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a b s t r a c t

Taking advantages of aqueous electrolytes such as high safety, ease of fabrication, and high ion con-
ductivity, a series of aqueous batteries have been reported, including lithium-ion batteries, sodium-ion
batteries, zinc-ion batteries, aluminum-ion batteries, and novel batteries such as ammonium batteries.
They realize energy storage via the repeated (de)intercalation of charge carriers or conversion, which sets
strict criteria for choosing proper electrode hosts. Molybdenum-based materials are very competitive
candidates for aqueous battery assembly because of their specific layered/tunnel structure and low cost,
but their development in this area remains at the infant stage. This review sums up the latest advances
on the use of molybdenum-based materials as electrode materials for aqueous batteries. The main
strategies for improving their electrochemical properties are summarized, including the introduction of
oxygen/sulfur vacancy, interlayer spacing tuning, substrate coating, and electrolyte formulation. The
working principles of these methods are compared and discussed in detail. In addition, the main op-
portunities, achievements, and challenges in this field are briefly commented.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Environmental pollution and booming energy demand urge
human beings to shift the traditional use of fossil fuels to renewable
energy, such as solar, wind, and tidal energy [1]. However, the
intermittency and instability of these renewable energy sources
eagerly require an effective large-scale energy storage system that
has the capability of integrating the energy sources with an elec-
trical grid smoothly. Owing to the high safety, ease of fabrication,
and high ion conductivity of aqueous electrolytes, aqueous
rechargeable batteries have been considered as a promising
candidate for large-scale energy storage [2]. In recent years, a va-
riety of aqueous batteries have been developed, including lithium-
ion batteries (LIBs) [3], sodium-ion batteries (SIBs) [4], zinc-ion
batteries (ZIBs) [5], and aluminum-ion batteries (AIBs) [6]. Apart
from their different electrochemical behaviors, they still show some
common features. There are two major ways for their energy
Liu), luxh6@mail.sysu.edu.cn

r Ltd. This is an open access article
storage: (i) the repeated intercalation/deintercalation of charge
carriers (either monovalent [Liþ, Naþ] or multivalent ones [Zn2þ,
Al3þ]) and (ii) the conversion reaction of the electrode without
ionic charge carriers taking part in the reaction (e.g. the conversion
between MnO2 and MnOOH) [7]. Both them might cause structure
deformation of electrode materials. In addition, the slow kinetics of
these processes will cause poor cycling and rate performance.
Therefore, electrode materials with specific architectures and
physiochemical properties are strongly needed to alleviate the
problems mentioned previously.

Molybdenum and oxygen groups can easily form octahedral
structures, which can form structures such as layered and tunnel
structures through different connection ways [8]. Compared with
typical carbon-based materials, molybdenum-based materials own
a much higher specific capacitance, taking advantages of their
multiple oxidation states that are in favor of fast charge storage
[9,10], which are considered as promising electrode candidates for
aqueous batteries. Among them, the most striking ones are MoS2,
MoO3, and Mo6S8 because of their favorable properties including
low cost, rich abundance, specific capacity, and a structure that can
be easily manufactured [11]. Owing to their structure and compo-
sition differences, these materials have their own advantages and
disadvantages for aqueous battery assembly (Fig. 1). For example,
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Fig. 1. Three categories of typical molybdenum-based materials and an overview of their electrochemical performance. (1T-MoS2 ¼ octahedral-MoS2; h-MoO3 ¼ hexagonal-MoO3).
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there are two common kinds of molybdenum disulfide for appli-
cation in energy storage,1T-phase and 2H-phaseMoS2, that possess
completely different electrochemical performance (electrical con-
ductivity and hydrophilicity) owing to their disparate structures
[12]. The transition between these two phases can be achieved by
finely tuning the synthesis parameters [13]. h-MoO3 (hexagonal-
MoO3) can endure more drastic volume change than a-MoO3
because of its larger pore volume [14], but both of them suffer from
dissolution problem in the aqueous electrolyte [15]. In addition, the
intrinsic poor conductivity of transition metal oxides and sulfides is
common [16], so it is necessary to find molybdenum-based mate-
rials with better performance. So far, numerous molybdenum-
based electrode materials have been applied in both aqueous
(Table 1) and non-aqueous batteries (Table 2).

The brief history of molybdenum-based aqueous batteries is
summarized in Fig. 2. The earliest application of molybdenum-
based materials for energy storage was reported in 1979. Jacob-
son et al. [49] used MoS2 as the cathode material for LIB assembly,
but the working mechanism was mysterious at that time. In the
following three decades, research efforts are mainly dedicated to
the development of molybdenum-based non-aqueous batteries,
whereas no inspiring achievements are gained for the aqueous
ones. In 2010, Liang et al. [43] applied MoS2 to magnesium-ion
battery (MIBs), which opens a favorable way for involving other
molybdenum-based compounds in the accommodation of mono-
valent ions (Naþ) and multivalent ions (Zn2þ and Al3þ) for aqueous
batteries. Yet molybdenum-based materials suffer from slow ki-
netics and structural deformation during the charging/discharging
processes, which inevitably results in low capacity and deficient
cycling durability. In view of these problems, there is still a long
way ahead for their widespread applications. In recent years, great
efforts have been devoted to addressing these issues, and the
developed solutions can be divided into the following three types:
(1) nanoarchitecture design, (2) composite material synthesis, and
(3) electrolyte formulation. By nanosizing the materials, a porous
structure with a large specific surface area can be achieved, and the
nanochannels could also serve as a buffer zone to alleviate the
volume change caused by the repeated intercalation/dein-
tercalation of metal ions, preventing the possible structural defor-
mation [46]. Using composite materials can solve the problem of
intrinsic low conductivity of some molybdenum-based materials.
Meanwhile, a conductive coating of materials can function as a
protective layer to preserve electrode morphology and improve its
cycling performance [21]. Recently, using a proper electrolyte is an
important method to optimize electrochemical performance. Two
main directions for improving electrolyte performance are use of
water-in-salt electrolyte (WiSE; a highly concentrated electrolyte)
[3] and gel electrolyte [50]. The former one can expand the elec-
trochemical window and achieve higher output voltage, and the
latter one is a universal method to inhibit the electrode from
dissolution.

In this review, we summarize the application of molybdenum-
based materials in various kinds of aqueous batteries, which be-
gins with LIBs and SIBs and then extends to multivalent ion bat-
teries such as ZIBs and AIBs. Some new energy storage systems,
such as ammonium-ion batteries, are also mentioned. The strategic
methods to address the electrochemical property issues (poor
conductivity, slow kinetics, electrode dissolution, and narrow
working window) of molybdenum-basedmaterials are highlighted,
including the introduction of oxygen/sulfur vacancy, interlayer
spacing tuning, a substrate coating, and electrolyte formulation, as
shown in Fig. 3. The prospects and challenges of the applications of
molybdenum-based materials in aqueous batteries are mentioned
in the end of the article.

