minella et al. [161] first reported the VOCI as cathode
materials for RMBs and adopted the strategy to open the
interlayer spacing via preliminary cycling in Li-ion bat-
tery. This orthorhombic VOCI has the sandwiched struc-
ture that chlorine layers stack on the buckled V-O bilay-
ers. VOCI could deliver a high capacity of 260 mAh g=! if
0.5 M Mg*" ions intercalated in the sandwiched structure.
But in (HMDS),Mg/DEG/TEG electrolyte (hexamethyl-
disilazide = HMDS, diglyme = DEG, tetraglyme = TEG,
DEG:TEG=1:1 in volume), only a low capacity of
45 mAh g~! was obtained at 10 mA g™! in the first cycle and
only 70% capacity remained after 20 cycles. The author did
not explain the gap between measured capacity and theo-
retical capacity but hypothesized that preliminary insertion
of Li* ions would expand the interlayer distance of VOCI
in (001) direction and facilitate the intercalation process of
Mg?* ions. After 20 cycles in Li/LiPF,-EC:DMC/VOCI,
the Li-cycled-VOCI electrode could obtain a capacity of
185 mAh g~! and a relative high capacity of 107 mAh g=!
remained after 40 cycles in RMBs. From HRTEM micro-
graphs, the van der Waals bonded layer (001)yc; expanded
about 0.63 nm (from 0.79 to 1.42 nm) after cycling process
in lithium battery. The more distorted and enlarged crystal
lattice might explain the promotion of electrochemical prop-
erty in Mg?* ions storage. This work adopted a quick in situ
method to modify the layered nanostructures and provided an
exercisable stratagem to relieve the problem about compat-
ibility between nonaqueous electrolyte and vanadium oxide.

First-principle calculation predicts that Mg?* ions could
diffuse in the calcium ferrite (CF) structure, which belongs
to the post-spinel structure family. Especially, Mg”* ions
migration barriers will be below 400 meV in the desodi-
ated-CF NaV | ,sTi, 750, materials from calculated results

[162-164]. Recently, Sun et al. [164] examined the elec-
trochemical performance of CF-type-tunnel-structured
NaV, ,sTij 750, in RMBs. Firstly, Na* ions were extracted
by chemical oxidation or electrochemical method. In dif-
ferent chemical oxidation process, two kinds of desodiated
NaV 55Tig 7504 (Nag 25V 55Tig 7504 and Nag 36V 55Tig 750,)
can be obtained. In deep desodiation process, amorphiza-
tion and structure collapses might occur, which will impact
the performance of RMBs. In electrochemical desodiation
process, the final composition is Nag 44V 55Tij 7504, pos-
sessing higher Na content compared with that from chemi-
cal oxidation. Then, the authors assembled these desodi-
ated materials with Mg metal anode in monocarborane
electrolyte (Mg(CB,H,,), in tetraglyme). In the first cycle,
Nay 5V »5Tig 750, could obtain the capacity of 80 mAh g~
at the current density of 5 mA g~! while Na, .,V 55Ty 750,
only exhibited 60 mAh g~!. The greater Na* ions content
might affect Mg?* ions migration pathways. However, due
to the electrochemically inactive amorphous phase and
the structure degradation, both Nag,5V, ,5Ti, 750, and
Nag 44V ,5Tij 750, suffered from the severe capacity decay
in the second cycle. In this work, although the desodiated
NaV, ,5Tij 750, exhibits the poor electrochemical perfor-
mance, the metastable phases could provide a lower energy
barrier for Mg2+ ions diffusion, which is significant to the
further research.

3 Vanadium-Based Compounds
for Rechargeable Zinc Battery System

RZBs not only possess high energy density but also have
high power density, which is important in practical applica-
tion. Zn metal has attracted much attention in these years
for environmentally friendly, low cost, high security, high
conductivity and abundant reserves. More importantly, Zn
metal could dissolve and deposit steadily in aqueous elec-
trolyte, making it possible to assemble high-performance
aqueous RZBs. There are plenty of vanadium-based materi-
als that are compatible in aqueous electrolyte and possess
electrochemical activity for Zn>* ions storage. The earliest
studies were mostly focused on vanadium oxides, such as
V,0s. Afterward, vanadate compounds became the hot zone,
due to the stable structure caused by the interlayer cations.
Meanwhile, some other types of vanadium-based materials
have also been reported, like NASICONSs, which show a dif-
ferent zinc storage mechanism. Details of these works will
be discussed below.

3.1 Vanadium Pentoxide

Bilayer V,05 with large interlayer spacing is a promis-
ing material for Zn>* ions intercalation/de-intercalation.
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Recently, Yan et al. [165] explored V,05-nH,0O/graphene
(VOG) as cathode material for RZBs. The reduced graphene
oxide supported V,05-nH,0 nanowire framework could sig-
nificantly increase the conductivity of cathode and enhance
contact between electrolyte and active material, resulting
in higher ion diffusion coefficient. This aqueous Zn/V,0;
system displays a capacity of 295 mAh g~! at a power den-
sity of 6.4 kW kg~!, and an initial capacity of 381 mAh g~!
is obtained (Fig. 4a). The cycling performance at 6 A g~!
was also investigated, which showed that 71% of maximum
capacity could be achieved after 900 cycles (Fig. 4b). For
the control experiment, VOG-350 (prepared by annealing
V,05-H,0/graphene at 350 °C for 2 h in vacuum to eliminate
structural water) displayed a poorer cycling performance
than that of VOG. This result reveals the positive impact
of structural H,O on Zn*" ions intercalating into bilayer
V,05nH,0. They further demonstrated it with XRD study
and NMR (nuclear magnetic resonance) analysis, proposed
that the effective charge of Zn>* could be reduced by water
solvation, leading to reduction of electrostatic interactions
between Zn>* ions and V,05 framework, which can effec-
tively promote its diffusion. The crystal structures of VOG
at different states (pristine, charge to 1.3 V and discharge to
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0.2 V) are shown in Fig. 4c. The crystal structure of VOG
is fully reversible during charging and discharging process,
when Zn?* ions are extracted from the interlayer in charg-
ing process, the interlayer spacing will contract from 12.6
to 10 A. In discharging process, there are two stages in Zn>"
ions intercalation. First, 0.3 mol Zn*" ions will intercalate
into the interlayer spacing and the voltage will decrease from
1.1to 0.8 V. There is no phase transformation in this process.
In the second discharge process of 0.6-0.4 V, a new phase
with larger interlayer distance of 13.5 Ais generated, which
links with the intercalation of Zn?* ions. This phenome-
non is different from the reaction process of Zn,5V,0Os,
where the interlayer distance will decrease with Zn>* ions
intercalation [165]. In VOG, coexistence of structural water
enlarges the distance between neighboring oxygen ions and
Zn** ions. Moreover, the water-based shielding layer relieves
the polarization of Zn>* ions and reduces electrostatic bond
strength. These processes result in the lattice expansion
when Zn?* ions intercalate into the VOG and provide the
higher diffusion coefficient of Zn>* ions.

