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Owing to the unique advantages of short solid-state diffusion length for metal ions, outstanding ability to alleviate
the huge volume expansion of the electrode during repeated charge/discharge process, considerable large amount
of channels for electrolyte access leading promoting fast ion diffusion between electrode, and numerous exposed
active sites, nanosheet structures are regarded as the ideal electrode structures for achieving high capacity and

ultrafast charge/discharge of energy storage. Herein, this review provides a comprehensive introduction of recent
nanosheet-based electrode materials for high performance batteries, like monovalent ion (lithium and sodium)
batteries and multivalent ion (magnesium, zinc and aluminum) batteries. Facile and simple strategies of syn-
thesizing electrodes and different mechanisms of energy storage are presented. Furthermore, the challenges and
development directions of nanosheet-based materials and rechargeable battery systems are discussed.

1. Introduction

The ever-fast fossil fuel consumptions in our daily lives have led to the
environmental pollution and energy depletion [1]. Therefore, people are
looking for new opportunities from renewable resources, such as solar
and wind, which are considered as the clean and environmental friendly
energy. Unfortunately, these energies are inherently unstable and cannot
be utilized directly as power sources in energy storage and conversion
applications [2]. Electrochemical energy storage and innovative mate-
rials chemistry are regarded as the key point of achieving energy storage
and conversion with high efficiency and gainful convenience [3]. As a
result, the further development of the rechargeable battery systems, such
as monovalent ion (lithium and sodium) batteries (denoted as LIBs, SIBs)
and multivalent ion (magnesium, zinc and aluminum) batteries (denoted
as MIBs, ZIBs, AIBs), has attracted intensive attention.

The realization of high-power capability is known to be the most
important factor to achieve high power density applications, like electric
vehicles and portable electronic devices. However, the sluggish kinetic
issues incorporating tardy ion/electron diffusion in electrochemically
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active electrodes have greatly impeded the achievement of high-rate
capability. It is well known that the characteristic time constant t for
ions diffusion is proportional to the square of the diffusion length L
(t~L2/D) [4,5]. Based on this formula, an effective strategy has been
proposed by decreasing the multi-scale dimensions of the electrode ma-
terials, which hold the potential to shorten ion and electron transport
lengths and improve current rates [6,7]. Therefore, various nanoscale
materials were fabricated and employed as promising electrodes for en-
ergy storage applications, such as nanotubes [8], nanoparticles [9],
nanobelts [10], nanowires [11], and nanosheets [12,13]. Among these
different nanostructures, nanosheets have attracted intensive attention
due to the following advantages. Compared with nanoparticles, nano-
sheets possess considerable surfaces and channels for electrolyte access,
resulting in promoting fast ion transportation between the battery elec-
trodes. Compared with nanowires and nanotubes, nanosheets possess the
enhanced conductivity within a two-dimensional plane, which is favor-
able for ion migration and diffusion. Compared with nanobelts, nano-
sheets own relatively more exposed active sites due to their ultrathin
architectures [14], which is advantageous for enhancing the ion storage
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performances. All of the advantages promise nanosheet-based materials
an ideal electrode material for storing various metal ions and achieving
high-capacity and rate energy storage.

Nanosheet is a two-dimensional (2D) nanostructure with thickness in
a scale ranging from 1 to 100 nm. A typical example of a nanosheet is
graphene, which consists of a single layer of carbon atoms with hexag-
onal lattices. To our best knowledge, different kinds of layered titanates,
such as HyTiz07, HoTisO9 1.2H50 and H,Tis01; - 3H20, have been syn-
thesized in the 1990s, which are the earliest reported nanosheet-based
materials [15]. After that, various kinds of nanosheets have been pre-
pared, such as metal oxides and metal chalcogenides. The morphologies
of these materials have been developed in recent years, what’s more,
various strategies such as inducing defects, constructing hetero-
structures, as well as doping, have been employed to improve the elec-
trochemical performances of batteries. Recent electrodes constructed by
nanosheet-based materials for high performance batteries may be clas-
sified into three major species, transition metal oxides (TMOs) [16],
transition metal chalcogenides (TMCs) [17], and other type nanosheets,
like MXene [18], carbon nanosheets [19] and porous graphene [20-22]
(Fig. 1). TMOs, such as MnO; [23], TiO5 [24-26], ZnO5 [27], MoO, [28],
NiO [29] and Co304 [30], which composed of the transition metal
element from the d-block of the periodic table with oxygen element.
Owing to the abundant natural reserve, special redox chemistry mecha-
nisms, variable bonding structure, unobstructed ion transfer channels, as
well as interactions with short distance between ions and charge carriers
[16,31], TMOs hold the promising potential in rechargeable batteries. In
addition, layered TMOs with stacked 2D sheets possess strong in-plane
covalent interactions and weak van der Waals (vdWs) interactions
[32]. Due to the improved electrochemical properties of 2D form layered
TMOs compared to the bulk counterpart, achieving effective exfoliation
is the key point for applying TMOs as electrode materials in rechargeable
battery systems. 2D layered TMCs composed of groups IV—X transition
metals with chalcogen display unique physical and chemical property
[33]. Like the structure of graphene, a metal center is bonded by other
surround six chalcogen atoms within each layer and every single layer is
coupled through vdWs interactions [34], thus, single- or few-layer TMCs
sheets can be easily exfoliated from bulk materials. Merits in high specific
surface area, abundant exposed atoms, as well as unsaturated coordina-
tion at edge, TMCs hold a great potential in electrochemical energy
storage field, since electrochemical reactions usually occur at surfaces or
interfaces [35]. Recently, 2D MXene [36], layered phosphides [37], as
well as porous graphene nanosheets [38-40] were also explored for
electrode materials in rechargeable batteries.

Herein, this review provides a comprehensive introduction of recent
nanosheet-based electrode materials for high performance batteries, like
LIBs, SIBs, MIBs, ZIBs, AIBs. Various facile and simple synthesis strate-
gies, such as hydrothermal [41], microwave-assisted [42], low temper-
ature synthesis [43], thermal decomposition [44], as well as
precipitation process [45] are presented. The different mechanisms of
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Fig. 1. Nanosheet-based materials for different kinds of batteries.
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energy storage are discussed in the meantime. Moreover, taking advan-
tage of crystal geometry control, alloying, defect engineering, doping, as
well as heterostructure configuration is critical to adjust the properties of
these nanosheet-based materials to extend the range of their practical
availability [35,46].

2. Nanosheet-based materials for LIBs

Although LIBs have achieved broad success in commercial market on
account of the energy density consideration, the weak point of fail in fast
charging/discharging has hindered their further applications in high
power density fields [47-51]. To solve this problem, recently, numerous
nanosheet-based materials have been successfully designed and prepared
for further enhancing the rapid Li* storage properties. As can be seen
from Table 1, the common employed materials are mainly MnO3, Co304,
MOOz, NiO, TiOZ, Sn02, MOSz, SHSZ, VSz, Nsz, ReSz, VSez, Ti3C2, gra-
phene, CaV40y9, and silicene, etc. It’s worth noting that most of these
materials exhibit a high initial capacity of over 1000 mA h g~*, while the
Coulombic efficiency of the 1st cycle is not ideal.

2.1. TMOs nanosheets

Among the numerous TMOs, manganese dioxide (MnOj) holds
promising potential for LIB anode applications because of the high
theoretical capacity (1233 mAh g™ 1), wide potential window, abundant
natural reserve, and non-toxic [52-54]. Xiong and co-workers synthe-
sized the genuine unilamellar MnO,/graphene superlattice nano-
structure through molecular-scale hybridized strategy, which can shorten
diffusion lengths, expose more active sites, reduce volume changes, and
thus lead to further improvements of electrochemical performance [55].
Two-step conversion reaction, confined in the 2D channels between the
graphene networks, is proposed as the mechanism of Li storage (Fig. 2a).
First step, MnO, nanosheets are converted into MnO sheets at approxi-
mately 0.7 V, and followed by converted into Mn layers at about 0.1 V at
the second step [56]. The high-resolution TEM (HRTEM) confirmed the
lithiation mechanism. Before lithiation, MnO, and rGO with spacings of
~0.8 and 1.4 nm, respectively, can be found (Fig. 2b). After one step
lithiation, the lattice spacings changes to ~0.27 nm (Fig. 2¢), which in-
dicates the {111} planes of MnO layer. After lithiation completed, the
{111} lattice planes of Mn® with lattice spacing of ~0.22 nm are mainly
observed (Fig. 2d), which indicates MnO are reduced to Mn layer.

As another important kind of TMOs materials, cobalt tetroxide
(Co304), which can store eight lithium atoms per formula unit, has been
extensively investigated due to the excellent physical properties, as well
as its high theoretical capacity (890 mA h g_l) [30,57]. Yan and
co-workers prepared the stacked ultrathin Co304 nanosheets with surface
anion functionalization (Fig. 2e) [58]. Such structure possesses abundant
interconnected channels with negative surface charge, which is benefi-
cial for fast Li" transport. The mechanism of Lit storage in C0304
nanosheets was revealed by CV curves (Fig. 2f). During the 1st cycle, a
cathodic peak at 0.69 V represents the reduction process from Co304 to
Co, and the formation of Li»O, together with the formation of solid
electrolyte interphase (SEI). On the other hand, the charge peak at 2.08 V
signifying the oxidation process from Co to Co3O4. During the next cy-
cles, except for the discharge peak shifted from 0.69 V to a higher voltage
of 0.98V, the other peaks coincided well with the first scan, which in-
dicates high electrochemical reaction reversibility of the Co304 archi-
tecture. Although Co304 holds high specific capacity, poor electrical
conductivity and high volume change (249%) have impeded the wide
applications. Song and co-workers designed ZnCos04 doped Co304 hol-
low nanospheres [59], which can effectively relieve the volume expan-
sion, thus exhibits high specific capacity (890 mA h g~!) at high current
density of 1Ag™L.