2. Molybdenum-based aqueous LIBs and SIBs

Non-aqueous LIBs and SIBs have been widely used in energy
storage systems owing to their high energy density, cycling sta-
bility, and energy efficiency, but their enlargement are hindered by
either safety issue or high cost [51]. Under this circumstance,
aqueous LIBs and SIBs with advantages such as lowcost, high safety,



Table 1
Electrochemical performance of different energy storage systems using molybdenum-based materials in aqueous electrolytes.

Mo-based material Capacity, mA h g�1 C or current density Cycles (%/retention) Energy density, W h kg�1 Electrolyte Reference

MoO3 115 1 C 100,000 (94) (150 C) 21.3 1 M NH4Cl [17]
32 150 C

Mo6S8 47 0.15 C 100 (78) (0.15 C) 84.5 21 M LiTFSI [3]
35 4.5 C 1000 (68) (4.5 C)

Mo6S8 170 e 1000 (87) 120 21 M LiTFSI þ0.1 wt % TMSB [18]
Mo6S8 40 0.2 C 50 (96) (0.2 C) e 21 M LiTFSI [19]

35 1 C 1000 (99) (1 C)
Mo6S8 85 1 C 400 (93) e 21 M LiTFSI [20]
MoO3 127.71 mF cm�2 0.6 mA cm�2 3000 (72.5) e 2 M Li2SO4 [21]
MoS2 e e 30,000 (93.5) (5 C) 56 1 M Li2SO4 [22]
MoO3 300 3 A g�1 400 (90) e 1 M AlCl3 [23]
MoO3 600 e 100 (16.7) e 1 M AlCl3 [24]
MoO3 680 2.5 A g�1 350 (24.7) e 1 M AlCl3 [6]
MoO3 23 0.55 A g�1 1000 (79) 18 0.5 M Na2SO4 [4]
MoS2 177 1 C 10,000 (98) e 1 M Na2SO4 [25]
MoO3 306 C g�1 20 A g�1 30,000 (101) 150 1 M Na2SO4 [26]
Mo6S8 63 0.18 A g�1 150 (95.2) e 1 M ZnSO4 [5]
Mo6S8 57 1 C e e 0.1 M ZnSO4 [27]

88 0.05 C
MoO2/Mo2N 113 1 A g�1 1000 (78.8) e 1 M Zn(CF3SO3)2 [16]
MoS2 202.6 0.1 A g�1 600 (97.6) 148.2 2 M ZnSO4 [28]

164.5 1 A g�1

MoS2 100.9 1 A g�1 1000 (87.8) e 3 M Zn(CF3SO3)2 [29]
MoS2 90 1 C 2000 (68) e 3 M Zn(CF3SO3)2 [30]
MoO3 243.1 0.4 A g�1 400 (70.4) 14.4 m Wh cm�3 2 M ZnCl2/PVA [15]
MoS2 104 1 A g�1 400 (98.1) (1 A g�1) e 3 M Zn(CF3SO3)2 [13]

168 0.1 A g�1

MoO3 257.7 1 A g�1 100 (69.2) (20 A g�1) 240 2 M ZnCl2 [31]
146.7 20 A g�1

Table 2
Electrochemical performance of different energy storage systems using molybdenum-based materials in non-aqueous electrolytes.

Mo-based material Capacity, mA h g�1 C or current density Cycles (%/retention) Energy density, W h kg�1 Electrolyte Reference

MoO3 185 0.01 C 12 (54.1) e 0.5 M Ca(TFSI)2 in DME [32]
MoO3 185 0.05 A g�1 e e 0.5 M Ca(TFSI)2 in AN [33]
MoO3 70 1 A g�1 150 (110) e 1 M LiPF6 in EC/DMC (1:1, v/v) [34]
MoO3 816 0.2 C 500 (95) e 1 M LiTFSI in DOL/DME (1:1, v/v) þ 1% LiNO3 [35]
MoS2 1047 1 A g�1 e e 1 M LiPF6 in EC/DMC/DEC (1:1:1, v/v/v) [36]
MoS2 1672 e e e 1.85 M LiTFSI in DOL/DME (1:1, v/v) [37]
MoS2 1800 1 A g�1 900 (100) e 1 M LiPF6 in EC/DMC(6:4, v/v) [38]
MoO3 96.3 0.1 A g�1 600 (71) 146 2 M LiPF6 in EMC [15]
Mo6S8 148 e 50 (47.3) e AlCl3/[BMIm]Cl (1.5:1, M/M) [39]
MoO2 105 0.1 A g�1 e e AlCl3/[EMIm]Cl [40]
MoS2 253.6 0.02 A g�1 100 (30) e AlCl3/[EMIm]Cl (1.3:1, M/M) [41]
Mo6S8 180 0.04 A g�1 80 (58.3) e AlCl3/[EMIm]Cl (1.3:1, M/M) [42]
MoS2 170 0.02 A g�1 80 (58.3) e Mg(AlCl2Bu)2 in THF [43]
MoS2 80 16.7 mA g�1 30 (94) e 0.25 M all-phenyl complex [44]
Mo2.5þyVO9þd 400 2 mA g�1 15 (58.8) e Mg(TFSI)2 in AN [45]
MoS2 442 0.08 A g�1 100 (64.7) e 1 M NaClO4 in EC/DEC (1:1, v,v) þ 5% FEC [46]
MoP 117.7 1.6 A g�1 10,000 (88.8) e 1 M NaClO4 in PC þ 5% FEC [47]
(MoO2)2P2O7 68 1 C 50 (66) e 1 M NaClO4 in PC [48]

TMSB¼ tris(trimethylsilyl) borate; PVA¼ polyvinyl alcohol; DME¼ dimethoxyethane; AN¼ acetonitrile; EC¼ ethylene carbonate; DMC¼ 1,2-dimethyl carbonate; DOL¼ 1,3-
dioxolane; DEC ¼ diethyl carbonate; EMC ¼ ethyl methyl carbonate; [BMIm]Cl ¼ 1-butyl-3-methylimidazolium chloride; [EMIm]Cl ¼ 1-ethyl-3-methylimidazolium chloride;
THF ¼ tetrahydrofuran; LiTFSI ¼ lithium bis-trifluoromethanesulfonimide; FEC ¼ fluoroethylene carbonate; PC ¼ propylene carbonate.
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and environmentally friendly characteristics are attracting
increasing attention for energy storage [52].