Besides aqueous RZBs system, the hydrated V,0;
has also been studied in nonaqueous RZBs sys-
tem. Senguttuvan et al. [166] assembled a Zn/V,0;
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system which utilized nonaqueous acetonitrile-zinc(II)
bis(trifluoromethanesulfonyl) imide ((AN)-Zn(TFSI),) elec-
trolyte. They introduced carbon foam as substrate on which
the V,05 could grow via electrodeposition technique. The
carbon foam not only serves as substrate but also accelerates
the transmission of electrons. The reaction schematic and
the electrochemical performances of V,05/CFS are shown
in Fig. 4d—f, the capacity and the long cycling performance
are no match for the above-mentioned aqueous systems, but
its coulombic efficiencies are close to 100% and higher than
those of the aqueous systems. In aqueous RZBs system, it
is usually not the pure Zn>* ions that are inserted/extracted
into/from the host materials. In fact, the Zn** ions involved
in reaction are hydrated. However, the exact amount of water
molecules in the first hydration layer is still uncertain. Most
researchers believe that the hydrated Zn** ions are prefer-
able to (de)intercalate from/into host materials, owing to the
reduced electrostatic interactions. This may be the reason
why the electrochemical performance of aqueous system
is superior to nonaqueous system. Compared with aqueous
RZBs, the nonaqueous RZBs are not restricted by decom-
position voltage of water. Thus, achieving high voltage and
high power density could be a practicable goal for nonaque-
ous RZBs.

In 2016, Linda and co-workers reported a layered
Zn; ,5V,05-nH,0 nanobelt utilized as cathode materials in
aqueous RZBs [167]. This Zn, ,5V,05-nH,0 nanobelt is syn-
thesized by a microwave hydrothermal method. Compared
with traditional hydrothermal method, the microwave-assistant
method could dramatically reduce the time of heating pro-
cess, increase product yield, and enhance product purity [168].
The structure of Zn, ,5V,05-nH,0 consists of V,05 frame-
work with two-dimensional double-sheet structure (Fig. 5a),
which is similar to the 8-V,0Oj layers. This V,05 framework
extends infinitely in the a—b plane. The ZnOg octahedra, sited
at the interspace between V,05 layers, act as pillars. These
pillars pin the V,0O5 layers into a framework and stabilize the
paths that accommodate intercalation of additional Zn>* ions
on discharge. The Zn/Zn, ,5V,05 cell exhibits high capacity
(250-300 mAh g~!) and long cycling life in the 0.5-1.4 V
(vs. Zn/Zn>*) (Fig. 5b). The high capacity of 200 mAh g~!is
obtained after 1000 cycles at 2400 mA g~!. During the inser-
tion/extraction of Zn>* ions, the structural water and indig-
enous Zn>" ions act as pillars, contributing to stabilization of
the layered structure and mobilizing cation migration. There
is also a reversible water intercalation into Zn ,5V,05nH,0
when the electrode is immersed in electrolyte, and the water
de-intercalation is accompanied by Zn?" intercalation upon
electrochemical discharge. The mechanism is shown in Fig. 5a,
c. Reaction can be written as the following equation (without
regard to the additional water from the electrolyte):

Zng5V,0s - ntH,0 + 1.1Zn**+2.2¢™ «— Zn, 55V, 0; - nH,0.

Notably, the influences of structural water on elec-
trochemical performance have been discussed in
Zn, ,5V,05nH,0 and V,05-nH,0. It is well established that
the structural water is beneficial to aqueous battery system,
owing to its “lubricating” effect and stabilization of struc-
ture. These works reveal a road for cathode materials design.
At least, it is worth exploring more hydrated materials in
research field of aqueous RZBs.

In addition to pre-intercalation of Zn in V,0s, there are also
researches that pre-intercalated other elements into V,05. He
et al. [169] recently reported a Nay, 55V,05 cathode material for
RZBs. The Nay, 33V,05 nanowire has a length of a few microm-
eters and a diameter of about 50-200 nm. In this Na, ;3V,0s,
the vanadium has three sites. The V(1) and V(2) form V(1)O¢
and V(2)O, octahedrons with O atoms, respectively, and then
constitute the [V,0,,], layers. The V(3) and O atoms form
V(3)O5 polyhedrons which joint the 2D [V,0,,], layers and
lead to a 3D structure. The pre-intercalated Na™ ions occupy
the gaps between [V,0;,], layers and act as pillars, which
could stabilize the structure of material. This structure results
to an excellent long cycling performance. The Na, 53V,05/
Zn system displays a capacity retention of ~93% after 1000
cycles at 1.0 A g™!. Besides the stabilization of structure, the
pre-embedded Na® ions could also greatly improve the con-
ductivity. They demonstrated it by EIS measurements, the R,
of Na, 33V,0;5 during the first cycle is 5.6 €, which is 2/3
of R, in V,0s. The EIS results are influenced by conductive
additives and binders in electrode. To avoid this influence, they
directly test the conductivity of single nanowire. Comparing
with the conductivity of V,05 (7.3 S m™!), the conductivity
of Nag33V,05 (5.9x 10* S m™") is increased by three orders
of magnitudes. The authors also investigated the phase change
of materials in cycling. When discharge process was from 1.6
to 0.7 V, only the change of interlayer distance was observed.
During the deeper discharge process from 0.7 to 0.2 V, new
phase (Zn,Na, 33V,0s, 0.42 <x<0.96) emerged. The transi-
tion from Na,, 53V,05 to Zn,Na, 5, V,05 was incomplete, there
was still slight Na,, 55V,05 that remained after the material
discharged to 0.2 V. Through the whole discharge and charge
process, the Na* ions are steady between the [V,0,,], layers,
which proves the superior stability of Na 33V,0s.