Except for doping, forming porous structures is another effective way
to enhance electrochemical performances. Co304 nanosheets with
controllable pore size were fabricated by Chen and co-workers via a
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Table 1
Summary of synthesis methods and electrochemical properties of various kinds of nanosheets for LIBs.
Materials Synthesis method Electrochemical performance Ref.
Coulombic Initial capacity Rate capability Cycling stability
efficiency
MnO, solution-phase electrostatic 54% (1st) 1395mAh g! 545mAhg! 480mAh g~! (5000th cycle at [55]
assembly 01Ag™h 6.4Ag™ ) 5Ag )
Co304 liquid-phase reaction and post- 70% (1st) 1145mAhg! 137mAhg™! 375mAhg~! (1500th cycle at [58]
annealing 1Ag™ (20Ag™ 5Ag7H)

MoO, sol-gel method and post-annealing 60% (1st) 967mAhg! 341mAhg ' (5Ag")  300mAhg ! (1000th cycle at [65]
01Ag™H 10Ag™Y)

NiO precipitation and post-annealing 67% (1st) 1013mAhg! 680mAhg! 950mAhg~! (150th cycle at [69]
02Ag™h 1.6Ag™H 02Ag™

TiO, solvothermal method 83% (1st) 240mAhg! 130mAhg ! (20C) 160mAh g~! (400th cycle at 5C) [74]
(335mAg™))

Sn0, hydrothermal and post-annealing 85.9% (1st) 1076 mAh g! 656.2mAhg! 471.2mAhg! (1500th cycle at [76]
(50mAgh) 1.5Ag™ 09Ag™

MoS, hydrothermal and post-annealing 73% (1st) 1036 mAh g! 747mAhg ! (5Ag™YH 753mAh g~ (1000th cycle at [86]
01Ag™hH 2Ag™H

SnS, solvothermal method 80% (1st) 1200 mAh g! 620mAhg™! 1100 mA h g~! (50th cycle at [78]
02Ag™ (10Ag™ 0.2Ag™)

VS, solvothermal method - 1050 mA h g! 570mAhg! 850mAhg~! (500th cycle at [93]
01Ag™hH (10Ag™H 1Ag™hH

NbS, oil-phase synthetic process 65.4% (1st) 924mAhg! 461.3mAhg! 612mAhg ! (1500th cycle at [96]
01Ag™hH (10Ag™ 3AgH

ReS, electrospinning and hydrothermal 73.9% (1st) 630mAhg? 360mAhg ! (2Ag) 440mAhg ! (400th cycle at [100]
01Ag™ 0.1Ag™

VSe, solvothermal method 76% (1st) 745mAhg? 571mAhg ! (2Ag™) 766mAhg! (50th cycle at [104]
01Ag™H 0.1Ag™H

TizCy etching and sonication 42% (1st) 1730 mAhg™! 167mAhg ' (2Ag") 828mAhg ' (100th cycle at [109]
(0.1Ag™ 0.1Ag™)

N-doped supramolecular polymerization and 55.3% (1st) 1440 mA h g’l (0.20) 356 mA h g’1 (100) 900mAh g’1 (150th cycle at [111]

graphene annealing 0.2C)

CaV409 hydrothermal and post-annealing 73.5% (1st) 700mAh g’l 330 mA h g’l (5Ag™h 456 mA h g’1 (400th cycle at [123]
01Ag™H 0.5Ag™H)

Silicene liquid oxidation and exfoliation 61.6% (1st) 870mAhg! 312mAhg ' (5Ag™) 721 mAhg ! (100th cycle at [1271
01Ag™h 0.1Ag™

graphene oxide template-directed strategy [60]. The unique structure of
porous Co304 nanosheets possesses the following three advantages, thus,
holds great potential to achieve both excellent rate capability and high
specific capacity. First of all, the hindered of electrode pulverization and
promoted specific surface area can be achieved due to the highly inter-
connected Co304 and the porous framework, respectively [61]. In addi-
tion, the conductivity of electrodes can be increased efficiently owing to
the continuous transport paths of electrons provided by this 2D porous
structure, which beneficial to the fast charging/discharging [62].
Furthermore, the efficient Li* transport throughout the entire electrode
can be achieved because the hierarchical porous architecture can
obstruct the restack of nanosheets effectively, thus facilitate the transport
of electrolyte ions. As a result, together with the above-mentioned su-
periorities, the 2D porous Co3z04 nanosheets can realize the superb rate
capacity.

Molybdenum dioxide (MoO5), as one kind of TMOs, possesses the
advantages of high theoretical capacity, metallic characteristics of about
200Scm™! conductivity, low cost, and environment friendliness, there-
fore attracts widespread attention [63,64]. Zhao and co-workers syn-
thesized the MoO2 nanosheets, which are homogeneously dispersed in
carbon nanosheets and together constructed tubular hierarchical struc-
ture, via a simple sol-gel approach and subsequently annealing process
[65]. The distinct structure of as-prepared hierarchical MoO, tubes can
not only facilitate the rapid diffusion of Li*, but accommodate the me-
chanical stress along with the cycling charge-discharge processes as well.
Moreover, the electrode resistance can be greatly reduced because of the
existence of high electronic conductive MoO,. What’s more, the rate
capability can be further improved due to the three-dimensional path-
ways of the Li™ and electrolyte provided by cavities of tubular nano-
structures (Fig. 2g). As a result, the hierarchical structure exhibits
satisfactory electrochemical performances for Li" storage capability
(~300 mAhg’l), and maintain 89% capacity at 10Ag’1 after 10,000

cycles. The hierarchical tubular nanostructure can be preserved, which
displays an excellent stability. CVs were conducted to further investigate
the Li* storage (Fig. 2h). A wide reduction peak appears in the 1st cycle
at ca. 1.27 V, which can be classified as the Li" insertion into the anode,
and the following peak (ca. 0.67 V) is ascribed to the next conversion
process from MoOs nanoclusters to Mo and Li>O, as well as the appear-
ance of SEI [66]. During the followed two circles, cathodic peaks at ca.
1.56 and 1.33V can be attributed to the appearance of LiyMoO,
(0 < x < 0.98) due to the reversible Li* intercalation, and the other peaks
at ca. 1.39 and 1.69 V can be attributed to Li* deintercalation [65]. The
reversible phase transition of hierarchical tubular MoO, nanostructures
between monoclinic MoO3 and orthorhombic LiyMoO, guarantees high
electrochemical reaction reversibility of the electrode, which is revealed
by the overlapping cycling CV curves.

Because of the thermal stability, physical and chemical stability,
natural abundance and high theoretical capacity (718 mAhg™1), nick-
elous oxide (NiO) is often investigated as another promising anode ma-
terial for LIBs [67,68]. Hybrid nanostructures of NiO nanosheets
anchored on carbon hollow spheres (NiO NSs@C) was prepared by Liang
and co-workers via a facile precipitation reaction and thermal treatment
subsequently (Fig. 2i) [69]. The structural characteristics of bowl-like
and hierarchical features of NiO NSs@C particles can be obtained after
annealing process (Fig. 2j). Moreover, the inset TEM image exhibits the
hollow nanostructures which agrees well with Fig. 2j. So as to further
explore the mechanism Li™ storage mechanism, CV was performed be-
tween the potential window of 0.005-3.0 V (Fig. 2k). In the first cathodic
scan, an obvious current peak occurring at ca. 0.5V is regarded as the
formation of SEI as well as the reduction reaction of NiO [70]. The anodic
peak occurring at about 1.46V and 2.2V can be attributed to the
oxidation of Ni and the partial SEI film decomposition, respectively [71].
Furthermore, the maintained cycling of CV curves demonstrating the
good electrochemical reversibility of NiO NSs@C hybrid nanostructures.
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of TiO, (B) hierarchical tubes. (m) CV curves of TiO, (B) between 1.0 and 3.0 V at a scan rate of 1 mV s~ '. Reprinted with permission from Ref. [74]. Copyright 2015,

Royal Society of Chemistry.

On account of the improved safety and rate capability, titanium di-
oxide (TiO) has attracted extensive attention and frequently researched
for LIB electrode material [72,73]. Hu and co-workers designed a kind of
nanosheet-based tubular TiO, (B) structures via a facile solvothermal
method using Cu nanowires as the template (Fig. 21) [74]. CVs were
conducted to further investigate the mechanism of Li storage (Fig. 2m).
The distinct S peaks range from 1.5V to 1.7 V assigned to pseudocapa-
citive behavior of Li" storage, while the less obvious A peaks at 1.7/2.0 V
associated with the solid-state diffusion in the electrode, which indicates
that lithiation-delithiation procedures are mainly owing to the
surface-controlled pseudocapacitive process rather than the solid-state
diffusion manner [75]. Due to the unique structural characteristics,
these TiO5 (B) hierarchical tubular structures provide high reversible Lit
storage capacity (216 mAhg™!) at 1C [74].

Except for the above-mentioned TMOs, tin dioxide (SnO3) also has
attracted intensive attention owing to the high theoretical specific ca-
pacity (781 mAhg™1), on account of the reversible alloying/dealloying
reactions between Sn and Li during the repeated charge/discharge pro-
cesses. Unfortunately, the instinct poor electroconductivity of SnO; has
hindered the practical applications. In order to address this problem, Min
and coworkers designed a novel 3D hierarchical structure with amor-
phous carbon as the surface coating layer and carbon cloth as the back-
bone [76]. Such unique structure is promising for enhancing the
conductivity due to the carbon cloth substrates, accommodating the
volumetric changes due to the nanosheet structure, maintaining the
structural integrity and avoiding the agglomeration of SnO nanosheets
owing to the coated carbon layer. Due to the above-mentioned advan-
tages, this electrode can achieve a stable discharge capacity

385

(656.2mAh g’l) at a high current density (1500 mA g’l).

2.2. TMCs nanosheets

As a promising candidate to anode materials, graphene-like molyb-
denum disulfide (MoS,, two-dimensional structure) has attracted exten-
sive research interests due to its high theoretical capacity of
670mAh g1, weak vdWs interaction and a comparatively larger inter-
layer distance of 0.62 nm, which can provide a facilitated transport path
and rapid ion diffusion kinetics for Li" during the cycling charge/
discharge process [77-79]. MoS; is a transition metal dichalcogenide
composed of hexagonal layers. Each layer is referred to as a “monolayer”
and consists of S-Mo-S laminate. A layer of Mo atoms is sandwiched
between two layers of S atoms by a covalent bond.

Lu and co-workers designed a free-standing sandwich-like nanotube
arrays composed of MoS; nanosheets through a facile template-based
hydrothermal deposition process (Fig. 3a) [77]. Such unique structure
possesses the following advantages. First of all, benefiting from the large
amount of voids inside and outside the tube, the free-standing array
nanostructure can greatly alleviate structural degrade during cycling, and
preserve the nanotube array architecture even after repeated charge/-
discharge processes. In addition, the ion transport distance can be
shortened as well as the reactive sites can be facilitated because of the
ultra-thin walls of the hierarchical structure (Fig. 3b). Moreover, the
movement of electrons from MoS; to outer conducting polymers (CPs)
coating can be improved due to the synergistic coupling effect caused by
the delocalized electrons between CPs conjugated n-bonds and Mo d or-
bitals [80,81]. Furthermore, the free-standing nanotube arrays can be
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applied in the flexible devices due to the bendable electrode. The
mechanism of Li" storage was investigated by CVs in a potential between
0.01V and 3.0V (Fig. 3c). Two broad waves over 1.75-2.30V and
1.25-1.60V can be observed clearly during the first discharge process,
which correspond to the multistep insertion of Li* to form LizMoS, [82].
And the peaks around 1.10 V and 0.65 V are assigned to the formation of
SEL and the conversion from MoS; to metal Mo and Li,S, respectively
[83,84]. Three oxidation peaks at ca. 1.45, 1.90 and 2.38 V was detected
in the anodic scan, which assigned to the progressive oxidation from Mo
to Mo4+, Mo** to M06+, and the delithiation of Li,S, respectively [85].
The overlapping cycling CV curves indicated the high electrochemical
reversibility of the electrode. The reaction mechanism can be summa-
rized as below:

MoS, + xLi" + xe~ = Li,MoS, @

2

Hu and co-workers also designed a special 3D network structure via a
reliable and facile preparation strategy, which can moderate the volume
changes along with cycling procedures, facilite efficient transport and
diffusion of Li*, further afford continuous electro-conductive networks
for e~ accelerated transfer [86]. Such 3D porous network architecture
composed of hollow carbon spheres (HCS) cross-linked by rGO network,

Li,MoS, + (4-x)Lit 4 (4-x)e” = 2Li,S 4+ Mo

386

where the few-layered MoS; nanostructures were successfully grown
onto the HCS and rGO.