The reaction mechanism for aqueous LIBs and SIBs is similar. For
LIBs, on charging, Liþ extracted from the cathode enters into the
solution, whereas Liþ in the electrolyte intercalates to the anode.
The discharge process is just the opposite [53]. For SIBs, the inter-
calation/deintercalation courses remain the same, but the charge
carriers are Naþ ions with a larger size [54]. Both batteries suffer
from problems caused by the aqueous electrolyte. First, the redox
potentials of electrode materials in the aqueous electrolyte should
be within or near the electrolysis potential of water, beyond which
electrolysis of H2O occurs, resulting in H2 or O2 evolution [55].
Second, the side reactions between electrode materials and H2O or
residual O2 will tremendously deteriorate their cyclic stability [56].
In addition, proton coinsertion into the host materials and elec-
trode dissolution also impair charge storage and cycling perfor-
mance of aqueous systems [57]. Therefore, there are very limited
electrode choices for LIBs and SIBs. Because Naþ has a larger radius
than Liþ (0.102 nm vs. 0.069 nm, respectively), the intercalation
kinetics is relatively slower, and the electrode materials are more
prone to structural collapse, resulting in worse cycling stability
[58]. Therefore, materials that have been successfully used in LIBs
cannot be directly transplanted into the system of SIBs.
Molybdenum-based materials with a tunnel and layered structure



Fig. 2. A brief history of the development of molybdenum-based batteries [3e6,17,32,43,49]. (LIB ¼ lithium-ion battery; ZIB ¼ zinc-ion battery; SIB ¼ sodium-ion battery;
AIB ¼ aluminum-ion battery; MIB ¼ magnesium-ion battery; CIB ¼ calcium battery).
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such as Mo6S8, MoS2, and MoO3 are demonstrated to be the proper
choice for LIBs and SIBs. Mo6S8 has a unique crystal structure
consisting of three-dimensional arrays of Mo6S8 units that form
tridimensional channels with metal ions, and each unit is
composed of a distorted octahedron surrounded by a cubic unit
(T8) of chalcogenide atoms. With this specific architecture, Mo6S8
can transfer more electrons and has a higher voltage platform,
which might be beneficial for construction of high-performance
aqueous LIBs and SIBs.

Since the first attempt in 2015 by Suo et al. [3], Mo6S8 has been
widely applied as anode materials, especially for batteries using
WiSE as the electrolyte. For LIBs consisting of aMo6S8 anode (Fig. 4a
and b) and a Li2MnO4 cathode, the anode surface is covered by a
thin LiF solid electrolyte interface (SEI) owing to the gradual
reduction of bistrifluoromethanesulfonimide (TFSI) after certain
cycles. It then acts as a stable host for highly reversible Liþ inter-
calation/deintercalation. The reaction in Mo6S8 is shown in Eq. (1):

4Liþ þ 4e� þ Mo6S8 / Li4Mo6S8 (1)
Fig. 3. Strategies for improving molybdenu
Benefiting from WiSE (21 M LiTFSI), this aqueous LIB offers a
large electrochemical window up to 2.3 V and works correctly at
both low rate (0.15 C) and high rate (4.5 C) (Fig. 4d and e). In this
work, Li2MnO4 suffers from severe capacity fading owing to the
thermodynamic instability of its spinel lattice, which brings about
bad battery efficiency. Alternatively, they further choose LiFePO4 as
an alternative to pursue better cycling performance. The full battery
afforded a 3.0-V electrochemical window (Fig. 4c) [19]. In another
work, whenMo6S8 is equipped with a high-voltage LiCoO2 cathode,
the device reaches a 2.5-V electrochemical window and delivers a
high energy density of 120Wh kg�1 for 1000 cycles at an extremely
low capacity decay rate of 0.013% per cycle [18]. Similar works are
also reported for SIBs using WiSE. Suo et al. [59] reported a full
aqueous SIB using Na0.66[Mn0.66Ti0.34]O2 as the cathode and
NaTi2(PO4)3 as the anode with 9.26 M NaCF3SO3 WiSE. The device
exhibits high coulombic efficiency (>99.2%) at a low rate (0.2 C) for
>350 cycles and excellent cycling stability with negligible capacity
losses (0.006% per cycle) at a high rate (1 C) for >1200 cycles [59].

However, batteries using conventional Mo6S8 generally suffer
from unsatisfactory kinetics owing to intrinsic poor conductivity of
Mo6S8. A carbon coating, a cheap and high-conductivity material, is
m-based electrodes for energy storage.



Fig. 4. (a and b) SEM and high resolution TEM images of pristine Mo6S8. (c) The electrochemical stability window of the WiSE. Reproduced with permission from Suo et al. [19],
Copyright 2016 The Royal Society of Chemistry. (d and e) Cycling stability and coulombic efficiency of full aqueous Li-ion cells in 21 M LiTFSI solution. Reproduced with permission
from Suo et al. [3], Copyright 2015 American Association for the Advancement of Science. (SEM ¼ scanning electron microscopy; TEM ¼ transmission electron microscopy; WiSE ¼
water-in-salt electrolyte; LiTFSI ¼ lithium bis-trifluoromethanesulfonimide; SCE ¼ saturated calomel electrode).

J. Xie et al. / Materials Today Advances 8 (2020) 100100 5
usually used to tackle the conductivity problem in LIBs [60]. In the
study by Chu et al. [20], the carbon coating is used to modulate the
electrochemical properties of Mo6S8. This coating is achieved by
pyrolyzing the precursor containing CuS, Mo, and MoS2 with
ethanol solution of phenolic resin and then using acid to leach Cu2þ

in carbon-coated Cu2Mo6S8. Both disordered carbon and graphitic
carbon are detected through XRD results. The chevrel Mo6S8 are
aggregates of nanocubes with an average size of ~100 nm. After
coating with carbon, there is obviously a smooth layer of carbon.
The Raman spectra (Fig. 5a) prove that carbon is successfully coated
on Mo6S8. Meanwhile, 5% Cecoated Mo6S8 exhibits narrower sep-
aration between the main anodic and cathodic peaks (Fig. 5b),
indicating that the kinetics of the electrochemical reaction for 5%
Cecoated Mo6S8 is better. Mo6S8 with different carbon coatings
displays almost the same capacity, but 5%-Mo6S8 exhibits ~100%
capacity retention after 400 cycles. This can be attributed to the fact
that higher carbon content will lead to an uneven coating and part
of the carbon will fuse together, leading to poor coating effect. At a
higher rate, the advantage of 5%-Mo6S8 is more obvious (Fig. 5c).
These tests verify that the carbon coating is an effective modifica-
tion method for Mo6S8.