3.2 Vanadate

Xia et al. [170] adjusted the reaction parameters of the
above Zn,, ,5V,05-nH,0 nanobelts and successfully obtained
Zn;V,0,(0H),-2H,0. This material structure is constructed
by brucite type zinc oxide layers (differs from the double-sheet
type 2D V,05 framework of Zn, ,sV,05nH,0) separated by
V,0; polyhedra. In the close-packed layers of O atoms, three
of four octahedral sites are occupied by Zn atoms. The large
cavities between layers are filled by water molecules randomly.

@ Springer
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The Zn;V,0,(0OH),-2H,0 cathode delivers capacities of 213
and 76 mAh g™ at current densities of 50 and 3000 mA g~',
respectively. A reversible capacity of 101 mAh g~! could be
obtained after 300 cycles, with a capacity retention of 68%.
In particular, the estimated energy density of this cell is about
214 Wh kg~!, which is relatively high compared with other
vanadium-based materials or even with commercial lead—acid
batteries. The electrochemical reaction in cathode can be
described by the following equations:

Zn;V,0,(0H), - 2H,0 + 1.9Zn** 4 3.8e~

«— Zn, 4V,0,(0OH), - 2H,0 .

There is no obvious phase change during the Zn** ions
insertion into Zn;V,0,(OH),-2H,0, but for LiV;Og, the
reaction process is different. The electrochemical perfor-
mance of LiV;Og as cathode material for RZBs was reported
by Alfaruq et al. [171], and its phase transition during (de)
intercalation of Zn>* ions was also deeply investigated. It
delivers an initial capacity of over 250 mAh g~! at a cur-
rent density of 16 mA g~! (Fig. 6a, b). There is an obvious
difference between the charge curves and discharge curves
that the charge curves have only one plateau while the dis-
charge curves have two. This difference is caused by the
different mechanisms between charge and discharge pro-
cesses (Fig. 6¢). In in situ XRD patterns, the (100) peak has
significant changes in discharging process (Fig. 6d). In the
period of 1.28-0.82 V, the peaks only change their positions,
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matic diagram of a Zn/V,0Oj cell (red: oxygen, green: zinc, blue:
vanadium), e charge—discharge curves and f cycling performance of
V,05/CFS cell at 14.4 mA h ¢!, Figure d—f reproduced with permis-
sion [166]. Copyright 2016, Wiley—VCH

corresponding to a solid-solution behavior of single-phase
domain, and a ZnLiV ;04 mesophase is firstly formed at the
same time. In the period of 0.81-0.7 V, the peak shifts are
accompanied by splitting of (100) peak, corresponding to
two-phase reactions and the formation of Zn LiV;Og phase
(y > 1). Four new peaks emerging in XRD pattern also
demonstrate the formation of new phase. After the material
discharges to 0.6 V, the peak shifts to higher degree, which
reflects the shrinkage of interlayer spacing. This anomalistic
shrinkage has also been reported in some other works based
on the layered vanadate structure [172]. A mainstream expla-
nation is that the shrinkage is caused by the electrostatic
interaction between inserted cations and layers. By contrast,
during charging process, the Zn,LiV;Og directly transforms
to LiV;0g, which coincides with the typical single-phase
behavior.

Among all the vanadium-based cathode materials for
RZBs, the H,V;04 nanowires cathode reported by He et al.
[173] owns the relatively high capacity. It delivers a high
initial capacity of 423.8 mAh g~! at 100 mA g~!, and also
shows excellent cycling stability with a capacity retention of
94.3% over 1000 cycles at 5 A g~! (Fig. 6e). Such an excel-
lent cycling performance not only profits from the intrinsic
structure of this material, but also relates to the Zn(CF;S05),
electrolyte they used. The bulky CF;SO;™ anions in
Zn(CF;S05), electrolyte can decrease the number of water
surrounding Zn** ions, reduce solvation effect, resulting in
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a better electrochemical performance than aqueous ZnSO,
electrolyte. On the other hand, each V304 layer of H,V;04
consists of VO4 octahedra and VOjs trigonal bipyramids,
forming platforms that are parallel to (001) lattice. These
layers are connected by weak hydrogen bonds, which are
believed beneficial to reversible (de)intercalation of ions.
It is worth mentioning that during the long cycling process,
an initial discharge capacity of 173.6 mAh g~! is obtained,
but it immediately drops to 130.6 mAh g~! after 20 cycles.
Then the capacity rises to approximately 140 mAh g~!. The
fading of capacity in the initial 20 cycles might be caused
by the fact that at such a high rate, the electrolyte could
gradually penetrate into interlayer space of active material in
cathode. Then the electrolyte facilitates the electrochemical
reaction, resulting in the increase in capacity, which tends
to be stable at last. This kind of fade-recover phenomenon
has been reported in some other works that utilize layered
structure compounds as cathode materials based on interca-
lation mechanism [174-176].

Zng5V;05yH,0
in electrolyte

H,0
deintercalation
R

Zn?*

intercalation

H,0
intercalation
—
Zn%*
deintercalation

Zn, 35V,04.2H,0
discharged

C

0Zn* @H,0

Layered Zn) 55,,V,04°2H,0

of 1200 mA g™, ¢ schematic of the Zn metal/Zn, ,sV,Os cell on dis-
charge in aqueous 1 M ZnSO,. Figure a—c reproduced with permis-
sion [167]. Copyright 2016, Springer

3.3 Vanadium-Based NASICONs

There are plenty of vacancies in NASICONS structure that
can store metal ions. The radius of Zn** ion is 0.74 A,
smaller than that of Na™ ion, indicating a possibility for Zn>*
ions to be stored in these kind of materials.