In addition, because of the high theoretical capacity of
1230 mAh g7}, SnS, has obtained extensive attention in energy storage
field. SnS, possesses a CdIa-type layered structure composed of a layer of
tin atoms sandwiched between two layers of hexagonal closely packed
sulfur atoms. Such a layered structure with a large layer spacing
(0.5899 nm) should be easy to insert and extract from guest species and
more easily accommodate volume changes in the host during cycling
[87-89]. Wang and co-workers synthesized a kind of hierarchical SnS,
nanosheet assemblies via a common solvothermal route as well as
annealing and carbon coating procedures (Fig. 3d) [78]. CVs was per-
formed under different scan rates to further investigate the mechanism of
Li storage (Fig. 3e). Two peaks at 1.26'V and 1.50V appear in the
cathodic scan at 0.2 mV s_l, which can be ascribed to the Li* intercala-
tion into SnS, and the followed conversion process. In addition, the
cathodic peak at ~0.7 V mainly on account of the electrochemical Sn/Li
alloying processes [90]. Furthermore, other two anodic peaks (0.60 V
and 1.95V), respectively, was detected in the anodic scan, which
attributed to the Sn/Li dealloying and followed back reaction to SnS,
[91]. As can be seen, the current values of peaks become larger, simul-
taneously, the positions of the current vertexes were shifted with the
increasing of rate [78]. Due to the large specific surface area and rich
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active sites caused by nanosheet morphology, SnS; nanosheet assemblies
exhibit an enhanced high specific capacity (~1200mAhg™! at
0.2A g™ 1) compared with SnS, nanopowders (~400 mAh g™1).

Among the transition metal oxides (TMCs), VS, monolayer was
metallic, unlike MoS,, which is semiconducting, thus possesses a faster
Li" diffusion rate than MoSy [92]. Zhou and co-workers prepared hier-
archical VS, “nano-peony” composed of aligned ultrathin nanosheets via
a simple solvothermal process [93]. The obtained VS, “nano-peony” was
composed of many curved nanosheets that were oriented to different
angles (Fig. 3f). As illustrated in Fig. 3g, Density functional theory (DFT)
calculations suggested that there are two stable sites between VS layers,
the hexagonal (H) site and tetrahedral (T) site, which is above the center
of the hexagonal ring and on the top of V atom, respectively. Li*
preferred the T site of VS; layers because of the higher adsorption energy
than that of the H site, and thus form a stable intercalation compounds
[94]. In addition, the simulation of ionic diffusion between VS, layers
shows that the diffusion barrier is sufficiently low, which means the fast
ionic diffusion within layered VS, (Fig. 3h). The hierarchical arrange-
ment of VS nanosheets can effectively impede the restack, thus can boost
the exposed surface areas, provide mass transport path, and alleviate
volume change accompanying with the charge/discharge processes.
Thus, VS nanosheets enabled rapid and stable storage of lithium with a
high specific capacity (1050 mAhg™!) at 0.1 Ag~! [93].

Niobium disulfide (NbSy) with high theoretical specific capacity of
683mAhg ! and good electroconductivity is another promising candi-
date for lithium ion batteries [95] as well as benefiting from the low band
gap and conversion processes during the cycles (NbSy + 4Li" + 4e™ <
Nb + 2Li,S, Fig. 4a). Zhang and co-workers synthesized uniform doped
NDbS; nanosheets through a simple oil-phase preparation method [96]. As
can be seen from Fig. 4b, the b value of 0.83 for Fe and Se co-doped
nanosheets (Feg 3Nbg 7S16Sep4) indicates an apparent capacitive Li™
storage. Furthermore, the capacitive contribution is around 81.2% at
1mVs! (Fig. 4c), which benefits from abundant reaction sites after
doped as well as high surface area [96].

Merits in the comparative interlayer spacing (6.14 A) with MoS,,
extremely weak mutual attraction of interlayers, Rhenium disulfide
(ReS,, theoretical specific capacity: 430 mA h g 1), new member of TMCs
family, is regarded as another potential anode for energy storage
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[97-99]. Mao and co-workers proposed novel ReS; nanosheets uniformly
anchored on N-doped carbon nanofibers (Fig. 4d) via a facile electro-
spinning and following by hydrothermal treatment [100]. Such nano-
structure possesses the following advantages, fast electronic/ionic
transportation path, outstanding electrochemical stability property dur-
ing repeated charge/discharge process, and extremely weakly van der
Waals interaction of ReS; layers. To further investigate the mechanism of
Li" storage processes, CV curves of ReS,/N-CNFs were tested at the range
of 0.01 and 3V (Fig. 4e). Two obvious reduction peaks at ca. 1.32 and
0.71V appears in the 1st discharge process (rate: 0.1 mV s~ ), which
attributed to the Li* insertion to ReS, layers (equation (3)), and the
conversion from LiyReS; to LizS and metallic Re (equation (4)), together
with the formation of SEIL In the charge process, other two peaks at
1.83V and 2.33 V were detected, due to the formation of LiyReS; as well
as ReS,, respectively [101].

ReS; + xLi™ + xe™ — LiyReS, 3

€]

As can be seen, the CV peak positions were slightly shifted during the
following two scans. The two discharge peaks shifted from ca. 1.32 V and
0.71V to ca. 2 V and 1.23V, which owing to the relaxation of stress,
meanwhile, the anodic peak at 1.83V shifted to higher voltage and
almost merged with the anodic peak at 2.33 V [100].

VSey, as a layered metallic TMC, has attracted extensive attention in
energy related field because of the metallic properties result from strong
electron coupling interaction between V*"-V** pairs, and the similar
layered structure like MoS; [102,103]. Ming and co-workers reported a
simple one-pot approach to acquire the ultrathin VSe, nanosheets with
ca. 5 nm thickness carbon coating layer (Fig. 4f and g), which can buffer
the volumetric change of VSe; electrode during repeated lith-
iation/delithiation process and maintain the ion transport path [104].
CVs was performed to further study the Li* storage processes (Fig. 4h). A
broad discharge peak centered at 0.41 V in the 1st cycle corresponds to
the SEI formation. Similar to the above-mentioned VS,, the peak pairs of
2.0/2.23V and 1.43/1.83V are detected, which attributed to the inter-
calation reaction and conversion reaction, respectively [104].

Li,ReS; 4+ (4-x)LiT + (4-x)e” — Re + 2Li,S

o Fe Nb_ S, Se, o® ImVs'
281 o NbS, Se, , o 0.51 Fe,,Nb,S, Se,,
= <
324 o b=0.83 £00
° o* =
-3.6 ° . £-05
° ¢ b=0.70 -
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444 -1.5 IR
Potential (V vs. LVLI )
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Fig. 4. (a) Schematic illustration of the conversion reaction mechanism for NbS,. (b) Values of b of Fey 3Nbg 7S; 6Seo 4 nanosheets. (c) Capacitive contribution of
Feo.3sNbg 751 6Seo.4 nanosheets at 1 mV s~ ', Reprinted with permission from Ref. [96]. Copyright 2017, ACS Publications. (d) TEM image of ReS, nanocomposites. ()
CV curves of ReS, nanocomposites at a scan rate of 0.1 mV s~'. Reprinted with permission from Ref. [100]. Copyright 2018, Elsevier. (f, g) SEM image and HRTEM
image of VSe, nanosheets. (h) CV curves of VSe, nanosheets. Reprinted with permission from Ref. [104]. Copyright 2018, Elsevier.
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2.3. Other type nanosheets

In recent years, another constantly explored 2D layered MXene ma-
terial, TizCy, were considered as the potential anode in energy storage
field, owing to the advantages of tunable interlayer distance, high con-
ductivity, as well as adjustable surface property [105,106]. DFT com-
putations revealed fast Lit diffusion and high rate performances of Ti3Cy
based anodes, which is attributed to the low Li diffusion barrier of TizCy
[107,108]. Meng and co-workers introduced black phosphorus quantum
dots (BPQDs) into well-dispersed Ti3C, nanosheets (TNS) via a
liquid-solid-phase assembly strategy, coupled with sonication and
freeze-drying processes (Fig. 5a), where BP boosts charge carrier
mobility and TizCy provides efficient electron transport pathway as well
as enhances Li storage capacity [109]. The surface of Ti3Cy nanosheets
are completely decorated by BPQDs (Fig. 5b), and two distinct lattice
spacings (0.153 nm, 0.342nm) respectively corresponds to the (110)
plane of Ti3Cy, and (040) plane of BP (Fig. 5¢). In addition, a kind of
mechanism named dual-model energy storage (DMES) was proposed to
demonstrate the excellent electrochemical performances. As can be seen
from Fig. 5d, extra pseudocapacitive storage reactions are occurred once
the discharge process start (Step I). Li* from electrolyte solution stored in
the C and O sites, meanwhile, electrons transported to corresponding Ti
ions. While, only electrons transported to positive P elements through
P-O-Ti bonds. Afterwards, alloying (BPQD) and pseudocapacitive (TNS)
processes are generated (Step II). Accordingly, the DMES mechanism can
be summarized as follows. First of all, BPQDs provide sufficient sites for
Li* storage, as well as decrease the Li* transport distances, which in-
dicates an alloying manner. In addition, TNSs afford active surface
groups and high surface area, which are beneficial for pseudocapacitive
Li* storage, thus achieve high rate performances. Furthermore, the
combination of BPQDs and TNSs is of vital importance to achieve the
extraordinary electrochemical performances [109]. Except for being
used as an active material, the MXene nanosheets can also be employed
as the stable substrates to support TMO materials thus preventing them
from aggregation, as well as enhancing ion transportation efficiency at
the interfaces. Liu and co-workers found that when TMOs and MXene
nanosheets are mixed in THF solution, TMOs will be assembled on the
surface of MXene nanosheets by vdWs interactions, thereby minimizing
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the surface energy of MXene and forming micellar heterostructures to
stabilize the whole system [110]. Based on this discovery, they designed
TiOo/MXene and SnOs/MXene heterostructures, and achieved
outstanding rate performances (TiOp/MXene: 272, 250, 233,
204mAh g_1 at 50, 100, 200, 500 mA g_l; SnO,/MXene: 720, 665, 606,
560mAh g ! at 100, 200, 500, 1000 mA g~ 1).

Highly doped porous graphene via supramolecular polymerization
and annealing process were successfully developed by our group (Fig. 4e)
[111]. The melamine cyanurate supramolecular polymer holds the
following three missions, to avoid graphene restacking as a barrier, to
acquire the porous structure by template sacrifice, to obtain the nitrogen
atoms for further doping process. Thus, N doped graphene with porous
and loose-packed layer structure was obtained after the annealing pro-
cedure (Fig. 5f). CVs was conducted to further investigate the mechanism
of Li storage (Fig. 5g), which reflected the typical shape of Li*-carbon
reaction. A pronounced discharge peak (0.3-0.9 V) appears during the
1st cycle, which can be ascribed to the SEI formation [112,113]. In the
subsequent cycles, the CV curves are almost overlapped, which indicates
that a stable SEI layer is formed during the previous discharge process.
Furthermore, our group also fabricates a kind of N/S co-doped graphene
for better carbon-based LIB anodes [114]. In this approach, 2-aminothio-
phenol (ATP) was utilized as both N source and S source. The obtained
NS-G is regarded as a superb anode because of the outstanding electro-
chemical properties, benefiting from the synergistic effects and unique
structural features.