MoS2, similar toMo6S8, has some shared octahedrons, forming a
structure with three atomic planes. The Mo atom in the middle
separates the sulfur atoms in the two hexagonal planes, and the
adjacent layers rely onweak van derWaals force [61]. Thus, MoS2 is
able to intercalate different metal ions between its layers and has
been extensively used for electrochemically energy storage devices
(LIBs [62], SIBs [63], and supercapacitors [64]) with outstanding
performance, either as bulk material or in the form of chemically
exfoliated nanosheets. But both of them have the problem of
structural collapse, so a protective coating is needed on their sur-
face to improve their performance. Prussian blue (PB), a cyanide-
bridged coordination polymer with abundant interstitial voids,
permits the accommodation and release of cations, and no drastic



Fig. 5. (a) Raman spectra of Mo6S8, 5% Cecoated Mo6S8, and 10% Cecoated Mo6S8 samples. (b) The first and stabilized CV curves of 5% Cecoated Mo6S8 in 21 M electrolyte at
1 mV s�1. (c) Comparison of the specific capacity for Mo6S8 coated with different carbon amounts using LiMn2O4 as the cathode at a function of C-rate. Reproduced with permission
from Chu et al. [20], Copyright 2017 Elsevier Ltd. (d) SEM image of the composite and corresponding EDS mapping images. (e and f) Electrochemical measurements of a typical
three-electrode cell using 1 M Na2SO4 aqueous solution, galvanostatic discharge curves at different current densities and capacity retention in 10,000 charge/discharge cycles.
Reproduced with permission from Morant-Giner et al. [25], Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) XRD patterns of the virginal MoO3 nanobelts and
the PPy@MoO3 nanocomposite. (h) Cycling behavior of the MoO3//Na0.35MnO2 and PPy@MoO3//Na0.35MnO2 full cells at 550 mA g�1. (i) Ragone plots of the battery system using
0.5 mol L�1 Na2SO4 aqueous solution. Reproduced with permission from Wang et al. [69], Copyright 2013 Elsevier Ltd. (EDS ¼ energy dispersive X-ray spectroscopy; CV ¼ cyclic
voltammetry; XRD ¼ X-ray diffraction; SEM ¼ scanning electron microscopy; PPy ¼ polypyrrole).
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structural modifications will happen on reduction and oxidation
processes [65]. PB has also been integrated into different types of
composites with the aim of improving other aspects such as cycling
stability, homogeneous structuration at the nanoscale [66], ease of
assembly, or electrical conductivity [67]. For example, previous
results demonstrate that the formation of small-sized PB crystals
on a conducting carbon matrix can be very beneficial for electro-
chemical performance of the system. Small crystals provide shorter
diffusion lengths, and thus, alkali ion diffusion rates are improved.
Moreover, the strain produced by volume changes during ion
charge and discharge processes is minimized, which in turn im-
proves rate capability and stability of the electrode. Besides, as the
surface area increases, the contact between PB and the matrix be-
comes more efficient, improving electron transport and structural
resilience. Hence, with the PB coating, MoS2 can also be a promising
cathode candidate for SIBs, as described in the study by Morant-
Giner et al. [25]. Fe, K, N, Mo, and S distribute uniformly in the
element mapping of the PB-MoS2 composite cathode (Fig. 5d),
which confirms the introduction of PB. It is worth noting that, from
the electrochemical test (Fig. 5e and f), the capacities follow similar
trends during the whole cycling process and that its capacity re-
mains steady at the current density of 10 A g�1 with an excellent
capacity retention of z98% after 10,000 charge/discharge cycles.
This demonstrates the synergistic effect of PB and exfoliated MoS2
does well to the overall performance.

Different from Mo6S8 and MoS2, MoO3 has higher specific ca-
pacity and is also considered as a promising electrode material. In
the previous research study, MoO3 encounters some fatal problems
such as structural collapse [68]. By virtue of similar coating
methods,Wang et al. [69] used polypyrrole (PPy), a high conductive
polymer to protect MoO3. The peak intensity of PPy@MoO3 is
weaker than that of the virginal MoO3 nanobelts, which can be
attributed to the PPy coating (Fig. 5g). Yet this electrode evidently
exhibits an improved cycling behavior compared with pristine
MoO3. After 1000 cycles, only 21% capacity decays at the initial
cycles. As a comparison, pristine MoO3 undergoes a rapid capacity



Fig. 6. (a) Local structure around the Zn1 positions in ZnMo6S8. (b) EDX elemental mapping of ZnMo6S8. (c) Ex situ XRD patterns of the ZnxMo6S8 composite electrodes that were
electrochemically prepared in the zinc cells and XRD measurement points of ZnxMo6S8 during the discharge/charge process in the galvanostatic profile. (d) Reversible charge/
discharge curves of the Zn/Mo6S8 cells. (e) Cycle performances of the Zn/Mo6S8 cell in 0.1 M ZnSO4 aqueous electrolyte. Reproduced with permission from Chae et al. [27], Copyright
2016 American Chemical Society. (EDX ¼ energy dispersive X-ray spectroscopy; XRD ¼ X-ray diffraction).
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fading, and the capacity retention is less than 30% after 50 cycles
(Fig. 5h). It is believed that the large size of Naþ ions will cause
dissolution of Mo ions in the electrolyte during the charging-
discharging process. The PPy coating can not only depress the
dissolution of molybdenum ions but also minimize the volume
changes during the cycling process. Obviously, the battery shows
good rate capability with the presence of the PPy coating (Fig. 5i),
whose conductive characteristic greatly reduces the charge transfer
resistance.
3. Molybdenum-based aqueous ZIBs

Besides the non-poisonous, highly abundant, safe, and inex-
pensive characteristics of Zn metal, its low redox potential (�0.76 V
vs. standard hydrogen electrode (SHE)) and high overpotential for
hydrogen evolution endows Zn with thermodynamic stability in
aqueous media, and it possesses both high specific gravimetric
capacity (820 mA h g�1) and specific volumetric capacity
(5855 mA h cm�3) [70]. For ZIBs, the Zn anode relies on the
reversible Zn stripping/plating, whereas cathodes can be divided
into three categories, namely, Zn2þ coinsertion/extraction, Zn2þ

coordination/uncoordination, and conversion reaction, depending
on the microstructures and morphologies of different cathode
materials (Mn-based, V-based, prussian blue analogue (PBA)-based,
and other materials) [71]. Mn-based materials have a promising
prospect in large-scale application owing to their low cost. How-
ever, the low intrinsic electronic conductivity and inevitable Mn
dissolution directly cause poor rate capability and rapid capacity
fading ofMn-basedmaterials [72]. For V-basedmaterials, which are
known for their diversity in morphology, the serious structure
degradation during the discharge-charge process and their intrinsic
toxicity, to a great extent, impedes their deeper development [73].
Although PBA-based materials have a higher voltage platform, the
in-depth application of these materials is blocked owing to disad-
vantages such as low capacity (less than 100 mA h g�1), ephemeral
cycle life span (less than 1000 cycles), and inferior rate capability
[74]. In contrast, molybdenum-based materials with a tunnel/
layered structure are considered a promising material for aqueous
ZIBs owing to their moderate capacity and simplicity for large-scale
preparation.