Li et al. [177] synthesized the Na;V,(PO,); and applied
it in RZBs. To offset the poor conductivity, they wrapped
the Na;V,(PO,); nanoparticles with graphene-like car-
bon. The as-synthesized sample delivered a capacity of
97 mAh g=! at 50 mA g~!' (Fig. 7a) and capacity reten-
tion of 74% after 100 cycles (Fig. 7b). Specially, the
Na;V,(PO,);/Zn system owns the highest voltage plat-
forms (about 1.1 V while it discharges) among all these
vanadium-based compounds. The reaction mechanism of
Na;V,(PO,); is also based on (de)intercalation process,
but is slightly different from the other materials discussed
above. During the first charge process, 2/3 of Na* ions
in Na;V,(PO,); are extracted from cathode. During the
following cycles, the Zn>* ions are intercalated/extracted
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in/from the NaV,(PO,);, and no Na* ions are evolved.
(Fig. 7¢) From the Rietveld-refined XRD patterns, shrunk
lattice constant can be found and this phenomenon might
result from the higher charge density of intercalated Zn>*
ions or new vacancies in the crystal structure. On the other
hand, Zn?* ions might occupy both 18e and 6b sites and
change the occupation sites during the insertion process.
From the ex situ XPS results, when Na* ions are extracted
from the crystal structure in the first charging process, V3*
will be oxidized to V**. After discharge process, V4 is
reduced back to V3* and some Zn>* ions might intercalate
into the structure irreversibly. They also introduced cyclic
voltammogram analysis to investigate the reaction kinetics.
The b-values (i = av’) calculated from measured results are
close to 0.5 at all scan rates, shows a diffusion-dominated
process through reaction (b =1 means a capacitive behav-
ior, while b=0.5 corresponds to a strictly diffusion limited
reaction) [178]. Though the electrochemical performance
in this work might seem not dramatic, this work provides
a new idea to fabricate RZBs with NASICON:S.
Na,VTi(PO,); is a related compound with Na;V,(PO,);
obtained by substitution of half of the vanadium with tita-
nium. According to the work of Mason and Lange [179],
the Na, VTi(PO,); also shows ability to store Zn** ions. The
electrode was first cycled in Na,SO, electrolyte to extract
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Na™* ions [similar to Na,;V,(PO,); mentioned above], then
washed and placed into ZnSO, electrolyte. Compared
with vanadium ion, Ti*" is more stable in aqueous solu-
tion, because it could form oxides with different levels of
hydration. A passivation would occur when it is attacked by
components of aqueous electrolyte. However, the capacity
are mostly contributed by vanadium, so this replacement
might cause the reduction of capacity. There are other ways
to stabilize electrode in aqueous electrolyte, for instance,
Pan et al. inhibited the disproportionation of Mn** in aque-
ous a-MnO,/Zn system by introducing MnSO, as additive
in ZnSO, electrolyte [50]. The MnSO, additive can change
the equilibrium of Mn in electrolyte and thus suppresses the
dissolution of Mn from MnQO, in cathode. This work could
inspire a new method to relieve the dissolution problem in
some vanadium-based materials. The replacement of V in
Na;V,(PO,); causes the reduction of capacity, but adjust-
ment on electrolyte might also stabilize the aqueous system
without such a capacity fading.

3.4 OtherVanadium-Based Materials
VS, as a typical member of transition metal dichalcogenides

(TMDs) has hexagonal structure with interlayer spacing of
5.76 A. Because of the direct bandgap, fast ion diffusion
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Fig. 6 a Initial five voltage profiles of the LiV;Ojg electrode at a cur-
rent density of 16 mA g~!, b cycling performance and correspond-
ing coulombic efficiencies of LiV;04 between 0.6 and 1.2 V versus
Zn/Zn** at 133 mA g"l, ¢ schematic of the Zn-intercalation mecha-
nism in the present LiV;0q cathode, d in situ XRD patterns obtained
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within selected scanning angle (20) domains. Figure a—d reproduced
with permission [171]. Copyright 2017, American Chemical Society,
e prolonged cycling performance of H,V;0y at high rate (5.0 A g™b),
reproduced with permission [173]. Copyright 2017, Wiley—VCH
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and graphene-like layered structure, VS, has attracted
much attention as energy storage materials. VS, possesses
the sandwiched structure which consists of one vanadium
layer and two sulfur layers. In the sandwiched structure,
each vanadium atom coordinates with six sulfur atoms by
covalent bonds. Between sandwich layers, multivalent cati-
ons could diffuse conveniently. He et al. [180] synthesized
VS, nanoflowers and the VS,/Zn system (electrolyte: 1 M
ZnS0,) delivers a capacity of 190.3 mAh g~! at a current
density of 0.05 A g~'. Ninety-eight percentage of capacity
could be obtained after 200 cycles at 0.5 A g~! (Fig. 7d).
However, the operating voltages of chalcogenides are usually
low (<0.6 V vs. Zn/Zn*). It is vital for a cathode mate-
rial to deliver relatively high voltage if high power density
is required. The voltage window of VS, is only 0.4-1 V,
which is lower than that of other reported vanadium-based
compounds (Fig. 7e). The operation mechanism of VS,/Zn
system is based on intercalation reaction, which has been
demonstrated by ex situ XRD analysis and HRTEM pattern.
The variation of lattice spacing of (002) could be directly
observed in HRTEM images (Fig. 7f). When discharge hap-
pens, Zn ions are inserted into cathode, and d,y), increases by
1.73%, in accordance with intercalation mechanism.
Hollandite-type vanadium oxide owns a typical chemical
formula of A, VO, in which “A” denotes metal cations. Jo
et al. [181] firstly focused on the insertion of Zn*" jons into
this crystal structures. In this work, they investigated a tunnel-
structured hollandite-type VO, 5,(OH),, 1; as cathode material
for RZBs. Al doping is an effective method to stabilize crys-
tal structure, and it has been confirmed in some studies of
cathode materials for Li-ion batteries, such like LiCoO, and
LiNiO, [182]. Therefore, cathodes that utilize Al-doped mate-
rials might exhibit improved electrochemical performances.
Jo et al. further synthesized the Al-doped VO, 5,(OH); 77, in
which Al preferred to replace V", resulting in the increase of
average oxidation state of V when the Al content increased
in V,_,AlLLO, 5,(OH), ;;. The Al-doped structures of bare
VO, 5,(OH), ;; are shown in Fig. 7g. Two distorted VOg
octahedra share an edge which orients parallel to ¢ axis. The
contact angle of O—V-0 in these octahedra is approximately
168°, resulting in difference of lengths between V and each
O. Eight octahedra could form a [2 X 2] tunnel and each edge
of this square shape tunnel consists of two VOg octahedra.
The diameter of this hollandite-type tunnel is approximately
5.5 A, which is large enough to accommodate the intercalation
of Zn?* ions. The Al-doping method could further stabilize
this structure, owing to the presence of strong Al-O bonds.
The researcher found that different Al doping proportions lead
to different electrochemical performances. The non-doped
sample (x=0) exhibits poor cycling stability, its capacity
decreases a lot after 5 cycles. The Al-doped samples (x=0.05
and x=0.09) deliver better cycling performance (Fig. 7h). The
capacity fading during initial 5 cycles is efficiently restrained,