Current strategies for preparing 2D materials are usually classified
into two routes [115]. Liquid-phase methods, involving
liquid-exfoliation [116] and chemical synthesis [117], are usually sim-
ple, scalable, and capable of generating uniform samples, but a serious of
complicated purification procedures are needed for post-treatment pro-
cedure [118]. Gas-phase methods, such as chemical vapor deposition
(CVD), typically produce big and broad 2D nanosheets with good quality
[119]. However, the large scale applications are seriously limited by low
output and high cost [120]. As a result, developing a universal strategy,
which can simultaneously possess the both advantages of liquid-phase
and gas-phase syntheses, is extremely desirable. Wang and co-workers
proposed a novel “gel-blowing” strategy, which can rapidly (within
1 min) and thermally expand the viscous gel and thus acquire large
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Fig. 5. (a) Schematic illustration of the formation process of the Ti3C, nanocomposite. (b, ¢) TEM image and HRTEM image of Ti3C, nanocomposite. (d) Schematic
illustration of the DMES mechanism of Ti3C, nanocomposite electrode. Reprinted with permission from Ref. [109]. Copyright 2018, Wiley Online Library. (e)
Schematic illustration of the synthesis procedure of N doped graphene. (f) SEM image of N doped graphene. (g) CV curves of the N doped graphene electrode at a
scanning rate of 0.5mVs~'. Reprinted with permission from Ref. [111]. Copyright 2015, Wiley Online Library. (h) Proposed formation machenism of 2D NC
nanosheets. Reprinted with permission from Ref. [121]. Copyright 2018, Wiley Online Library.
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Table 2
Summary of synthesis methods and electrochemical properties of various kinds of nanosheets for SIBs.
Materials Synthesis method Electrochemical performance Ref.
Coulombic Initial capacity Rate capability Cycling stability
efficiency

Co304 precipitation and post- 55% (1st) 553mAhg ! (0.1Ag™}) 175mAhg ! (1.6Ag™!) 300mAhg! (100th cycle at [60]
annealing 0.8Ag™

K,MnO, precipitation - 75mAhg™! (0.08Ag™Y) 50mAhg™! (0.2Ag™) 52mAh g~! (500th cycle at [129]

0.08Ag™hH

TiO, hydrothermal and post- 40% (1st) 226 mAhg ! (0.2mAg") 116mAhg'(10Ag)) 120mAhg ' (3600thcycleat2Ag )  [130]
annealing

MoS, hydrothermal and post- - 416mAhg ! (0.1Ag™Y) 141mAhg! 198 mAhg~! (1000th cycleat 1Ag™Y)  [137]
annealing (12.8Ag™hH

WS, solvothermal method - 401mAhg ! (0.1Ag™h) 151mAhg ' (5Ag™h) 78mAh g! (500th cycle at 5Ag™") [142]

VsSs chemical exfoliation - 701mAhg ! (0.1Ag™Y) 190mAhg ! (10Ag™")  385mAhg~! (100th cycleat 1Ag™) [144]

SnS, hydrothermal and post- 74% (1st) 823mAhg ! (0.1Ag™Y) 378mAhg! 701 mAhg~! (200th cycle at [148]
annealing (12‘8Ag’]) 0.2Ag’])

SnS hot bath route 81% (1st) 1416 mAh g! 400 mAh g1 (30Ag™!) 1010 mA h g~! (200th cycle at [149]

(0.03Ag™hH) 01Ag™

Graphene  hydrothermal method - 183mAhg ' (0.1Ag™) 61 mAh g ' (8Ag™) 105mAhg! (500th cycleat 1Ag™") [155]

SnP,Se hydrothermal and post- 60.8% (1st) 1253 mAh g™! 118 mAh g ' (20Ag™")  500mAhg™' (1000th cycleat2Ag™")  [157]
annealing 0.05Ag™hH

amount of nanosheets [121]. This novel approach integrate both ad-
vantages of the above-mentioned two strategies, which can generate
nanosheets with nanoscale thickness, big lateral sizes, good homogeni-
zation, as well as mass production in short time. The proposed formation
principle of 2D N-doped carbon (NC) nanosheets is demonstrated in
Fig. 5h. Firstly, ethylene glycol and citric acid react to form the cross-
linked polyester in the sol-gel process. Afterwards, in the rapid thermal
process, the dehydration and redox reactions would generate and release
gases (such as HpO, CO», and Ny), which can effectively blow the poly-
ester gel, and as a result, the walls become ultrathin. Furthermore, under
a high temperature, the polymeric walls convert into solid carbon then
ultrathin nanosheets after bubbles crushed and/or collapsed. This pro-
cess is quite similar with the process of Sugar Figure Blowing Art, which
typically composed of expanding, solidifying, and shaping procedures
[121].

As mentioned above, since graphene possesses such many benefits as
enhanced conductivity, shortened diffusion pathways, and inhibited
volume changes, is it better to combine graphene with other kinds of
high-capacity materials for ion storage? Mei and co-workers designed a
novel 2D-TiO5-2D vdWs heterostructured anode with BP nanosheets and
porous graphene layer linked by TiOy nanoparticles. Except for the
above-mentioned advantages of graphene, the restack between nano-
sheets can be effectively prevented, and the interfacial ion storage can be
obviously enhanced as well. The 2D-TiO2-2D anode is able to achieve a
high discharge capacity (1336.1mAhg™!) at a current density of
(200mA g~ 1) [122].

Enhancing the mass loading of electrochemically active materials is of
great significant to realize high areal capacity of batteries. Unfortunately,
the large volume change caused by electrode materials with alloying/
dealloying and conversion mechanisms, such as SnO,, Fe304, and Co304,
is detrimental to the stability of the high mass loading electrodes. Xu and
co-workers synthesized a new vanadium-based anode, nanosheet-
assembled compact CaV409 “micro-peony”, via a simple hydrothermal
route, which can not only alleviate the mechanical stress accompanying
with the electrochemical reaction, but also render the multi-electron
transfer due to the multivalent property of vanadium as well, and thus
achieve high specific capacity [123]. Merits in the enhanced space uti-
lization and tap density, shortened ion diffusion distance, as well as
exposed active sites, the as-designed electrodes acquire excellent Li™
storage performance (specific capacity: ~2.5 mA h cm™2; cycle numbers:
400; final capacity: 1.5mAh cm~2). The thickness of CaV4Oq based
electrode shows a small change after prolonged electrochemical cycles,
indicating the excellent structure stability of nanosheet assemblies.

In addition to the above materials, silicon (Si) has attract great in-
terest due to the high theoretical capacity of 4200mAhg™! and low

discharge potential (~0.1V vs. Li/Li"). Unfortunately, poor electrical
conductivity, the large volume change, and serious degradation of un-
stable SEI layer have greatly hindered the practical applications of Si
based electrodes [124,125]. Ultrathin Si nanosheets with a high yield of
~40% were synthesized through a two-step process (pre-exfoliated sili-
cate sheets and subsequent chemical reduction) [126]. This kind of Si
nanomaterials holds the unique advantages of easy accessibility of
lithium ions, as well as small volume expansion during the repeated
lithiation/delithiation process. Therefore, high specific capacity
(865mAhg™! at 0.5C), excellent cycling stability (500 cycles at 0.5C)
with suppressed volume expansion (42% after 200 cycles) can be ob-
tained in Li" storage system.

A new synthesis strategy to prepare large-scale and high-quality sili-
cene nanosheets via liquid oxidation and exfoliation of CaSiy is devel-
oped by Liu and co-workers [127]. Firstly, by using I, as the oxidant,
oxidizing CaSiy under room temperature to obtain insufficiently exfoli-
ated CaSiy with the intermediately loose stacking structure. After that,
fully exfoliated silicene nanosheets with monolayer or few-layer struc-
tures were obtained via utilizing ultrasonic exfoliation and centrifugation
methods. The obtained silicene nanosheets possess high crystallinity and
display a high capacity (721 mAh g’l at 0.1 Ag’l), which almost rea-
ches the theoretical capacity of double-layer silicone.

3. Nanosheet-based materials for SIBs

Due to the abundance of sodium resources all over the world as well
as the cost considerations, SIBs attracted numerous studies very recently.
Because of the relative ionic radius (Na*: 1.02 A; Li*: 0.76 A), designing
and manufacturing more advantageous material structures for Na*
storage is a rigorous challenge. Table 2 summarized the common
employed materials for Na* storage (Co304, KyMnO,, TiO,, MoS,, SnSz,
WS,, VsSg, SnSs, graphene, and SnP,Sg, etc.). As can be seen, these ma-
terials display excellent rate capability. However, the Coulombic effi-
ciency of the first cycle is relatively low (40-80%), thus developing
effective methods to solve this defect are urgently expected.

3.1. TMOs nanosheets

Co304 nanosheets with controllable pore size and pore architecture
was prepared by Chen and co-workers for SIB anodes [60]. In-situ TEM
characterization is employed to describe and further understand the
structural evolution during the sodiation process. Due to the well
dispersed Co in a NapO matrix, the 2D Co304 nanosheets can maintain
the porous morphology during the sodiation process. As a result, the
obtained 2D Co304 shows a relatively small volume expansion than the
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Fig. 6. (a) Preparation of 3D layered manganese oxide frameworks. (b) Discharge/charge curves and corresponding EDX spectra of K,MO, at different discharge/
charge stages in the first cycle. Reprinted with permission from Ref. [129]. Copyright 2016, Wiley Online Library. (c) The initial galvanostatic charge/discharge
profiles of OVs-TiO5. (d-h) Ex-situ TEM images of wrinkled OVs-TiO, at different charge/discharge stages: (d) stage 1, (e) stage 2, (f) stage 3, (g) stage 4, and (h)
stage 5. Reprinted with permission from Ref. [130]. Copyright 2018, Elsevier. (i, j) Preparation routes of different TiO, spheres and the reason of improving packing
density. Reprinted with permission from Ref. [133]. Copyright 2019, Wiley Online Library.

traditional Co304 particles. This 2D porous nano-architecture can hinder
the restacking of nanosheets and accommodate the volume expansion as
well for superior Na ion storage.

For another kind of TMO, manganese dioxides have been extensively
studied because of the attractive theoretical capacity, structural diversity,
and natural abundance [128]. Lu and co-workers proposed a bottom-up
strategy for fabricating hierarchical frameworks, which are composed of
KiMnO, (Fig. 6a) [129]. Energy-dispersive X-ray (EDX) spectra of
KxMnO, along with the cycle process were performed to study the related
mechanisms of Na* storage (Fig. 6b). During the discharging process
from point 1 to point 3, the concentration of Na™ shows a gradual in-
crease until reach the maximum value, which corresponding to the
intercalation of Na'. Afterwards, the Na' was deintercalated from
KxMnO, during the charging process from point 3 to point 5. After one
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intercalation/deintercalation cycle, the concentration of Na™ restored to
the initial state, indicating the good reversibility of K{MnO5 anode [129].