Among them, the chevrel-phase Mo6S8 with large open sites of
the porous three-dimensional framework is an attractive host
material for electrochemical multivalent-ion intercalation[27]. In
ZIBs, Mo6S8 behaves differently from LIBs because of the large size
of the divalent charge carrier Zn2þ. In LIBs, no distinct voltage
plateau can be observed, demonstrating a single-phase ion inter-
calation/deintercalation. In ZIBs, there are generally two voltage
plateaus corresponding to two successive reactions, as illustrated in
Eqs. (2) and (3), respectively:

Zn2þ þ Mo6S8 þ 2e� / ZnMo6S8 (intercalatation in position Z1,
Fig. 6a) (2)

Zn2þ þ ZnMo6S8 þ 2e� / Zn2Mo6S8 (intercalatation in position
Z2) (3)

The energy dispersive X-ray spectroscopy (EDX) (Fig. 6b) depicts
that Zn2þ ions are well intercalated into Mo6S8, which is in agree-
ment with the XRD results (Fig. 6c). From the electrochemical tests,
we can figure that the discharge capacity of 88 mA h g�1 at 0.05 C
decreased to 57 mA h g�1 at 1 C. Cycle performance with various C



Fig. 7. (a) Illustration of the rechargeable Zn/MoS2 battery system. (b) Mo 3d and S 2p high-resolution XPS spectra of MoS2 obtained at different temperatures. Reproduced with
permission from Liu et al. [13], Copyright 2020 Elsevier B.V. (c) Schematic illustration of strategies developed to enhance Zn2þ diffusion kinetics. (d) Theoretically calculated effective
energy against the hydration level of Zn2þ. (e) Discharge/charge profiles at 0.1 A g�1. (f) Cycling stability at various current densities. Reproduced with permission from Liang et al.
[30], Copyright 2019 American Chemical Society. (XPS ¼ X-ray photoelectron spectroscopy).

Fig. 8. (a) Schematic illustration of the evolution and formation process of porous MoO2/Mo2N heterostructured nanobelts. (b) The Zn2þ intercalationeinduced activation and
stabilization process and cycling performance. (c) The Nyquist plots after different cycles. (d) Zn 2p, Mo 3d, and O 1s XPS spectra of MoO2/Mo2N heterostructured nanobelts
collected at various states after 200 cycles at 100 mA g�1. Reproduced with permission from Xu et al. [16], Copyright 2018 Elsevier B.V. (XPS ¼ X-ray photoelectron spectroscopy).
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Fig. 9. (a) Schematic illustration of the Zn2þ intercalation/deintercalation mechanism for the orthorhombic MoO3 electrode. (b) Life span of the aqueous device at a current density
of 6.0 A g�1. (c) Calculated CMo for the aqueous and quasi-solid-state electrolyte after different cycles. (d) Cycling performance of the quasi-solid-state Zn//MoO3 battery at a current
density of 6.0 A g�1. (e) Ragone plots of the quasi-solid-state Zn//MoO3 battery with the comparison of other reported electrochemical storage devices. Reproduced with permission
from He et al. [15], Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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rates are shown in Fig. 6e, which indicates that pristine Mo6S8 has
the problem of low capacity and capacity fading in ZIBs.

MoS2, another outstanding member of layered metal dichalco-
genides, has been recognized as a versatile material for energy
storage applications. The weak van der Waals interaction between
layers and the proper interlayer spacing make MoS2 an attractive
host for ion intercalation, especially Liþ and Naþ. Yet the Zn2þ

intercalation to MoS2 suffers from slow kinetics because of its large
size. For layered compounds such as MoS2, phase tuning is an
effective strategy to modify their electrochemical properties in
recent years. The bulk MoS2 crystal has a 2H phase with a trigonal
prismatic coordination geometry and an indirect bandgap of
~1.3 eV. When the coordination between molybdenum and sulfur
atoms is adjusted to be octahedral in the 1T phase, MoS2 starts to
show metallic properties. Specifically, different from the hydro-
phobic nature of the 2H phase, the surface of the 1T-phase MoS2
becomes hydrophilic, and its conductivity is about 105 times higher
than that of the 2H-phase MoS2. Considering the different atomic
and electronic structure of the two phases, 2H-phase and 1T-phase
MoS2 may display distinct performance disparities in the
rechargeable aqueous ZIBs. Liu et al. realized the assembly of the
high-performance rechargeable Zn/MoS2 battery by controlling the
hydrothermal temperature to achieve the phase conversion of
MoS2 from the 2H phase to 1T phase (Fig. 7a). In Fig. 7b, the two
obvious characteristic peaks of Mo 3d high-resolution spectra
correspond to the 3d5/2 and 3d3/2 doublet of Mo4þ components,
respectively. With the continuous decrease in the synthesis tem-
perature, these two peaks gradually shift to the lower binding en-
ergy, implying the transition of MoS2 from the 2H phase to 1T
phase, associated with the X-ray photoelectron spectroscopy (XPS)
variation of the S 2p1/2 and S 2p3/2 peaks. The highest proportion of
1T phase reached about 70% in MoS2-160 (MoS2-number, number
stands for the synthesis temperature), and aminimumvalue of 0.4%
is detected in MoS2-220. The following electrochemical test proved
that more 1T-phase MoS2 delivers a more outstanding perfor-
mance, demonstrating phase tuning is an effective way to improve
the performance of MoS2. MoS2-160 exhibits negligible capacity
decay (retention higher than 98.1%) even after 400 cycles, with a
coulombic efficiency of ~100%.

Apart from phase tuning, expanding the interlayer spacing is
another universal method to improve the kinetics of intercalation/
deintercalation. Expanding the interlayer spacing can boost the
kinetics because in this way, the lattice structure will be modified
and weaken the interaction between the framework atoms, which
is beneficial for ion diffusion without introducing adverse side-ef-
fects [44]. Liang et al. [30] performed density functional theory
(DFT) calculations to simulate the intercalation behavior of Zn2þ in
MoS2 with different interlayer spacing (Fig. 7c). In pristine MoS2,
the interlayer spacing between the two layers is about 3.1 Å, which
is too small to intercalate Zn2þ hydrates with the diameter of 5.5 Å.



