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In the past few decades, great efforts have been made to develop advanced transition metal dichalcogenide
(TMD) materials as metal-ion battery electrodes. However, due to existing conversion reactions, they still
suffer from structural aggregation and restacking, unsatisfactory cycling reversibility, and limited ion storage
dynamics during electrochemical cycling. To address these issues, extensive research has focused on
molecular modulation strategies to optimize the physical and chemical properties of TMDs, including phase
engineering, defect engineering, interlayer spacing expansion, heteroatom doping, alloy engineering, and
bond modulation. A timely summary of these strategies can help deepen the understanding of their basic
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Accepted 2nd January 2024 mechanisms and serve as a reference for future research. This review provides a comprehensive summary o
recent advances in molecular modulation strategies for TMDs. A series of challenges and opportunities in the
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research field are also outlined. The basic mechanisms of different modulation strategies and their specific

rsc.li/chemical-science influences on the electrochemical performance of TMDs are highlighted.
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1. Introduction

The enormous energy demand in modern society is causing
excessive consumption of non-renewable energy sources and
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serious environment pollution. Energy resources, such as wind
and solar energy, are clean and renewable, which are highly
desirable for the long-term sustainable development of modern
society. The main problem associated with these renewable
clean energy sources is their intermittent characteristics,
making energy storage systems (ESSs) necessary to store such
intermittent energy for later use as a continuous and stable
power. Due to their inherent advantages of low cost, long life-
span, and high efficiency, secondary batteries are one of the
ideal candidates for storing energy.' After decades of develop-
ment, lithium-ion batteries (LIBs) have been successfully
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commercialized and are ubiquitous in our daily lives. However,
the low abundance of lithium resources may restrict large-scale
LIB-based ESSs.>* Therefore, alternate secondary metal-ion
batteries with higher earth-abundance of the corresponding
metals, such as sodium ion batteries (NIBs),** potassium ion
batteries (PIBs),”*® and zinc ion batteries (ZIBs),"*** have been
extensively studied. Among various battery systems, electrode
materials play an important role in the battery's electrochemical
performance. Therefore, developing advanced electrode mate-
rials is desired for low cost, long lifespan, high efficiency, and
large scale secondary electrochemical ESSs.

Normally with a formula of MX, (M is composed of transition
metals in group 4 to group 7, and X = S, Se, Te), 2D transition
metal dichalcogenides (TMDs) have attracted much attention in
the field of energy storage due to their 2D structure and tunable
physical and chemical properties.”*'® In monolayer MX,, X
atoms are distributed in the outer layers, while the M atoms that
form covalent bonds with X atoms are sandwiched between the
two outer layers of X atoms. The adjacent MX, layers in TMDs
are coupled by weak van der Waals (vdW) forces, and the
interlayers allow the intercalation of metal ions. For example,
Whittingham demonstrated that Li* can be inserted and
extracted reversibly in the interlayer of TiS, at a high speed in
his pioneering work.'” In addition, the large interlayer spacing
of MoS, (0.62 nm) theoretically makes it easy to accommodate
metal ions, such as alkali metal ions (Li*, Na*, and K*), Zn>",
etc.'®?° Furthermore, the conversion reaction of some TMDs in
the deep discharge state provides them with a high theoretical
specific capacity. However, structural aggregation, restacking,
and limited cycling stability originating from the conversion
reaction during cycling still exist.*»** These negative factors
cause TMD electrode materials to exhibit unsatisfactory elec-
trochemical performance in metal ion batteries.

To address these issues, a large amount of research has been
conducted to tune and optimize the properties of TMDs.
Different morphologies of TMDs,**** such as nanoflowers,*®
nanorods,” etc., were explored to increase the specific surface
area and relieve the structural stress during cycling. The TMDs'
larger specific surface area can increase the contact area with
the electrolytes, which is beneficial for faster ion diffusion and
better rate performance. The lower structural stress is beneficial
for maintaining structural integrity and improving long-term
cycling stability. Coupling with carbon materials is also one of
the commonly used strategies, which can not only reduce the
charge transfer impendence, but also alleviate the structural
aggregation caused by vdW interaction.”®*° The above strategies
effectively enhance TMDs' electrochemical performance, but
they all modify TMDs from an ‘external’ perspective, and the
basic properties of TMDs remain unchanged. In contrast,
molecular modulation strategies modify the TMD molecules
from an ‘internal’ perspective. Molecular modulation is mainly
carried out at the molecular or atomic level, through the
purposeful modulation of specific parts or regions of TMD
molecules, so as to realize the effective modulation of TMDs'
properties. Table 1 summarizes the cycling performance of
some TMDs before and after molecular modulation, showing
the advantages of molecular modulation.**® As a result,
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molecular modulation strategies are of great significance for the
development of TMDs.