Ma and co-workers introduced electroconductive titanium oxide
(TiO2x) nanosheets with rich oxygen vacancies (OVs) and electro-
conducting Ti®t species as the anode of SIBs [130]. Merits in the
reduced the Na™ diffusion length, enhanced conductive networks, and
boosted electron transfer, the obtained products possess fast kinetics of
Na' diffusion and adsorption [131], and thus display excellent Na™
storage property with the reversible capacity of 230mAhg™! at
100mA g™}, as well as long-term cycling performance at high current
rate. Further improvement of electrochemical performances can be
achieved via combining with graphene sheets. Benefiting from syner-
gistic effect of graphene preservation networks and rich OVs defects, the
electrode exhibits a relatively higher capacity of 153 mAhg~! at a high
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permission from Ref. [144]. Copyright 2017, Royal Society of Chemistry.

current density of 6700 mA g~ * [132]. To further study the Na* storage
mechanisms, ex-situ HRTEM and TEM characterizations were employed
during Na™ reaction cycles (Fig. 6¢-h). As can be seen, the lattice spac-
ings varies from 0.352nm to 0.363 nm from stage 1-3, which corre-
sponding to the insertion of Nat into OVs-TiO,., structures. Afterwards,
the observed lattice spacings recovered to 0.353 nm at stage 5, which
attributed to the extraction of Na* (Fig. 6g and h). The varying lattice
spacings at different charge/discharge stages indicate the stability of the
as-prepared samples accompanying with the Na* insertion and extrac-
tion processes. Based on this, the possible Na™ storage mechanisms can
be summarized as followed points. On one hand, the Introducing of
abundant OVs is able to greatly improve the electrical conductivity of
electrodes. On the other hand, the introduced OVs also significantly lead
to the lattice spacing expansion, which ensure the fast kinetics of Na™*
insertion/extraction [130]. In addition, our group rationally controlled
the morphology and structure of TiO, spheres to optimize their Na*
storage performances (Fig. 6i). The as-prepared yolk-like spheres with
bigger nanosheets (TiO,-HS) possess higher packing density than that of
hollow spheres formed by smaller nanosheets (TiO2-YB) due to the
reasonable design of extrinsic nanosheets, which is beneficial to
increasing the volume energy density of batteries (Fig. 6j). Moreover, the
Na' storage kinetics of the TiO, spheres are affected by the varieties of
interiors and shells, resulting in stepwisely improved pseudocapacitance
responses and rate performances [133].

Molybdenum trioxide (MoOs3) is another insertion and conversion
reaction based electrode materials. Owing to the high theoretical ca-
pacity (1117mAhg™!) and thermodynamical stablility, orthorhombic
a-MoOj is regarded as a candidate for Na storage. Wu and co-workers
synthesized novel flexible a-MoO3 nanosheets on the surface of carbon
fiber cloth via a facial solvothermal method and then followed by a
thermal oxidization process [134]. The obtained 3D hierarchical archi-
tectures illustrate outstanding Na® storage behavior (capacity:
2.5mAhcm 2at 0.1 mA cm’z), which is much higher than that of MoOg
powder (capacity: 2.0 mA h em ™2 at 0.1 mA cm™2), and long-term cycling
stability over 200 charge-discharge cycles at higher rate. The excellent
electrochemical performance of 3D hierarchical architectures can be
assigned to the following factors. Firstly, the high surface areas are able
to afford many Na® storage active positions. In addition, the
free-standing electrodes can effectively reduce the side reactions.
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Furthermore, with respect to the good rate and cycling performances, the
capacitive factor also participate in the performance further improve-
ment [134].

3.2. TMCs nanosheets

MoS,, a kind of TMCs with large layer distance and promising host
material, was extensively investigated in Na' storage field [135]. The
mechanism of Na' storage is generally agreed in the following two
equations [136,137].

MoS; + x Na = NayMoS; (above 0.4V, x < 2) (5)

NayMoS; + (4-x) Na = Mo + 2Na,S (below 0.4 V) 6)

Ultrasmall (US) MoS; nanosheets coupled with previously introduced
nitrogen doped graphene (NG) samples were designed by our group via a
simple solvothermal approach [137]. The obtained vertical US-MoS,
nanosheets possess lateral sizes of 10-50 nm (Fig. 7a). The as-prepared
US nanosheets are able to significantly decrease the Na™ diffusion dis-
tances and energy barriers. Moreover, the decreased nanosheet size can
provide more active sites for Na™ insertion/extraction. Furthermore, the
NG constituent can also enhance structural stability and electro-
conductivity of the whole electrode. Benefiting from those
above-mentioned advantages, the US-MoS; nanosheets@NG composite
shows superior sodium intercalation performance under voltage window
of 0.4-3 V. Fig. 7b shows that similar shapes of CV curves with two redox
couples can be detected, which indicates an obvious pseudocapacitive
behavior. As can be seen from Fig. 7c, the b values of different peaks are
obtained as 1.02, 0.83, 0.93, and 0.88, respectively, which indicate that
Na' storage process is mainly complied with the surface-controlled ki-
netics [137,138].

A novel low-cost, high-yield, and scalable synthesis approach with
ball-milling and physical exfoliation process was developed by Sun and
co-workers for preparing MoS,/graphene hybrids [139]. The as-prepared
MoSy/graphene hybrid anode material exhibits outstanding electro-
chemical performances (cycling and rate results), which can be ascribed
to the improved conductivity and decreased Na™ diffusion barrier at the
interfaces of MoSsy/graphene hybrids caused by the low degree of defects
and oxygen containing groups in graphene. In order to improve the
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mechanical stability, conductivity, and active material utilization of
MoSs, which are three key challenges related to MoS; electrodes. Wang
and co-workers controllably synthesized MoS, nanosheets vertically
anchored on the exfoliated graphene (EG) by a solution strategy [140].
The as-obtained hierarchical structure can overcome the above problems
simultaneously owing to the interconnected network, inseparable con-
tact between EG and MoS, nanosheets, as well as the exposed active sites.
As a result, EG-MoS, with 95 wt% MoS; content can deliver an ultrahigh
specific capacities of 509mAhg~! at 1 Ag~! for Na™ storage.

Among other TMCs, 2D tungsten disulfide (WS5) has also attracted
extensive attention [141]. Lim and co-workers reported a simple sol-
vothermal route to prepare nitrogen doped carbon nanocubic framework
with an outer shell of vertical WS, nanosheets [142]. Such
nano-architectures (WSy;@NC) possess the next introduced superiorities.
On one hand, the carbon framework boosts conductivity of the electrode,
mitigates the volume expansion during the repeated sodiation/desodia-
tion cycles, as well as reduces the diffusion distance of the Na™, which
guarantees the rapid ionic transport. On the other hand, integration with
2D nanosheets, the unique nano-architectures (2D-3D hybrid) afford
more active surface area for Na™ insertion/extraction [143]. CV mea-
surements indicated two-step reaction mechanisms of Na* storage as
follows, which are similar with MoS,:

4 Na® + WS, + 4e~ — NagWs, )

NayWS, — W + 2Na,S ®

Yang and co-workers prepared a new 3D compound monoclinic
structured VsSg with unique crystal structure (Fig. 7d and e) [144].
Accordingly, the generation and transportation of different charge car-
riers were enhanced by such unique structure, thus increase electro-
nic/ionic conductivity, and promote the fast diffusion transport of
electrons and Na™ during the sodiation/desodiation process. The CVs
were also tested aim to study the Na* storage mechanisms (Fig. 7f). In the
first scan, the characteristic peaks at 1.01, 0.53 and 0.11 V, respectively,
can be attributed to the Na' insertion into VsSg together with the for-
mation of SEI, partial sodiation to form Na,VsSg, and further sodiation to
form NayS and V, respectively. While, the two obvious charge peaks at
1.35 and 2.1V, are related to the conversion reaction between NayS and
V, and desodiation to generate VsSg, respectively [144]. The Na' storage
mechanism of V558 anode was further revealed by in situ XRD (Fig. 7g),
the corresponding desodiation/sodiation processes can be summarized
by the following equations:

Na' intercalation: VsSg + x Na® + x ™ — Na,VsSg (>0.4 V) 9

and partial Na™ conversion: Na,V5Sg + (16-x) Na™ + (16-x) e~ — 8 NayS + 5
V (0.4-0.25 V) (10)

Full Na™ conversion: Na,VsSg + (16-x) Na™ + (16-x) e” — 8 NapS + 5 V
(<0.25V) (11

The reverse reaction (12) and (13) take place at <1.35V and >1.35V,
respectively, during the charging process.

8 NapS + 5 V = NaVsSs + (16-x) Na® + (16-x) e~ (‘1.35 V) (12)

Na,VsSg — VsSg + x Na™ + xe™ ("1.35V) 13)

Different from most TMCs with semiconductivity, VS; nanomaterials
is metallic, thus possess the excellent conductivity, and shows greatly
improved electrochemical performance. Wang and co-workers synthe-
sized VS, nanosheets via a simple hydrothermal method [145]. Ex situ
TEM examination was carried to further explore the phase trans-
formations of VS, during Na™ insertion/extraction process. The results
suggested that the octahedral-site is preferred for Na* insertion to form
NayVS; with 0 <x<1.0. Afterwards, the intercalation occurs at the
tetrahedral-site. In the first Na* insertion stage, S sites are play the role of
redox center. While, in the second process, both V and S sites are related
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to redox procedures. 3.0 mol of Na™ deep insertion leads to the conver-
sion reactions to form metal V and NayS, which delivers a large theo-
retical specific capacity (699 mAhg™1).

As another important member of TMCs, tin (IV) sulfide (SnSy) with a
typical layered structure is provided with a relative high theoretical
specific capacity (1136 mAhg™!), owing to the mixed alloying and
conversion Na™* storage mechanisms [146]. As we all know, the pseu-
docapacitance is significantly related to the exposed crystal planes of
active materials [147]. Due to the anisotropy property of crystal struc-
ture, different exposed facets are predicted to hold different effects on the
contribution of pseudocapacitive. Based on this idea, three kinds of SnSs
nanosheets with gradually exposed different active facets were designed
by our group [148]. As a result, different Na* storage performances and
kinetics are generated accompanying with the morphology changes of
SnS, nanosheets (Fig. 8a). In addition, the Na™ storage mechanism of
SnS; crystal structure is shown in Fig. 8b. Apparently, at the low rate, the
fully charged crystalline SnS, can be achieved by both of the Na™
intercalation and adsorption processes. With the increase of current rates,
capacitive-controlled Na® storage process is gradually enhanced and
dominant. As a result, lower the Na™ diffusion energy barrier, as well as
more stable active facets are of great importance for Na* storage, which
can be achieved by reducing the size and thickness of nanosheets [148].