Fig. 10. (a) Schematic illustration of the synthesis procedure of P-MoO3-x@Al2O3 nanoribbons. (b) High-angle annular dark-field scanning TEM of P-MoO3-x@Al2O3 and its corre-
sponding elemental color mapping. (c) The schematic illustration of Zn2þ adsorption/desorption for perfect MoO3 and MoO3-x. (d) Cycling performance tested at 20 A g�1 for 300
cycles of the Zn//MoO3, Zn//P-MoO3-x, and Zn//P-MoO3-x@Al2O3 batteries. Reproduced with permission from Liu et al. [31], Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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What is worse, the intercalation process needs energy to replace all
of the ZnIIeOH2 bonds by the ZnIIeS bonds, leading to a large
penalty and considerably sluggish Zn2þ diffusion. There are two
optional choices to tackle these problems: (i) interlayer spacing
tuning and (ii) hydrophobicity modification. By expanding the
interlayer spacing to 9.5 Å, MoS2 can incorporate Zn2þ cations with
5 water molecules as a solvation shell. As a result, only one
ZnIIeH2O bond needs to be broken during the intercalation process,
significantly reducing the energy requirements. Alternatively, the
replacement of the sulfur atoms of MoS2 by oxygen (denoted as
MoS2eO) brings about an enhanced hydrophilicity and therefore a
stronger ZnIIeH2OeO interaction, which can lead to lower inter-
calation energy as per the calculation (Fig. 7d). The DFT results are
further testified by the electrochemical performance comparison of
MoS2eO and MoS2. As shown in Fig. 7e, the MoS2eO electrode
delivers a dramatically larger capacity of 232 mA h g�1 at 0.1 A g�1,
more than 10 times higher than that of pristineMoS2 (21mA h g�1).
In addition, the introduction of O atoms also endows the sample
with superior rate performance. At the high current density of
1 A g�1, 43% of the capacity (98 mA h g�1) obtained at 0.1 A g�1 was
retained with MoS2eO (Fig. 7f). The dramatic improvement of the
energy storage performance induced by oxygen incorporation
should be cojointly contributed by the enlarged interlayer spacing
and the improved hydrophilicity.

To seek materials with higher specific capacity for ZIBs, similar
focus is put on MoO2, which embeds the favorable merits such as
high density, high melting point, and high theoretical capacity [75].
However, its further development is restricted by the low con-
ductivity and the large volume effect in the process of intercalation/
deintercalation. The resulting stress leads to pulverization and
cracking of MoO2, causing slow kinetics, poor rate performance,
and low coulombic efficiency of the first cycle [76]. To address the
aforementioned problems, researchers have proposed a series of
methods to improve the electrochemical performance of MoO2,
such as constructing carbon matrix nanocomposites such as MoO2-
graphene [77], MoO2-C [78], and MoO2-carbon nanotubes [79].
Currently, there are few reports about bulk MoO2 used in ZIBs.
Different from conventional MoO2 and carbon composites, Xu et al.
[16] synthesized MoO2/Mo2N heterostructured nanobelts with
excellent cycling performance via an electrochemical activation
method (Fig. 8a). The capacity of the prepared Mo2N decreases
gradually during the first 30 cycles. After 30 cycles, the electro-
chemically formed MoO2 on the porous surface of Mo2N results in
the increase of the capacity. After 300 cycles, it is gradually stabi-
lized, reaching a maximum capacity of 120 mA h g�1 at 500 cycles.
The generated MoO2 grains can not only accommodate the inter-
calated Zn2þ ions, increasing the capacity, but also provide high
electronic conductivity, improving the rate capability. The capacity
change is testified by the electrochemical impedance spectroscopy
(EIS) test (Fig. 8b and c). The charge transfer resistance gradually
decreases in the initial 300 cycles and then remains stable after-
ward, indicating the battery becomes stabilized after 300 cycles.
The reversible electrochemical reaction of Zn2þ intercalation is
evident in the XPS results (Fig. 8d), which also implies different
bonding interactions of O and Mo with the Zn atoms in ZnyMoO2
due to this special electrochemical activation.

MoO3, another emerging cathode material for ZIBs, is a typical
transitional metal oxide with a theoretical specific capacity of
372 mA h g�1 and low resistivity. The preparation process of MoO3
is relatively simple, so it can be prepared on a large scale. For stable



Fig. 11. (a) Schematic of an aqueous Al-ion cell. Reproduced with permission from Chao et al. [22], Copyright 2019 Elsevier B.V. (b) XRD patterns of fresh, Al-inserted, and Al-
extracted electrodes. (c and d) SEM elemental mapping image showing the presence of molybdenum and aluminum in the reduced electrode. Reproduced with permission
from Joseph et al. [24], Copyright 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (eeg) Galvanostatic discharge/charge curves of MoO3 in 1 M AlCl3, 0.5 M Al2(SO4)3, and 1 M
Al(NO3)3 aqueous electrolytes at a specific current of 2.5 A g�1. Reproduced with permission from Chao et al. [22], Copyright 2019 Elsevier B.V. (SEM ¼ scanning electron
microscopy.;XRD ¼ X-ray diffraction).
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orthorhombic a-MoO3, each octahedron accumulates to form a
special layered structure. The [MoO6] octahedron in the layer is
connected by sharing the edge and the equatorial top angle, and the
layers are connected by van der Waals forces. There are many
tetrahedral and octahedral holes in all the three crystal structures,
the microchannels of which provide spacious places for diffusion,
transport, and accommodation of metal ions. Pitifully, the large
volume changes, and structural collapse during repeated charging/
discharging processes usually leads to a short life span and low
capacity retention of the resultant ZIBs, which holds back their
further development. Proper electrolyte formulation is demon-
strated to be capable of addressing the aforementioned issues for
MoO3. In aqueous electrolytes, the intercalated Zn2þ ions are only
partly extracted during the charging process, and ZnxþyMoO3 is
formed as the cathode (Fig. 9a). As previously mentioned, Zn2þ ions
with a larger size encounter bigger electrostatic force, while Zn2þ
intercalates or deintercalates with the host MoO3. As per the
electrochemical test, the capacity of MoO3 declines rapidly in the
first several cycles, and only 27.1% of the initial capacity is preserved
after 400 cycles (Fig. 9b), signifying its bad cycling stability. This
should be attributed to the gradual dissolution of Mo into the
electrolyte during the test (Fig. 9c). Quasi-solid-state polyvinyl
alcohol (PVA) electrolyte with high viscosity can effectively limit
the dissolution and migration of metal ions. The electrode exhibits
a higher capacity retention of 70% (Fig. 9d) in PVA electrolyte than
~30% in the aqueous one. Profiting from the high capacity, the as-
fabricated quasi-solid-state Zn//MoO3 battery can afford a
maximum energy density of 14.4 mW h cm�3 and a power density
of 9.79 mW cm�3, which greatly exceeds the value of previously
developed aqueous batteries (Fig. 9e).