and the remaining capacities are higher than that of non-doped
sample. Notably, the enhancement of electrochemical perfor-
mance and the ratio of Al-doping are not in direct proportion,
because the capacity of V, ¢sAl; (5O, 50(OH), 77 is higher than
Vi.01Alj 090, 5o(OH), 7. The schema of reaction mechanism
is shown in Fig. 7i, which illustrates (de)intercalation of Zn*t
ions (out of) into the V,_ Al O, 5,(OH), 7; (x=0-0.09) tun-
nel structure. After discharge process, 2 of 4 hydrogen atoms
in each tunnel are replaced by zinc atoms, which is a revers-
ible reaction in the whole charge/discharge process. Doping
method could unlock the electrochemical activity of cathode
materials. This general strategy could introduce the new avail-
able vacant sites and improve the thermodynamical driving
force of diffusion cations. In addition, kinetic limitation of
diffusion for multivalent cations can be removed with higher
concentration of vacancies. Inevitably, doping strategy will
decrease the theoretical maximum capacity of cathode materi-
als because partial redox-active transition metal centers will
disappear.

4 Vanadium-Based Compounds
for Rechargeable Aluminum Battery
System

Al metal is used as anode directly in RABs, achieving
three-electron redox reaction. Up to now, the common
ionic electrolyte is AICl; imidazolium-based chloride,
which can deliver AI** or AICI," efficiently. Regardless
of the breakthrough in recent years, RABs still require fur-
ther explorations about electrolyte and cathode materials.
At present, the development of RABs mostly relies on the
layered graphite materials, which provide fast ion diffu-
sion channels and stable cycling performance. Similar to
the typical layered graphite structure, the vanadium-based
material of V,05 is widely implemented in RABs and has
greatly improved the performance of RABs. The follow-
ing derivative vanadium-based materials, such as VS, and
V,CT,, also exhibit good electrochemical performance.
Except the layered structure, electrochemical behaviors
of NASICON and other kinds of vanadium-based materi-
als have also been investigated. The influence of structure
and detailed reaction mechanism will be explained in the
following content.

4.1 Vanadium Oxides

V,05 was used as cathode material in RABs firstly by
Jayaprakash et al. [86]. They used the nonaqueous elec-
trolyte, which was a composite of AlCl; and [EMIm]CI
with molar ratio of 1.1:1, and the V,05 nanowires cathode
material was prepared via hydrothermal method. With the
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Fig.7 a Galvanostatic charge—discharge curves and b cycling per-
formance of Na,V,(PO,), at a current density of 50 mA gL, ¢ sche-
matic representation for phase transition of Na;V,(PO,); cathode
during cycling. Figure a—c reproduced with permission [177]. Copy-
right 2016, Elsevier. d Long-term cyclic properties of VS, at a cur-
rent density of 0.5 A g~'. e charge and discharge curves of VS, at
the current density from 0.05 to 2.0 A g!. f HRTEM images and
SAED patterns of VS, at original, insertion and extraction states.

orthorhombic crystal structure, V,05 can achieve revers-
ible insertion and extraction of the Al** ions. They coated
the active materials on the stainless steel current collector
and assembled coin-type cell [86]. As a result, the dis-
charge voltage plateau of V,05 is around 0.55 V. The ini-
tial discharge capacity of 305 mAh g~! is obtained at the
current density of 125 mA g~! (Fig. 8a). 0.7 mol AI** ions
might intercalate into the materials, which is lower than
the theoretical capacity of 442 mAh g~! (1 mol AI** ions
participate in the discharge process) [86]. After 20 cycles,
the specific capacity decreases to 273 mAh g~! (Fig. 8b).
On the contrary, Reed et al. [183] indicated that with the
increasing ratio of active materials (V,05) in the cathode,
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Figure d—f reproduced with permission [180]. Copyright 2017,
WILEY-VCH. g the Al-doped structures of VO, 5,(OH), ;. h the
cycling performance of VO, 5,(OH)q 7, V(95Al4 050, 5,(OH) 47 and
Vo01Aly 060, 52(OH)g77. i Zn?* ions intercalation/de-intercalation
process in the V,_ Al O, 5,(OH);7; (x=0-0.09) tunnel model struc-
ture. Figure g—i reproduced with permission [181]. Copyright 2017,
Royal Society of Chemistry

the electrochemical performance of AI** ions storage will

obviously get worse. When they used stainless steel as cur-
rent collector, the cell delivered a certain electrochemical
activity. However, when the stainless steel was replaced
by platinum current collector, there was no obvious elec-
trochemical activity. The results illustrate that the V,0;
might have no electrochemical activity and even has det-
rimental influence on AI*" ions storage. Actual capacity
might come from the reaction between acid electrolyte and
iron/chromium in stainless steel current collector. Never-
theless, there is no sufficient characterization method to
illustrate the specific reaction between the stainless steel
current and electrolyte.
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To avoid the corrosion of the stainless steel, Wang et al.
[184] introduced a method of combining the cathode materi-
als with current collector directly through depositing V,05
on a Ni-foam substrate. As a result, the well-distributed
V,05 particles on the surface of 3D porous structure per-
formed the capacity of 239 mAh g~! at the current density
of 44.2 mA g_l. Moreover, the different kinds of binders
also have impact on the electrochemistry performance. In
electrolyte AlCl,/[BMIM]CI (mole ratio 1.1:1) ionic lig-
uid, V,05 nanowire cathode with polyvinylidene fluoride
(PVDF) binder was utilized as the control sample. As a
result, the cathode with the polytetrafluoroethylene (PTFE)
binder showed higher voltage plateaus and capacity. The
initial discharge capacity of the V,05 nanowires with PTFE
was 86.5 mAh g~! at 44.2 mA g~!. The different electri-
cal conductivities of binders might explain the differences
of electrochemical performances. As expected, the perfor-
mance of binder-free V,05 was superior to these materials
at the same current density [184].