Tin(II) sulfide (SnS) is another kind of potential anode candidate for
Na' storage on account of high electroconductivity, high specific ca-
pacity as well as small volume change accompanying with the repeated
sodiation/desodiation processes. Chao and co-workers synthesized few-
layered SnS nanosheets array straightly on the surface of graphene
foam (GF), via a fast and low-temperature hot bath strategy [149]. The
obtained SnS nanosheets present the thickness of 5nm and the average
lateral sizes of 50-70 nm (Fig. 7d). The sodium storage processes can be
revealed by the followed CV tests (Fig. 8e). During the 1st discharge
cycle, two obvious cathodic peaks located at ca. 0.65 and 0.01 V can be
observed, where the peaks at ca. 0.6V is related to the conversion and
alloying processes (equation (14) and (15)), as well as the SEI formation
[150]. In addition, another peak at ca. 0.01 V is assigned to the alloying
process of Na and Na,Sn (x ~3.75). For the next charge cycle, some
anodic peaks (~0.3, 0.7, 1.2-1.4 V) can be attributed to the step by step
dealloying processes, moreover, an evident peak located at ca. 1.7 V re-
sponds to the followed conversion process resulting in SnS [151].

SnS + 2Na' + 2e- = Sn + Na,S as

n + a’ + 15¢ = Najs5ny4
4Sn +15Na™ + 15¢~ = Na;sS (15)

The surface-controlled pseudocapacitance is regarded as the major
Na' storage approach (Fig. 7c). On one hand, the structural stability and
electronic/ionic conductivity can be achieved by the hybrid architecture.
On the other hand, the mesoporous structure and ultrathin nanosheets
guarantee the facilitated ion access and shortened ion diffusion. As a
result, the SnS nanosheet structure possesses outstanding rate capability
and superior specific capacity (~1100mAh g~! at 100 mA g~?) than SnS
nano-wall (~900mAhg~! at 100 mA g~ 1) [149].

Ex-situ XRD analyses at various stages during the first charge/
discharge process was performed by Cho and co-workers to further
clarify the reaction mechanism of SnS, as shown in Fig. 8f [152]. The
pristine diffraction pattern represents a typical orthorhombic SnS phase.
After discharging to 0.65V, the metallic Sn and Na,S phases formed in
the meantime, while the SnS phase disappeared completely, which cor-
responding to the conversion and alloying reactions of SnS. By dis-
charging from 0.65 to 0.4 V, the peak intensity of Sn was increased and a
c-Naj5Sn4 phase was obtained, which indicates the conversion reaction is
still occurring. After the completion of discharging to 0.01V, the peak
intensity of Sn phase becomes much weaker. After charging to 0.5 and
0.8V, the two peaks belonged to NayS and NajsSny are reduced, indi-
cating the dealloying process. After charging to 1.2V, the dealloying
reaction was completed because the two peaks for NayS and NajsSng
disappeared completely. After the complete charging to 2.0 V, only peaks
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Fig. 8. (a) SEM images of the three kinds of SnS, nanosheets. (b) Schematic illustrating the Na™ storage mechanism of SnS, crystal structure. Reprinted with
permission from Ref. [148]. Copyright 2019, Wiley Online Library. (c) Schematic illustration of high-rate charge storage of SnS architecture. (d) SEM image of SnS
nanosheets. (e) CV curves of the first three cycles of the SnS electrode. Reprinted with permission from Ref. [149]. Copyright 2016, Nature Publishing Group. (f)
Ex-situ XRD patterns of the SnS 3D electrode at various charge/discharge stages. Reprinted with permission from Ref. [152]. Copyright 2018, Nature Publish-

ing Group.

of Cu current collector are observed, which suggests the formation of
amorphous or very small SnS [152].

3.3. Other type nanosheets

Carbon nanosheets (CCN) are universal materials used as the host of
any Na-active material, such as Se. Ding and co-workers synthesized a
carbon nanosheet matrix via hydrothermally treated and following KOH
activation. Then, selenium was impregnated into carbon matrix through
high-energy planetary co-milling followed by annealing under an argon
atmosphere [153]. The obtained 3D architecture possesses high pore
volume and good elasticity. In addition, as displayed in Fig. 9a, the
decreased Na ion solid-state diffusion distances and the enhanced charge
transfer can be obtained owing to the layered structure like other
sheet-like materials. Moreover, the solvent molecules of EC and DMC
with large dynamic sizes cannot penetrate to the CCN matrix, and the
polyselenide formation and the shuttle effect can also be limited due to
the absence of crystalline Se. The discharging profiles are illustrated on
the right column of Fig. 9a. During discharging, Na* extracts from anode
(i.e. NayC — x Na + C), and reacts with Se to form NaySe [153].

To further improve the performance of Se-CCN, Yao and co-workers
prepared a kind of free-standing and flexible Se/carbon hybrid material
via encapsulating Se into nitrogen and oxygen dual-doped carbon
interwoven by common carbon nanotube (CNT) (Se@NOPC-CNT)
(Fig. 9b and c) [154]. The uniformly wrapped CNTs not only promote
flexibility of the whole composite, but also provide conductive networks

and paths for fast electronic/ionic transportation as well. Moreover, the
doped porous carbon nanosheets enhance the chemical affinity and
adhesion with NaSe (0 < x < 2). Thus, merits in these advantages, the
obtained electrodes demonstrate outstanding Na' storage properties
with high mass loading of Se (~60 wt%). The Coulombic efficiency re-
mains nearly 100% even after 2000 cycles [154].

Yun and co-workers prepared graphene paper (ROGP) via a simple
graphene oxide (G-O) modification strategy [155]. The as-obtained final
product possesses good flexibility. The cross section SEM photographs
illustrate a randomly oriented morphology of the ROGP, which is bene-
ficial to the diffusion of Na® compared with the uniaxially oriented
graphene electrode (Fig. 9d and e) [155].

Ternary tin thiophosphate (SnP,Sg) with layered structure is another
promising anode material for Nat storage. According to Fig. 9f, the
interlayer distance is about 0.65nm for the as-obtained layered SnP,Se.
The intrinsic cation vacancies make the SnP»Sg possess internal polarity
due to the asymmetric structure. The layered SnP3Se holds the following
advantages. First of all, the migration of ion or electron can be acceler-
ated resulting from the internal electric fields of asymmetric SnP5Se,
which is beneficial to improve electrochemical reaction dynamic [156].
In addition, easy Na™ diffusion with low energy barrier can be guaran-
teed by the large interlayer spacing (~0.65 nm) of SnP,Sg. Moreover, the
ultrahigh theoretical capacity of ~1560mAh g~! makes SnP,Sg a pro-
spective anode for SIBs. Furthermore, the charge transportation kinetics
as well as rate capability are able to be further enhanced by the high
conductivity discharge product of NajsSny alloys. Liang and co-workers
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Fig. 9. (a) Schematic illustration and charge/discharge process of the Se—CCN electrode. Reprinted with permission from Ref. [153]. Copyright 2017, Royal Society of
Chemistry. (b, ¢) SEM image and the dark-field image of Se@NOPC-CNT. Reprinted with permission from Ref. [154]. Copyright 2018, Wiley Online Library. (d, e) SEM
images of the cross-sectional morphology of ROGP in different magnifications. Reprinted with permission from Ref. [155]. Copyright 2016, Elsevier. (f, g) Crystal
model and TEM image of SnP,S¢ nanosheets. Reprinted with permission from Ref. [157]. Copyright 2018, ACS Publications. (h) Na* diffusion and electron transfer
within porous MXene/CNT electrodes. Reprinted with permission from Ref. [161]. Copyright 2016, Elsevier.

designed a novel 2D heterojunction with ultrathin SnP,S¢ nanosheets
onto the surface of graphene substrate (Fig. 9g) [157]. The Na™ storage
mechanisms of SnP,Sg are presented by the followed equations:

SnP,Sg + 21.75 Nat + 21.75 ¢~ — 0.25 Na;5Sny + 2 NasP + 6 Na,S  (16)

MXenes, 2D transition metal carbides, are formulated as M, 1 X Ty, in
which M represents transition metal, such as Cr, Ti, Mo, V, Ta or Nb, and
X means N and/or C, T represents the exterior termination O, F and/or
-OH, and n is 1-3 [158,159]. Owing to the hydrophilicity and metallic
conductivity, MXenes hold the potential for energy storage [160]. Based
on the negative charge of MXene nanosheets as well as positive charge of
CNTs, MXene/Carbon nanotube hybrid with porous structure was pre-
pared via the electrostatic attraction [161]. As can be seen from Fig. 9h,
the superior electrochemical performance of Ti3CyTy/CNT-SA electrodes
can be ascribed to these two major reasons. Firstly, the conductive
Ti3C2Tx nanosheets and CNTs can boost the transfer of electron in the
electrode. Secondly, the inhibited restacking of MXene nanosheets can
promote the transport of electrolyte as well as ion access into the anode
[161]. Based the above-mentioned merits, the porous heterostructured
MXene/CNT composite displays a high capacity (421 mAhcm™>) and
excellent cycling stability over 500 cycles.

Metal-organic frameworks (MOFs), a kind of hybrid organic-
inorganic material with porous property, possess the advantages of reg-
ular ion diffusion pathways, controllable chemistry and functionality, as
well as abundant active sites [162-164]. Li and co-workers synthesize
nanosheets based on Co(II)-terephthalate MOF (named “u-CoOHtp™) via
a facile ultrasonic method [165]. Because of the unsaturated sites
possessed by the exposed material surfaces, oxygen vacancies were
created, which would improve the rates of Na' diffusion and trans-
portation. The mechanism of Na™ intercalation/extraction was proposed.
In the discharging process, the Co?" is reduced to Co® under the voltage
larger than 0.4 V. Afterwards, extra Na ions are stored by the O atoms
provided by carboxyl to the end. In the charging procedure, Na™ firstly
extracts from carboxyl oxygen atoms under the voltage below 1.1 V, and
then Co? is oxidized to Co®t [165].

In addition to the above substances, other kinds of nanosheet mate-
rials, such as layered double hydroxides [166], bismuthene [167], and
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sodium birnessite [168,169] are also explored. Since these materials are
relatively not general, a brief introduction about these materials is dis-
cussed here. Due to the generated crystal water in the interlayer space
and the solid solution of two transition metals, the crystal structure of
layered double hydroxide can be stabilized, thus exhibits fast charge/-
discharge operation [170]. Bismuth, with the advantages of nontoxic,
high electronic conductivity as well as chemical properties, is regarded as
a very promising anode material [171]. The large interlayer spacing of
3.979 A can significantly facilitate the diffusion of Na™. A high areal
sodium storage capacity of 12.1 mAhcm™2 can be obtained based on
bismuth electrodes [172]. Sodium birnessite with a relatively large
interlayer distance of about 7 A can promote the fast migration of Na™
and enhance the structural stability, thus achieve large specific capacity
(211.9mAhg™), outstanding cycle performance (1000 cycles), and
excellent rate capability (156.0mAh g~! at 50C) [173].