Interfacial design of MoO3 electrodes is also validated to be
capable of improving their electrochemical performance. Very



Fig. 12. (a) Galvanostatic discharge/charge curves of MoO3 at 2.5 A g�1. (b) Variation of charge/discharge capacities with cycle number using 1 M AlCl3 aqueous electrolyte. (c and d)
Galvanostatic discharge/charge curves of G-MoO3 at 2.5 A g�1 in 1 M AlCl3 aqueous electrolyte and H2O-diglyme (50:50 v/v ratio) electrolyte. (e) Variation of specific capacities with
cycle number for different volume ratios of electrolytes. (f) Comparison of variation of specific capacities of G-MoO3 and MoO3 with cycle number in different volume ratios of
electrolytes. Reproduced with permission from Lahan and Das [23], Copyright 2019 Springer Nature.
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recently, Liu et al. [31] combined oxygen vacancy and Al2O3 pro-
tective layers to modify the surface properties of MoO3 nanorods
(NRs). To be specific, a thin layer of Al2O3 is coated onto the surface
of MoO3 NRs using atomic layer deposition technology, while the
introduction of oxygen vacancies is achieved by the subsequent
annealing in N2 at 400�C with a P source (NaH2PO2$H2O) (Fig. 10a).
For the as-prepared P-MoO3-x@Al2O3 sample (Fig. 10b), the Al2O3
coverage alleviates structural collapse and dissolution of MoO3, and
the oxygen vacancy enables better cycling stability by facilitating
the charge transport and boosting the surface reactivity. DFT cal-
culations further reveal the detailed influence of oxygen vacancies
on the electronic structure and Zn2þ storage behavior of MoO3
(Fig.10c), that is, MoO3with one oxygen vacancy (denoted asMoO3-
x) shows an adsorption energy closer to 0 eV (�0.79 eV) in com-
parison with the bulk MoO3 (�3.03 eV), which hints that the
desorption of Zn2þ on MoO3-x is thermodynamically more favor-
able and its higher reversibility of Zn2þ adsorption/desorption. As a
result, an admirable capacity of 257.7 mA h g�1 at 1 A g�1 was
achieved by the aqueous ZIB using the P-MoO3-x@Al2O3 cathode,
more than twice that of the Zn//MoO3 battery (115.8 mA h g�1). The
Zn//MoO3 and Zn//P-MoO3-x batteries show rapid capacity atten-
uation, with only 24.5% and 40.8% capacity retention after 100 cy-
cles, respectively, while the capacity of the Zn//P-MoO3-x@Al2O3
battery degrades slowly, with 69.2% of its initial capacity preserved
after 100 cycles, manifesting good protection of the surface Al2O3
coating.



Fig. 13. (a) Schematic image of the orthorhombic a-MoO3 structure. (b) Tunnel structure of h-MoO3. (c) GCD profiles of h-MoO3 and a-MoO3 electrodes, respectively. (d) Rate
performance of h-MoO3 and for a-MoO3, respectively, (e) GCD curves mark out the traced states. (f) FTIR results and the enlarged section of the marked-out red rectangle. (g) Solid-
state 1H MAS NMR spectra and the arrows point out the evolution process of the signal shift of NH4

þ at different states. (h) Diffusion activation energy of NH4
þ along the MoO3 tunnel.

(i) Evolution of three stages during NH4
þ diffusion process from state a to b to c, wherein the green arrow indicates the moving direction of H atom from current state to the

following state. Reproduced with permission from Liang et al. [17], Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (h-MoO3 ¼ hexagongal MoO3; GCD ¼ gal-
vanostatic chargeedischarge; MAS NMR ¼ magic angle spinning nuclear magnetic resonance; HB ¼ hydrogen bond; SCE ¼ saturated calomel electrode).
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4. Molybdenum-based aqueous AIBs

As the most abundant metal in the earth's crust, aluminum (Al)
has a natural advantage in terms of cost. Compared with other
metals, Al has the highest volume specific capacity
(8040 mA h cm�3) and high safety [80]. Al is covered by an inert
Al2O3 layer with high bandgap because of auto-oxidation, which
leads to its electrochemical inertia. By introducing room-
temperature ionic liquid and carbon as the electrolyte and cath-
ode, the following reactions are realized in non-aqueous AIBs, as
illustrated in Eqs. (4) And (5):

Anode: Al þ 7AlCl4� / 4Al2Cl7� þ 3e� (4)

Cathode: Cn[AlCl4] þ e� / Cn þ AlCl4� (5)

As the ionic liquids are generally water-sensitive, air-sensi-
tive, and incompatible with battery components (e.g. current
collector and binder polyvinylidene fluoride (PVDF)) [81], it is
necessary to develop aqueous AIBs using Al3þ ions as charge
carriers instead of AlCl4�/Al2Cl7� (Fig. 11a). In the aqueous sys-
tem, reversible Al stripping/plating takes place on the anodes,
whereas intercalation/deintercalation of Al3þ ions occurs on the
cathode side, which is similar to that of ZIBs. Compared with
monovalent or divalent metal-ion batteries, AIBs possess much
higher surface charge density. At present, cathode choices for
the accommodation of Al3þ ions are quite limited considering
their large ionic radius of 0.0535 nm and high electrostatic
repulsion. The only investigated electrode materials in aqueous
AIBs so far are CuHCF [82], TiO2 [83], V2O5 [84], MnO2 [15],
cryptomelane [85], and MoO3. Indeed, only a few works using
the MoO3 cathode have been reported for the assembly of
aqueous AIBs. Lahan and Das [6] used the conventional hy-
drothermal method to transform the precursor [(NH4)2MoS4] to
MoO3. The successful Al3þ intercalation is confirmed by the
peak shift of the XRD plot (Fig. 11b) and the EDX result (Fig. 11c
and d). Notably, the composition of electrolytes plays an
important role in the electrochemical performance of AIBs. As
shown in Fig. 11e and g, AlCl3 enables a favorable capacity of
680 mA h g�1 in the initial cycle at 2.5 A g�1

, and a 25.4% ca-
pacity retention is attained after 350 cycles. Al2(SO4)3 has
higher capacity but severer fading problem with 18.9% capacity
retention after 350 cycles. Al(NO3)3 shows an ultrahigh capacity
in the initial cycle, but its shock reduction pace blocks the way
to practical application. It is thus demonstrated that Al3þ

intercalation/extraction is easy to take place in aqueous AlCl3
and Al2(SO4)3 electrolytes, yet absolutely deterrent in Al(NO3)3
electrolytes. However, the cycling performance of MoO3 re-
mains utterly disappointing.

Afterward, the same group demonstrates the synergistic effect
of diglyme as an electrolyte additive and graphene as a conductive
additive in improving the Al3þ storage capacities of MoO3 in
aqueous electrolytes [23]. It can be seen from Fig. 12a and b that
pristine MoO3 suffers from the problems of low capacity and ca-
pacity fading in AlCl3 electrolyte (only 42 mA h g�1 is kept at the
100th cycle). With the graphene additive, its capacity is three times
the original one (Fig. 12c), reaching ~600 mA h g�1, but the capacity
fading problem still exists. By adding the diglyme additive, the
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cycling performance of MoO3 is greatly optimized (Fig. 12d and e).
The optimal ratio of H2O and diglyme is 50:50 as per the cycling
tests. With the help of the composite cathode and moderate
diglyme additive in the electrolyte, AIBs display higher capacity and
a longer cycling life, but the specific reasons for this synergistic
effect still need to be explored.
5. Molybdenum-based aqueous novel batteries

In recent years, non-metallic cations, e.g. proton (Hþ) [86], hy-
dronium (H3Oþ) [87], and ammonium (NH4

þ) ions [88], have rarely
emerged as novel charge carriers in the aqueous battery because
their smaller size ensure faster kinetics than the metallic ions.
When these carriers are used, a fast bonding/breaking process of
the hydrogen bond occurs during the cycling test [89]. Specifically,
a H atom bridging two hydrogen-bondedwater molecules switches
its allegiance from one molecule to the other, kicking out one of the
existing H atoms from its adopted molecule and triggering a chain
of similar displacements through the hydrogen-bonding network.
The motion is similar to Newton's cradle, with correlated local
displacements leading to long-range transport of protonsdvery
different from conduction of metal ions, wherein solvated metal
ions diffuse long distances individually.