The deep study of V,05 as cathode material in RABs
was reported recently by Gu et al. [185]. They proposed
that the AI’* ions storage process in V,05 is accompa-
nied by structural transformation, the amorphous layer is
also formed on the surface of V,05 nanowires in the first
discharge process. The schematic diagram is shown in
Fig. 8c. The process of AI’** ions insertion into the V,Os
nanowires can be divided into two steps. Firstly, AI**
ions combine with AICI,” (AI**+7AICl,” — 4A1,Cl,")
and the Al,Cl; is irreversibly inserted into the layer of
V,0s. Then, during the reversible cycling process, phase
transition will emerge on the surface of V,05 nanowires
and AI** ions will be reversibly inserted into the cathode
simultaneously. The reaction takes place as given in the
following formulae:

first discharge

V,05+4xALCL + 3xe™  —> A]xVZoS(amorphous)+7XA1C];
Alyvzos +3(r—y)e” +4x - y)A12C17_ — AleZOS(amorphous)
+ 7(x — AICI, (y < x).

As shown in the above equations, the theoretical
value of the first discharge capacity is estimated to be
106 mAh g~!, which is consistent with measured dis-
charge capacity (107 mAh g~"). But after one cycle, only
53.4 mAh g~! capacity remains. These phenomena can
be explained through the ex situ XPS and XRD (Fig. 8d,
e). From the result, there exists a slight amount of V3+
after the first charge process (disproportionation reaction
might occur in this process, V#* — V>*4V3*) indicating
not all of V** reverts to V3* during the charge process
[185]. In addition, it is discovered that the average valance
state of discharged V,05 after 10 cycles is higher than
that in the first cycle. The reason for this phenomenon is
that few AI** ions might remain in the crystal structure of

V,0;s, leading to the recession of the capacity. In the ex
situ XRD (Fig. 8e), the split of (101) peak explains the
irreversibly phase transition in the first cycle [185]. This
result also account for the capacity decay. On the other
hand, the reversible changes of the (001) peak illustrate the
reversible phase transition process of V,05 in 5th and 10th
cycles (Fig. 8f). In summary, the detailed ex situ XRD and
XPS characterizations contribute to prove the intercala-
tion process of AI** ions. However, there still exist some
drawbacks in the research, e.g., the XPS only detects the
surface information of cathode, which might lead to false
conclusions.

To improve the electrochemical performance of V,0s,
Chiku et al. [186] adopted V,05/C composites and new
electrolyte. In their work, the electrolyte is mixed solution
of aluminum chloride, dipropylsulfone and toluene (1:10:5
in mole ratio) [186]. The toluene is an additive, which can
improve the viscosity and has no influence on the Al deposi-
tion. But the underlying mechanism is still unknown [187].
Moreover, the three components in electrolyte are more sta-
ble and suitable for Mo current collector, which effectively
improve the cycling life and initial capacity of battery. The
first discharge capacity of V,05/C in this system is approxi-
mately 150 mAh g~! at 22.1 mA g~! (Fig. 8g) [186]. How-
ever, the V,05/C is not stable at low current density. When
charge/discharge at higher current density of 44.2 mA g~!,
the capacity of V,04/C is 50 mAh g~! and nearly 90% capac-
ity remains after 30 cycles (Fig. 8h). The vanadium reduc-
tion is accompanied by AI** ions insertion, and the structure
will be destroyed when AI** ions intercalation arrives at a
certain level. According to XPS results, the reaction of V,05
is not complete. In the first discharge progress, the valence
state of the V>* reduces to V3* and V**. After the next
charge process, the percentage of the V>* is only 91%, and
the content of V** is 9% [186]. This phenomenon that part
of V#* cannot return to V> state also explains the reason
for the decreasing of the capacity. The modification of V,05
with simply physical composition is not the fundamental
solution to overcome the problem of poor cycling stability
and capacity decay. Thus, a new approach to modify V,0;
is required. For instance, we can adopt doping method, such
as the work about TiO, [188]. Through the doping method,
the high concentration of Ti*" vacancies can increase the
reversible capacity in RABs.

In order to break through the limitation of cycling life,
many researchers focused on the exploration of new elec-
trolyte. Wang et al. [189] used a new electrolyte which con-
sisted of AI(OTF);/[BMIM]OTF ionic liquids and main-
tained the synthesis process of V,05 similar to their previous
work. In contrast to other electrolyte system, the novel elec-
trolyte performed high decomposition potential (3.25 V vs.
AI/AI**) and conductivity, relying on the high aggregation
of anion group OTF~ with AI** ions. There is a similar work
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Fig.8 a Galvanostatic charge—discharge curves and b cycling per-
formance of V,0s at current density of 125 mA g~!. Figure a, b
reproduced with permission [86]. Copyright 2011, Royal Society of
Chemistry, ¢ schematic diagram of AI** electrochemical insertion/
extraction in crystallized V,05 nanowire. d ex situ XPS patterns and
e XRD patterns of V,05 cathode at various discharge and charge

reported by Wang et al. [190]. They found that different
mole ratio of anionic groups in electrolyte could have great
effect on the electrochemical performance [190]. When the
[BMIm]* combines with [AICl,]~, the lowest highest occu-
pied molecular orbital (HOMO) energy has been shown in
the calculation result by DFT, which might provide higher
electrochemical activity [190]. Gonzalez et al. [191] also
reported the shield effect of water molecules on AI* ions in
aqueous electrolyte (1 M AICl, dissolve in deionized water).
In this system, V,05 delivers the initial capacity of about
120 mAh g~! at a current density of 60 mA g~!. But the
cycling number is limited within 14 cycles.