In this review, we will introduce and summarize various
molecular modulation strategies for TMD electrodes used in
metal ion batteries, including phase engineering, defect engi-
neering, interlayer spacing expansion, heteroatom doping, alloy
engineering, and bond modulation. We begin by introducing
the basic properties of different TMDs. Next, we focus on the
mechanisms of different modulation methods and their
specific influences on the TMDs' properties for metal-ion
storage. Lastly, the challenges and perspectives of TMDs as
metal-ion battery electrodes are outlined. We expect that this
review will help improve the overall understanding of various
molecular modulation mechanisms for TMDs in the applica-
tion of electrochemical storage and serve as an excellent refer-
ence for the future development of TMD-based electrodes.

2. Basic properties of TMDs
2.1 Crystal structure

Due to the different coordination and stacking sequences of
transition metals, TMDs exhibit polymorphs and stacking pol-
ytypes. For monolayer TMDs, two typical coordination struc-
tures exist for metal atoms: trigonal prismatic and octahedral
coordination.” As shown in Fig. 1a, the trigonal prismatic
coordination can be expanded to hexagonal symmetry (belongs
to the Oy, (or Dsp,) point group) with Bernal stacking (AbA) (the
upper and lower case letters represent chalcogen and metal
atoms, respectively) in the monolayer, namely, the 1H phase.*®
The octahedral coordination can be expanded to tetragonal
symmetry (belongs to the D4 point group) with rhombohedral
stacking (AbC), namely, the 1T phase (Fig. 1b). Due to distor-
tions, other phases can also be found, such as the 1T’ phase
(Fig. 1c). As shown in Fig. 1d-f, for bulk TMDs, the three most
common polymorphs are 1T, 2H, and 3R, where the letters
represent trigonal, hexagonal, and rhombohedral symmetry,
and the digits indicate the number of MX, units in the unit cell
(in other words, the number of MX, layers in the stacking
sequences).*>** Among them, 2H and 3R phases can both be
formed by stacking the 1H phase in different ways with
a stacking sequence of AbA BaB and AbA BcB CaC, respec-
tively.** A single TMD can also exist in the form of various
polymorphs or stacking polytypes, depending on its synthesis
method. For example, natural MoS, usually exhibits the 2H
phase. However, 1T or 3R phases are often found in synthesized
MoS,.*+% Among the above several phases, 1T and 2H have been
widely studied in metal ion batteries.

2.2 Electronic structure

The electrical properties of TMDs depend on the transition
metals’ coordination environment and their d orbital filling
states.®® In both 1H and 1T phases, the non-bonding d bands of
TMDs are located within the gap between the bonding and
antibonding bands of M-X bonds. Due to the influence of the
lattice field, the d orbitals of transition metals with trigonal
prismatic coordination (Op) split into three groups, d:(a;),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of TMDs' cycling performance before and after molecular modulation
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Materials Cycling performance Current density Systems Ref.
Phase engineering

2H-MoS, 16.4 mA h g ' after 300 cycles 1Ag! LIBs 31
2H-MO0S,/C 350 mA h g~ after 300 cycles

1T-MoS,/C 870 mA h g after 300 cycles

2H-MoS,@PNC 369.9 mA h g~ " after 250 cycles 0.5A¢g" NIBs 32
1T/2H-M0S,@NC 389.5 mA h g~ after 250 cycles

1T/2H-MoS,@PNC 472.6 mA h g~ " after 250 cycles

Mo0S,-0 T 182 mA h g~ after 280 cycles 1Ag! NIBs 33
MoS,9 T 310 mA h g™ after 280 cycles

2H-MoS, 100 mA h g after 50 cycles 0.1Ag" NIBs 34
1T-MoS, 410 mA h g " after 150 cycles