4. Nanosheet-based materials for rechargeable multivalent
battery systems

In recent years, portable electronic devices, electric vehicle and scale
energy storage have been greatly developed, thus using various ap-
proaches to increase energy densities of battery systems becomes a hot
topic for researchers all over the world [172]. However, material level
enhancements of LIBs are approaching to the theoretical maximum, and
as a result, attempts to developing new and beyond battery systems
which can offer a remarkable energy density improvement as well as
reduce the cost are becoming indispensable. Multivalent (MV) chemis-
tries (Mg?", Zn?*, and AI*") and rechargeable multivalent batteries
(MIBs, ZIBs, AIBs) hold the potential to meet the aforementioned re-
quirements, since multivalent positive ion can deliver two or three
electrons per ion [173]. Multivalent cations can provide more capacity
than Li" if occupying a similar number of insertion sites when inserted
into a cathode material [173,174].

MIBs have been regarded as one of the potential candidates to build
an electrochemical energy system secure as well as high density. MIBs
hold the following advantages. First of all, the Mg content in nature is
abundant, and they are intrinsically stable under the atmosphere of air
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[175]. In addition, Mg anode delivers a high theoretical capacity
(2205 mAh g~ ! or 3833 mA h em™2), and a nearly 100% efficiency due to
its bivalency [176]. Furthermore, it is safe to use the magnesium anode
because no dendrites will be formed [173], which is one of the obvious
advantages compared with Li metal batteries. Unfortunately, the devel-
opment of MIBs has been hindered by the cathode materials due to the
low transportation kinetics of magnesium ions caused by the double
charge density of Mg?* [177]. A method to solve the above constraint is
to build a Mg/Li hybrid battery system, using Mg based anode, Li based
cathode as well as mixed electrolyte of Mg2+/Li+ [178,179]. This
approach use kinetically more efficient Li" to replace kinetically sluggish
Mg?" intercalation/deintercalation, thus can achieve a satisfactory ca-
pacity and energy/power densities. Another solution is introducing 2D
nanosheet materials with expanded interlayer spacing and a weaker
Coulombic attraction with guest Mg?t ions to MIBs. The weaker
Coulombic attraction can enhance the mobility of Mg?", as well as the
desolvation of Mg?" at the electrolyte/electrode interface.

Different from nonaqueous organic solvents mostly used in other
secondary batteries, the aqueous ZIBs utilized Zn metal anode and water-
based electrolytes, which have outstanding prospects for large-scale en-
ergy storage [174]. Zn metal has plentiful resource and is low-cost and
stable. Moreover, Zn anode holds a significantly high theoretical capacity
of 820mA h g~! [180]. In addition, aqueous electrolyte provides higher
electrical conductivity and lower toxicity compared with organic elec-
trolyte [174]. However, the intercalation chemical process of zinc ions
which limited by inherent characteristic was hindered the further
development of ZIBs. Divalent Zn?t generally shows high electrostatic
tenacity to interactive with host lattice, which can lead to slow Zn*
diffusion, thereby inhibiting reversibility of intercalation [181]. Thus,
find new strategies to design and synthetic materials where Zn?* can
intercalate reversibly are required.

AlIBs are another kind of rechargeable multivalent batteries systems,
which possess its unique advantages. The highest multivalent charge
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carrier (AI®") is able to offer high gravimetric/volumetric of
2980 mA h g~!/8046 mA h em 3 [182]. Unfortunately, the strong polar-
ization effect which arises from the large charge density of multivalent
cations can destroy local electrical neutrality and collapse the crystal
lattice as well as decrease electrochemical performances [174]. In addi-
tion, the large ionic group chloroaluminate anion (AlCls, another kind of
inserted ions in AIBs), which is difficult to intercalate into cathode, lead
to the negative effect in capacity and cycling stability of electrode [174].
Therefore, how to develop the electrode materials with a weaker
coulombic attraction with AI** and achieve the reversible inser-
tion\extraction of Al are attracting the wide attention.

4.1. TMOs nanosheets

VO, have received much attention in the energy storage applications
due to its unique characteristics of outstanding structural flexibility and
low-toxicity [183]. Monoclinic VO, (B) is a kind of layered material
assembled by edge-shared VOg octahedrons. This structure formed the
corner-shared connections between the adjacent cells, thus generate V-O
tunnels, which can provide an accommodation for a different kind of
guest ions like Mngr [184]. Luo and co-workers synthesized VO, (B)
nanosheets via a simple hydrothermal approach for using as the cathode
for Mg ion batteries (Fig. 10a) [185]. To explore the mechanism of Mngr
storage, charge/discharge curves between —1.0V and 0.3V was per-
formed, which revealed that VO, (B) only have one oblique discharge
platform at ca. 2.15V vs. Mg2+/Mg (Fig. 10b). Moreover, As can be seen
from Fig. 10c, the VO5 (B) nanosheets are potentially separated at 0.05 V,
suggesting rapid kinetics as well as high reversibility of VO, (B) nano-
sheets during Mg?" insertion/deinsertion process. The Mg?* storage
mechanism can be summarized as VOy + x Mg2+ + 2x e~ - Mg,VO0,
[185].

Zhao and co-workers prepared the MnO, nanostructure via the elec-
trodeposition method [186]. The size and thickness of the obtained
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solitary nanosheets are respectively 200-300 nm and 20-30 nm. All of
the nanosheets are vertically aligned on the fiber, composing a surface
which covered with uniformly crossed network textile fiber, which can
not only facilitate the quick ion diffusion, but promote the electrode
stability during the cycles. To further enhance the energy storage capa-
bility, large number of smaller fluffy nanosheets (5-10 nm) were intro-
duced to the bulk nanosheet array, lead to a self-branched hierarchical
structure (Fig. 10d). Such unique structure can not only build numerous
networks but offer more favorable paths for rapid ion diffusion as well,
which is beneficial for promoting the rate performance (Fig. 10e). In
addition, the mass loading of MnO; nanosheets is greatly enhanced from
3.96 mg cm ™2 to 9.15 mg cm ™2, which can be ascribed to the introduc-
tion of fluffy nanosheets. To investigate the mechanism of Zn storage, the
charge/discharge curves is performed (Fig. 10f). The related CV peaks
suggests the multi-step H" and Zn>" storage in MnO, [187]. Cycling
performance shows that 91% of the capacity was retained at 1C even
after 1000 cycles, exhibiting the outstanding long cycle life of the
as-prepared MnO, nanosheet-based electrode [186].

4.2. TMCs nanosheets

TMCs have attracted intensive attention owing to the layered struc-
tures integrated by vdW interactions, which is beneficial for the guest
molecules and/or ions to intercalate into layers [188]. Due to the large
interlayer spacing of 0.62nm, MoS, were broadly used for Li*/Na‘t
battery anode as well as other various multivalent batteries system [189].
MoS; nanosheets with expanded interlayer on graphene foam (E-MG)
was synthesized by Fan and co-workers via a hydrothermal reaction
followed by thermal treatment method as cathodes for MIBs (Fig. 11a and
b) [190]. The interlayer was expanded to 1.00 nm, which not only
decrease Mg?" diffusion barrier, but also improve the structural stability
during Mg?" intercalation (Fig. 11c). CV of MoS electrodes was per-
formed to further investigate the mechanism of Mg storage (Fig. 11d).
Two remarkable pairs redox peaks of 0.92/1.19V and 1.02/1.25V are
detected. Cycling performance displays that after 200 cycles, 81% of the
capacity was remained at 500 mA g~ with nearly 100% columbic effi-
ciency (Fig. 11e), which reveals a stable cycling performance and an
enhanced performance than bulk MoS; owing to the rich active sites and
shorten ion diffusion pathways caused by nanosheet structure [190]. A
slight expansion of interlayer distance was observed after prolonged
cycles, which may be attributed to the self-adjusting of the structure to
make more Mg?" intercalate into the MoS; layers.

In order to boost divalent-ion storage capacity, defect chemistry was
introduced to the MoS; nanosheets for ZIBs [191]. Defect engineered
MoSy.x nanosheets was synthesized by Xu and co-workers (Fig. 11f)
[181]. DFT calculations revealed that the sulfur vacancies and edges of
the MoS, nanosheets are the major adsorption sites of Zn?*, and it also
can generate pseudocapacitance of the MoS; cathode. For the purpose of
further explore Zn?* storage mechanism of the MoS, electrodes, CVs are
performed at different scan rates. With a relative slow scan rate
(0.1 mV s’l), the electrochemical reactions are mainly controlled by the
diffusion process. While, the contribution of the capacitive processes is
increased along with the improving scan rate (Fig. 11g). The ex-situ XPS
was also carried out to analyses the Zn?* storage mechanisms of defected
MoS,. A High-resolution ex-situ Mo (VI) 3ds3/2 spectra during charge/-
discharge process is further analyzed. The peak intensity of Mo (VI) 3ds/2
decreased progressively during the first discharge process from initial
voltage to 0.25V, which revealed the gradual reduction of the Mo va-
lance state. While, the peak intensity of Mo (VI) 3d3/» progressively
strengthened to its initial state when charged from 0.25 to 1.25V, which
suggested the rebirth of Mo (VI) (Fig. 11h—j). The electrochemical re-

actions of the MoSy/Zn battery are concluded as follows:
Cathode: MoS,_x + 0.36 Zn>t + 0.728 ¢~ = Zng 36Mo0S) « a7

Anode: Zn>* + 2~ =Zn (18)
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Electrochemical performance shows that the defect-rich MoS; nano-
sheets exhibits a starting capacity of 100.9mAhg™! and a capacity
reservation of 87.8% over 1000 cycles at 1000 mA g’1 [181].

Due to the instinct metallic electronic ground state, VS holds a
propitious future for the applications of energy storage. Meng and co-
workers synthesized VS; nanosheetsfor MIB cathodes through hydro-
thermal route. The diameter and thickness of the as-prepared nanosheets
are around 500 and 50 nm [179]. Combined XRD, TEM analysis and
theoretical calculation exposed that the interlayer spacing of VS, can be
expanded to 8.76 A because of the insertion of (phenyl);Mg and tetra-
hydrofuran at the early cycling stage. As a result, it reaches maximum
energy and power densities of 231 Whkg ™! and 5722 Wkg 1. CV curve
indicates that the capacity is dominated by pseudo-capacitance [179].

4.3. Other type nanosheets

VOPOQy, as polyanion-type layered materials, exhibits architecture of
corner-sharing VOg octahedra connected to PO4 tetrahedra [192]. Owing
to the five-coordination circumstance of vanadium ion, the vacant co-
ordination sites between the restacking layers can provide cation inter-
calation. Zhou and co-workers synthesized VOPO4 nanosheets with
expanded layer spacing via a facile ultrasonicated exfoliation and
self-assembly strategy [193]. The layer spacing of nanosheets is
expanded from 0.74 to 1.42nm through a displacement reaction with
phenylamine (PA) molecules. Combined experimental evidence with
calculations, the expanded VOPO, nanosheets can afford sufficient
interlayer spacing to absorb MgCl™, and further improve the diffusion
dynamics (Fig. 12a). A high reversible capacity of 310 mA h g~ and cycle
stability of 192mAh g~! for 500 cycles can be achieved [193].