Wang et al. [192] first reported the VO, as cathode mate-
rial in RABs. The VO, possesses four channels for AI**
ions diffusion. Based on the crystal structure of VO,, the
authors introduced computational simulations to investigate
the formation energy and the change of cell volume during
intercalation of AI** ions. When these channels accommo-
date over two AI’* ions, the V-0 bonds are deemed to be
broken and an irreversible expansion of cell volume will
occur (Fig. 9a—f). According to the variations of formation
energies and cell volumes at different ratios of AI** ions in
VO,, a stable and feasible reaction needs two conditions:
low formation energy and slight change of the cell volume.
To satisfy these two requirements, only when two AI** jons
intercalate into channels exactly will the VO, crystal struc-
ture remain relatively stable. Then, they synthesized VO,
nanorods and the initial discharge capacity of 165 mAh g~!
is obtained at the current density of 50 mA g~! (Fig. 9g).
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After 100 cycles, ~70% capacity is retained. At relative high
current density of 100 and 200 mA g~!, the VO, nanorods
still possess the capacity of 106 and 70 mAh g~! after 100
cycles (Fig. 9h), respectively. This work explicitly demon-
strated the reversible AI’* ions storage mechanism in VO,
by computational simulations. The authors also synthesized
VO, nanorods, which exhibited a good electrochemical per-
formance in RABs. But there still exist some drawbacks of
VO,, such as low voltage plateaus and unsatisfactory cycling
performances. Moreover, whether stainless steel current col-
lector participates in the reaction still remains controversial.

4.2 OtherVanadium-Based Materials

Li;VO, is an attractive anode material in Li-ion batteries,
due to its crystal structure that is composed of VO, and LiO,
tetrahedrons, which could achieve reversible (de)intercala-
tion of Li* ions accompanied by high diffusion rate [193].
However, some obstacles also need to be overcome, such as
the poor electronic conductivity, which dictate the deteriora-
tive rate performance. Modification with graphene or carbon
nanotubes is a feasible method to enhance the electronic con-
ductivity [193, 194]. Jiang et al. [195] fabricated the hollow
sphere Li;VO,/C via spray drying process and assembled it
in RABs. The novel synthesis method formed mesoporous
sphere whose size was about 0.5-10 um, and carbon layer
was well distributed on the surface of the sphere. Based on
the mesoporous sphere morphology and carbon layer, the
electronic conductivity of Li; VO, could be improved much.
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Combining the first principle calculation with XRD analysis,
the free energy at a sites (— 4.35 eV) is lower than that at b
sites (— 3.22 eV). During AI** ions insertion in the a sites,
all lattice parameter changes are 0.1 A, which approaches the
calculated results (Fig. 10a—c). The novel Li;VO,/C cathode
materials in RABs exhibit a good electrochemistry perfor-
mance and obvious reversible redox peaks (Fig. 10d). The
high discharge/charge capacity of 137/85 mAh g~! can be
obtained in the first cycle (Fig. 10e). After 100 cycles, the
reversible capacity is nearly 48 mAh g~! and the coulombic
efficiency is approximately 100% (Fig. 10f). From the ex
situ XRD result, in the first discharge process, the d space of
Li;VO, will increase about 0.03 A and the diffraction peak
intensities reduce slowly with the ongoing discharge process.
In this process, a slight distortion of crystal structure might
accommodate the intercalation of AI** ions. In the charge
process, the diffraction peak intensities recover a little but
are still lower than those of the original electrodes. After 70
cycles, the crystallinity of cycled Li; VO, decreases and the
displacement distance of d space still exists. The repeated
AI’** ions insertion/extraction might lead to the accumula-
tion of crystallinity decrease, which accounts for the capac-
ity decay of Li;VO,. On the other hand, its voltage plateaus
(0.37 and 0.81 V vs. AI/AI*" in the discharge and charge pro-
cess) are lower than those of most vanadium-based materials
in RABs because of the inherent property of Li;VO, (aver-
age voltage below 1.0 V vs. Li/Li*), leading to the limitation
of energy density. In spite of the imperfect electrochemical
performance, optimizing AI** ions storage performance in
the vanadate-based cathode materials is realized for the first
time. On the other hand, in-depth exploration and modifica-
tion in the vanadate-based cathode materials are still needed.

Vanadium-based NASICONS are also potential materi-
als in RABs [196, 197]. Recently, Nacimiento et al. [196]
reported Na;V,(PO,); as cathode material in RABs. The
authors applied the aqueous electrolyte (0.1 M AICl; in
deionized water) in RABs to achieve the storage of Al**
ions. All the electrochemical tests were measured in three-
electrode system, in which the Pt and Ag/AgCl electrodes
acted as counter and reference electrodes, respectively. The
Na,V,(PO,); could deliver the capacity of ~100 mAh g~! at
current density of 60 mA g~!. After 20 cycles, only ~35%
capacity remained. The reasons for the capacity decay are
the partial dissolution and structure degradation of the cath-
ode material. From the ICP, NMR, XPS and XRD results,
1.9 mol Na* ions will be extracted from Na;V,(PO,); per
formula unit during first charge process and 0.3 mol AI**
ions will be inserted into material during the discharge pro-
cess. Due to the replacement of AI’* to Na* ions, the for-
mation of Al-O bonds will weaken the Na—O bonds, which
destroys the structure stability. In the cycling process, both
bulk insertion and surface capacitance are detected. The
authors also thought that a slight amount of protons will be

inserted into materials. Then, they assembled Na;V,(PO,);
cathode in RABs with nonaqueous electrolyte. Reversible
capacity of 60-70 mAh g~! was obtained with a plateau of
~1.25 V, which is similar to the related work result of Sun
et al. [197]. But the reaction mechanism is still unclear in
the organic electrolyte.