Among different energy storage devices, the ammonium-ion
battery is a representative novel type. To select hosting anode
materials for NH4

þ, large ionic channels and the pseudocapacitive-
dominated behavior should be considered to accommodate NH4

þ

ions and to boost the kinetics. MoO3 is a promising anode candidate
for the ammonium-ion battery because it meets the aforemen-
tioned two demands. It is well known that there are two crystal
forms of MoO3 with different structures: orthorhombic a-MoO3

(Fig. 13a) and hexagonal h-MoO3 (Fig. 13b). The latter one has a
tunnel structure with abundant exposure of oxygen atoms at the
corner of [MoO6] octahedra, which makes it easier for cations to
migrate. The galvanostatic charge/discharge profiles shown in
Fig. 13c reveal that the discharging capacity of h-MoO3 reaches
94 mA h g�1 in stark comparison with that of a-MoO3 at
44 mA h g�1, which should be attributed to the higher structure
openness degree of h-MoO3. Moreover, the ratio of crystal packing
factor in unit cell volume compared with that of a-MoO3 is 0.84:1,
suggesting more sites and a larger channel space inside the h-MoO3
for charge carriers to interact. Owing to faster diffusion of NH4

þ in
the facile pathway of the h-MoO3 framework, the rate performance
of h-MoO3 is superior to that of a-MoO3 (Fig. 13d). Durable cycling
stability is also realized, with 94% capacity retention after 100,000
cycles at 150 C, which testifies its great potential in high-power and
long-term applications. Apart from electrochemical tests, Fourier
transform infrared spectroscopy, shown in Fig. 13f, and solid-state
nuclear magnetic resonance (SSNMR), shown in Fig. 13g, are con-
ducted to uncover the intercalation of NH4

þ. The stretching peak at
2850 cm�1 and 2920 cm�1 is assigned to the hydrogen atom
bonded with the MoO3 host and NeH stretch of a non-bonded H,
respectively. These two peaks clearly reveal the building-breaking
conversion of hydrogen bonds between NH4

þ and h-MoO3 during
ammoniation/deammoniation process. SSNMR is performed to
directly and quantitatively analyze the protonic species in h-MoO3.
Accordingly, this building-breaking conversion of the hydrogen
bond is reversible and can be divided into three statuses, namely,
1st, 2nd, and 3rd status. Regarding ammoniation dynamics, the
transport pathway of NH4

þ and the corresponding relative energies
along the MoO3 tunnel framework are further studied. Along the
diffusion pathway, three individual states would be successively
formed, i.e. state a to state c, with different binding energies, which
are correlated to different hydrogen bond numbers as 2, 3, and 4
(Fig. 13h). Specifically, NH4
þ would initially form three hydrogen

bonds in state a and then diffuse to state b, forming four hydrogen
bonds with an energy barrier of 0.11 eV. As NH4

þ diffused further
from state b to state c, the energy barrier increased to 0.21 eV with
the formation of two hydrogen bonds (Fig. 13i). All experimental
analyses and theory calculations converge to the conclusion that
NH4

þ could reversibly insert/extract the h-MoO3 framework
through rich bonding chemistry with electrode hosts by building/
breaking hydrogen bonds, to realize ultrafast kinetics.
6. Conclusion and perspectives

We have comprehensively summarized the latest development
of molybdenum oxides and molybdenum sulfides for aqueous
rechargeable batteries. At present, the application of molybdenum-
based materials in aqueous batteries is still in its infancy, and there
are only few works reported recently. There are some problems in
different molybdenum-based materials, such as poor conductivity,
slow intercalation kinetics, structure collapse, electrode dissolu-
tion, and relatively low voltage platform in some aqueous systems
(such as Zn//Mo batteries), which limit their further application. To
address these issues effectively, numerous methods have been
proposed. The carbon coating and other composite materials can
solve the problem of conductivity, and coating polymers can also
effectively inhibit the deterioration of the electrode. The formula-
tion of WiSE broadens the electrochemical window and improves
the cycling stability. The use of gel electrolyte greatly inhibits the
dissolution of the electrode. The relatively low voltage platform can
be solved by combining several cells in series, which can be
adjusted as per the actual demand. At the same time, the intro-
duction of oxygen vacancy/sulfur vacancy, the expansion of inter-
layer spacing, and the exploration of new mechanism have tackled
the slow kinetics, especially in ZIBs and AIBs. However, there is still
a great challenge in this promising field. Hence, we have made a
brief comment on the prospects of molybdenum-basedmaterials in
aqueous batteries.

1. Rational design of novel electrode materials: Although the
performance of molybdenum-based materials has been
improved, it is still far from satisfactory, especially not suitable
for practical applications. Most of them suffer from poor con-
ductivity and structural collapse caused by ion intercalation/
deintercalation, which can be greatly alleviated by using a
conductive polymer coating such as PPy and polyaniline. The
exploration of nanocomposites or nanohybrids is one of the keys
to the rational design of high-performance electrode materials.
The development of a simple and general method to expand
layer spacing is an effective measure to alleviate structure
deformation during the cycling test. The key challenge in the
future lies in how to combine these two effects together with a
simple and cost-effective method.

2. The breakthrough of WiSE formulation: Owing to the large
solubility of the corresponding salt in water required by WiSE,
the solubility of metal salt is generally low, making it difficult to
obtain a proper WiSE. Therefore, it is necessary to design novel
formulations of WiSE. It may be possible to increase the solu-
bility of metal salts by mixing electrolytes or adding additives
that are helpful for dissolution [90]. But there should be a trade-
off between WiSE's performance and cost.

3. Further reaction mechanism exploration: Studies on charge-
storagemechanisms of molybdenum-basedmaterials have been
deliberated, such as in situ transmission electron microscopy
and ex situ XRD and electrochemical measurement such as the
in situ EIS test. Although some advances have been achieved for
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charge carriers of smaller size, e.g. novel batteries using Hþ,
H3Oþ, and NH4

þ and AIBs using AlCl2þ [91], further deeper in-
sights into the reaction mechanism are still required to be
clearly disclosed. Therefore, more attention should be paid to in
situ electrochemical detection and real-time observation of
molybdenum-based electrodes in different energy storage de-
vices during operation.
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