Spinel nickel cobaltite (NiCo204) is a potential candidate for LIBs and
supercapacitors (SCs) due to its superior electrical conductivity and
electrochemical activity [194]. Zeng and co-workers synthesized oxygen
vacancies and surface phosphate ions enriched ultrathin nickel cobaltite
(NiCo204) nanosheets via annealing the pristine NiCo,0O4 nanosheets
using a facile phosphating strategy [180]. On one hand, oxygen vacancies
enhance the conductivity of metal oxide, as well as serve as active sites
for electrochemical reactions. On the other hand, the surface reactivity
and reaction kinetics can be greatly improved by the introduced phos-
phate ion. To figure out the electrochemical mechanism of the NiCo04
electrode, CV curves are measured, and the linear relationship between i
and v'/2 shows the redox reaction is a diffusion-controlled process
(Fig. 12b). The electrochemical reaction of the NiCo204/Zn battery is
concluded as follows [195].

Cathode: NiC0,0,4 + OH™ + H,0 = NiOOH 42 CoOOH + e~ (19)
CoOOH + OH™ = Co0, + H,O + e~ (20)
Anode: [Zn(OH)4]> + 2 e~ = Zn + 4 OH (21)

Electrochemical performance test result exhibits remarkable energy
and power densities of 616.5W h kg_l and 5.15 kW kg_l [180].

A 3D hierarchical nanosheet-based microsphere AlV30g9 was prepared
by a simple hydrothermal route (Fig. 12c). Ex-situ XRD analysis was
performed to reveal the AI** storage mechanism (Fig. 12d). As the dis-
charging process progresses, the peak of Al,O3 is gradually increased,
indicating the conversion reaction of AI>* inserting in the AlV30q elec-
trode. While, along with the charging process, the peak of Al;O3 is pro-
gressively decreased, suggesting the extraction of AI** from the electrode
and the regeneration of AlV30g. Such a result indicates that AlV30g can
achieve reversibe intercalation and de-intercalates of AlI**, and phase
transition takes place at the interface of electrode material [196]. The
electrochemical reaction can be concluded as follows:

Cathode: AlV309 + x Al3+ = Al3+x_yV309_1'5y + 0.5y ALO3 + 3x e (22)

Anode: Al + 7 AICly = 4 AL,Cl; +3e” (23)
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Fig. 11. (a, b) Schematic and SEM image of E-MG. (c¢) HRTEM images and structure model of E-MG. (d, e) CV curves and cycle stability of E-MG. Reprinted with
permission from Ref. [190]. Copyright 2017, Wiley Online Library. (f) STEM image defect-rich MoS, nanosheets. (g) The contribution ratio of the capacitive capacities
and diffusion-limited capacities. (h) Initial charge/discharge curve of MoS, electrode at 100 mA g~*. (i, j) Ex-situ Mo®" 3ds/» spectra and Mo 3d spectra of MoS,
electrode at different states. Reprinted with permission from Ref. [181]. Copyright 2019, Elsevier.

Electrochemical performance shows that a high discharge specific
capacity of 327 mAh g™! can be achieved at 100 mA g~ [196].

Xie and co-workers synthesized a fluorinated graphene nanosheet
(FGS) network for MIBs via a hydrothermal fluorination procedure, and
after a anionic insertion process resulting in pre-activation for FGS [197].
The electrochemical mechanism of the Mg/FGS battery system was
investigated through XPS analysis, and the results revealed that there are
three separated reaction stages before reaching the reversible state of the
whole battery system (Fig. 12e). After the first a few cycles, the elec-
trochemical reactions at cathode side can be summarized as follows:

397

C-X(X =F,CLCl04) + Mg(DMS0),CIO} + 2 e~ = Mg-X-C + n(DMSO) +

Clog (24)
C-X 4+ MgCIT +2 e = Mg-X-C + CI™ (25)
2C-X 4+ MgClf +4e =2Mg-X-C+3Cl” (26)
and at anode side by:

Mg(DMSO),CIOf + 2 ¢~ = Mg + n(DMSO) + ClO; 27)
MgCIt +2¢” = Mg + CI™ (28)
Mg Clf +4e =2Mg+3Cl- (29)
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Electrochemical performance shows a stable cycling life and rate
performance with capacities of 110, 90 and 50mAhg™! at 10, 50 and
100mA g™}, respectively [197].

Wang and co-workers prepared graphene nanosheet (GN) papers and
introduced it as an host material for fast AICly ion transfer/storage [198].
Morphology characterization suggests that the GN papers were combined
with significantly thinner and smaller nanosheests (Fig. 12f), which holds
the advantages of abundant ionic diffussion pathways, decreased ion
transport distances as well as enhanced cushion areas for AlCly dif-
fussion/storage. Moreover, such stacked graphene nanosheets with
moderate tortuosity can balance the application of the every active ma-
terial unit with highly effective transportation paths, which is of vital
importance to volumetric energy and power density (Fig. 12g) [198]. The
electrochemical mechanismcan be concluded as follows:

Cathode: C, + AICly = C,[AIC] + e~ (30)

Anode: Al + 7 AICI; = 2 ALCI; + 3¢~ (31)

The GN cathode delivered an extremely high volumetric capacity of
170mAhcm™ at 50mAg™! along with the volumetric energy and
power densities of 0.2774 Wh cm ™2 and 10.9122 W ecm ™3, which is closes
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to the theoretic values [198].
5. Nanosheet-based materials for next-generation Li batteries

Owing to the increasing requirements of high energy and high power
density, next-generation Li batteries, such as Li-sulfur (Li-S) and Li-air
batteries, have attracted intensive attention of researchers [199-202].
Unfortunately, the shuttling of soluble Li polysulfides (LisSy, 2 <x < 8)
leads to low Coulombic efficiency, continuous loss of active materials, as
well as severe decay of capacity and cycling life. Therefore, how to
regulate the transportation and kinetics behaviors of LisSy is a critical
problem [203]. Introducing polar transition metal compounds, such
TMCs, is regarded as an effective strategy to relieve the above drawback,
and achieve improved electrochemical performances. Here, we will make
a brief introduction on these projects.

One way to address the “shuttle effect” is to introduce compounds
with strong adsorption ability to capture the polysulfides. It is widely
accepted that a moderate binding energies with polysulfides in the range
of 0.8-2.0 eV is an important feature for the coupling materials. Based on
this, Yao and co-workers synthesized antimony sulfides (SbyS3) nano-
sheets via electrochemical Li intercalation and followed by exfoliation of
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Sb,S3 [204]. Based on the DFT calculations, the obtained nanosheets are
proved to display ideal binding energies ranging from 1.33 to 2.14 eV,
and hold the low-energy barrier (189 meV) for Li diffusion. Combining
with the conductive CNT network, the modified Li-S cell illustrates an
enhanced capacity with a limited decay rate for over 200 cycles.

Vanadium nitride (VN) nanosheets are also investigated to relieve the
shuttling of polysulfides [205]. Due to the strong polar-polar chemical
interaction between VN and polysulfides, the loss of active materials is
obviously reduced. Combined with the “physical block” provided by the
porous carbon fibers (PCF), the designed PCF/VN/S electrode delivers
excellent performance (1310.8mAhg™! at 0.1C) and prolonged cycle
life.

As a kind of typical 2D layered material, graphene has attracted
considerable attention in energy storage fields due to its high surface-
volume ratios and abundant active binding sites. Shi and co-works
designed a nitrogen-doped graphene skin deposited on the surface of
graphene framework for Li-S batteries [206]. The fully exposed N het-
eroatoms can act as the anchoring sites of polysulfide to achieve high
sulfur utilization, thus resulting in enhanced cyclic stability
(1039mAhg! at 1.0C, 0.09% decay per cycle). Recently, researchers
have developed many novel approaches to synthesize doped graphene
materials. Kong and co-workers have developed a facile method to syn-
thesize nitrogen-dopant carbon nanosheets via pyrolyzing a thin layer of
2D porphyrin organic framework on the surface of graphene, resulting in
improved Li-S$ cell performances (1135mAh g~! at 0.5C, 0.099% decay
per cycle) [207].

Another effective way to relieve the “shuttle effect” is to shorten the
existence time of polysulfides through accelerating the conversion of
soluble polysulfides. Therefore, compounds with excellent electro-
chemical catalytic ability for polysulfides have attracted intensive
attention. Li and co-workers synthesized ultra-thin FesC nanosheets on
mesoporous carbon as the multifunctional sulfur host [208]. The Fe3C
nanosheets can act as the active sites to capture polysulfides, as well as
catalytic sites to transform soluble polysulfides. Combined with
conductive mesoporous carbon, the sulfur host can boost the trans-
portation of electrons and ions, lock polysulfides, as well as enhance the
reaction kinetics. Therefore, the designed multifunctional sulfur host
exhibits a high capacity of 1530 mAh g™ ! at the current density of 0.1C.

6. Conclusions and outlook

This review provides a comprehensive introduction of recent
nanosheet-based electrode materials for high performance batteries, like
LIBs, SIBs, MIBs, ZIBs, AIBs, and various kinds of energy storage mech-
anisms are discussed and summarized meanwhile. Owing to the short
solid-state diffusion distance for ions, the ability to alleviate the huge
volume expansion of the electrode during repeated charge/discharge
process, large numbers of channels for the access of electrolyte to
improve the speed of ions diffusion within the electrode, as well as the
numerous exposed active sites, nanosheet-based electrode materials have
attracted intensive attention and have been studied in recent years for
achieving ultrafast charge/discharge of energy storage. Furthermore, the
defect engineering, heterostructure configuration, as well as doping can
further improve the electrochemical performance of various nanosheet-
based electrodes. Although nanosheet-based electrode materials pro-
vide an opportunity for achieving ultrafast charging and discharging of
different battery systems, a large amount of effort is still needed to
achieve the expected goal. In order to further realize the practical ap-
plications of nanosheet-based materials, the key challenges and some
perspectives are summarized as follows.

(1) The traditional synthetic strategies of TMOs are relatively com-
plex and not general, as well as not environmentally friendly
[209]. Thus, synthesis methods with controllable, effective and
large-scale characteristics are expected to be developed. More-
over, the understanding of energy storage mechanisms, especially
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in multivalent rechargeable battery systems, should be investi-
gated via advanced characterization methods, such as in-situ
XRD/Raman/XPS technologies.
For TMCs, the main limitations are poor electronic conductivity,
strong restacking and aggregation tendency, as well as unignor-
able volume variation during repeated charge/discharge pro-
cesses. As a result, combining with conductive materials (such as
carbonaceous nanotubes and sheets), and exploring effective
strategies to expand the layer distance are vital to improve their
capabilities of ion storage.

(3) Although 2D graphene, silicene, BP and MXene hold many ad-
vantages for ion storage, there still exist some difficulties to ach-
ieve their further applications, such as the tendency of restacking
and aggregation, as well as the lack of suitable methods for large-
scale preparation of high quality BP [210]. Therefore, exploring
strategies to solve these problems are of vital importance.
Expanding the layer distance to hinder the restacking, introduc-
tion of defects and heterogeneous, as well as construction the 3D
network structures are considered to be effective solutions to
address the above difficulties and enhance their electrochemical
performances. What’s more, exploring low cost and non-toxic
preparation methods for high quality BP is also imperative.

(2)

With rapid development and constantly exploring in materials design
and engineering, we hold the view that nanosheet-based electrode ma-
terials can boost the development of rechargeable batteries and bring a
bright future of energy storage science and technology.
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