Transition metal carbides (MXene), as one of the mem-
bers of 2D materials, possesses high surface areas, high con-
ductivity and excellent theoretical specific capacity [198].
Recently, Armin et al. adopted layered vanadium carbide
MXene (V,CT),) as cathode materials in the RABs (Fig. 11a)
[199]. In AICL;/[EMIm]CI electrolyte, V,CT, shows a high
average discharge voltage of ~ 1.2 V (vs. AI/AI**) and deliv-
ers high specific capacity of ~330 mAh g~! at current den-
sity of 10 mA g~! (Fig. 11b). From the ex situ XRD and
HRTEM results, the increase in the interlayer distance of
about 0.10 A was detected in the first discharge process and
interlayer space remained stable in the subsequent cycling
process. According to ionic size, A’ ions were the main
species intercalated rather than [AICL]", [AL,Cl;]” or
EMI* in the cycling process. On the other hand, EDS result
also detected large increase in Al element in V,CT, after
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Fig.9 a—e The various number of Al atomic (0, 1, 2, 3, 4) in [(V,Oy)
(V1,0,0)1. £ the structure of AlV,505,. g the charge/discharge curves
of VO, at the current density of 50 mA g~'. h cycling performance of
VO, at different current density. Figure a—h reproduced with permis-
sion [192]. Copyright 2013, Springer
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discharge, but only a small amount of Cl element existed in
V,CT, at the same state. The authors hypothesized that the
repulsion effect between negatively charged V,CT, surfaces
will be reduced by AI** ions intercalation, which will result
a very small change in the interlayer spacing. To improve
the electrochemical performance of V,CT,, the authors syn-
thesized the few-layered V,CT, (FL-V,CT,) and TBAOH-
assisted delamination V,CT, (TBAOH-FL-V,CT,), which
decreased the particle size and energy barrier for the diffu-
sion of AI** ions. Although these enhanced V,CT, showed
much higher capacity and excellent rate performance, the
rapid capacity decay still exist in initial cycles. Alleviating
the capacity decay problem and controlling the surface chem-
istry of V,CT, are important to the further improvement of
electrochemical performance.

Recently, Zhang et al. [200] reported flower-like VS ,/rGO
composite applied in RABs. At 100 mA g~!, VS,/rGO could
deliver a high initial specific capacity of 406.94 mAh g~!
(Fig. 11c). But its capacity decreased rapidly to 80 mAh g~!
in the first 20 cycles and stabilized at the ~80 mAh g™! over
100 cycles (Fig. 11d). The authors further investigated the
electrochemical mechanism in the cycling process. XPS
results illustrated that valence states of vanadium and sul-
fur elements were changed in the cycling process. From
Raman result, the intensity ratios of D/G (Ip/I;) improved
after change process (1.123 for charging state and 1.081 for
discharging state). This increased ratio might result from the
increased edge planes, disorder degree and the size reduction

of sp* domain in composites. The shrinkage of the thickness
of VS,/rGO after being charged to 2 V was also found from
atomic force microscope (AFM) images. In this work, mor-
phology change of VS,/rGO in cycling process was studied
in detail, and cycling performance of VS,/rGO could remain
stable at ~80 mAh g~! for 100 cycles. However, the reason
of rapid decrease in specific capacity in the first 20 cycles
and the insertion mechanism of AI** ijons are still unclear.

5 Conclusions and Future Outlook

This review has included the progress of the vanadium-based
cathode materials in rechargeable multivalent batteries.
Rechargeable multivalent batteries are still attractive alter-
natives to Li-ion batteries because of high security, low price
and high energy density. On the other hand, vanadium-based
compounds are the appropriate cathode materials owning to
the unique properties. However, there are many problems
which need to be resolved. Firstly, present research about
compatible electrolyte which could steadily transport the
multivalent cations with wide voltage window is still unsat-
isfactory and suffers slow progress. The present electrolytes
limit the development of cathode materials seriously. Sec-
ondly, although state-of-the-art multivalent batteries could
cycle more than 1000 times and possess high specific capac-
ity (>300 mAh g~!) owing to the variable chemical valences
of vanadium, the low operating voltage still limits the further
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with permission [195]. Copyright 2017, American Chemical Society
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Fig. 11 a Schematic illustra-
tion of the proposed mechanism
for an Al-battery with V,CT,
MXene as the cathode during
discharge in AlCl;:[EMIm]CI
(1.3:1) ionic liquid electrolyte. b
Galvanostatic charge—discharge
curves of V,CT, cathode at
current density of 10 mA g~
Figure a, b reproduced with
permission [199]. Copyright
2017, American Chemical
Society. ¢ the charge—discharge
curves of VS,/rGO composite
cathode at the current density of
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development of practical application. Inevitably, the higher
reduction potential of multivalent metal (— 2.356 V of Mg,
—0.763 V of Zn and — 1.66 V of Al vs. standard hydrogen
electrode) compared with lithium (— 3.07 V vs. standard
hydrogen electrode) decrease the operating voltage further.
Finally, due to the facile distortion of V-O octahedra and
intensely polarization effect of multivalent cations, part of
vanadium-based materials still suffer the poor cycling stabil-
ity. The ideal vanadium-based materials that could provide
flexible channel for multivalent cations diffusion and possess
stable crystal structure simultaneously are the development
direction of future research.

Scientific breakthroughs about multivalent batteries have
been reported with increasing rate in last 10 years. Although
many problems remain to be solved and the large gap in
electrochemical performance between multivalent batteries
and Li-ion batteries still exists, unique advantage of multi-
valent metals and the resource scarcity problem of lithium
stimulate the researchers constantly to lucubrate the new
types of high-performance multivalent batteries. Theoreti-
cally, vanadium-based materials with rich chemical valences
are the appropriate candidates as cathode materials in multi-
valent batteries. However, a large amount of efforts are still
needed to achieve the prospective target. Effective strategies
should be proposed to optimize the crystal structure and pro-
mote the electrochemically intercalated/deintercalated pro-
cess in the future. The conventional optimization strategies
borrowed from Li-ion battery, such as nanocrystallization
treatments to improve active surface areas, ions dopings,

300

400 500

20

40 60
Cycle Number

80 100

carbon coatings and preparation of porous structures, have
much improved the performance of vanadium-based mate-
rials. Moreover, other specific optimized methods, such as
co-intercalation of water molecule or halogen, pre-interca-
lation strategy, amorphization treatments and controlling the
multivalent cations intercalation extents, are also important
to improve the electrochemical performance of vanadium-
based materials. On the other hand, advanced characteriza-
tion methods are important for the materials development.
With the rapid progress of detection method, the intrinsic
reason for many troublesome issues in vanadium-based
materials will be revealed, which would guide the develop-
ment of optimizing approach. After continuous exploration
and innovation, we optimistically anticipate that, multivalent
batteries with vanadium-based cathode materials will break
through the bottlenecks in the near future.
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