2H-MOS,NFs 308 mA h g " after 50 cycles and 63.6 mA h g~ " after 415 cycles 0.1Ag L 1Ag! NIBs 35
TiO,~2H-MoS,NFs 593 mA h g~ after 50 cycles and 341 mA h g~ after 700 cycles

TiO-1T-MoS,NFs 676 mA h g after 50 cycles and 501 mA h g~ after 700 cycles

CNT@2H-MoS, 254.6 mA h g~ after 50 cycles 0.1Ag" NIBs 36
1T-MoS, 89.7 mA h g~ ! after 50 cycles

CNT@1T-MoS, 542.3 mA h g~ after 50 cycles

2H-MoSe, ~20 mA h g~ after 50 cycles 0.1Ag"! ZIBs 37
1T-MoSe, 138.8 mA h g~ after 50 cycles

1T-MoSe,/CC 265.1 mA h g~ ! after 50 cycles

Defect engineering

MosS, 170 mA h g~ after 220 cycles 01Ag " LIBs 38
MoS,/C-CPM 831 mA h g " after 220 cycles 02Ag"!

WS,~SPAN-1 278 mA h g~ after 450 cycles, 292 mA h g™ " after 1400 cycles 05Ag L 2Ag7" NIBs 39
WS,~SPAN-2 464 mA h g " after 450 cycles, 354 mA h g~ " after 1400 cycles

WS,~SPAN-3 246 mA h g~ after 450 cycles and 206 mA h g~ after 1400 cycles

MoS, 45 mA h g ! after 100 cycles 05Ag" NIBs 40
BD-MoS, 354 mA h g~ " after 100 cycles

NC@MOoS, 103 mA h g after 100 cycles 0.1Ag" NIBs 4
NC@MOoS,-Ar 430 mA h g~ after 100 cycles

NC@MoS,-VS 495 mA h g " after 100 cycles

VSe, 264 mA h g~ after 100 cycles and 79 mA h g™ " after 500 cycles 05Ag ,3Ag"" PIBs 42
P-VSe, 351 mA h g after 100 cycles and 143 mA h g~ " after 1000 cycles

Commercial WS, 85.6 mA h g~ " after 50 cycles, — 0.1Ag ", 2Ag™"! PIBs 43
P-WS, 173.7 mA h g ! after 50 cycles and 25.6 mA h g~ " after 50 cycles

Sv-WS, 230.8 mA h g after 50 cycles and 93.2 mA h g~ after 200 cycles

MoS, 750 ~5mAhg™? 1Ag"! ZIBs 44
MoS,_, 250 88.6 mA h g~ ' after 1000 cycles

VSe,-SS 75.8 mA h g ' after 1800 cycles 4Ag" ZIBs 45
VSe, ,-SS 175.8 mA h g after 1800 cycles

Interlayer spacing expansion

MoS, 248 mA h g~ " after 100 cycles 02Ag" LIBs 46
MoS,@PANI 701 mA h g~ after 100 cycles

MoS,/PANI 1207 mA h g~ after 100 cycles

MoS, ~90 mA h g~ after 100 cycles 03Ag"! NIBs

MoS,@PANI ~150 mA h g~ " after 100 cycles

MoS,/PANI 456 mA h g~ " after 100 cycles

c-WSe, 61 mA h g~* after 150 cycles 0.1Ag" PIBs 47
WSNC 384 mA h g after 200 cycles

ns-MoS, ~200 mA h g~" after 100 cycles 0.5Ag" PIBs 48
exp-MoS, ~360 mA h g~ after 100 cycles

p-MosS, 11.9 mA h g~ " after 1000 cycles 1Ag™" ZIBs 49
MoS,/PANI-150 91.6 mA h g~ " after 1000 cycles

Heteroatom doping

Bulk WSe, 69 mA h g™ after 50 cycles, — 0.1Ag L, 1Ag™" NIBs 50
2H-WSe,-2 281 mA h g " after 50 cycles and 158 mA h g ' after 900 cycles

2H-WSe,-1 321 mA h g™ after 50 cycles and 202 mA h g™ " after 900 cycles

1T-WSe,-Sn 460 mA h g~ " after 50 cycles and 285 mA h g™ ' after 900 cycles

OMSCF-500 60 mA h g~ " after 100 cycles and 21 mA h g™ " after 100 cycles 0.1Ag L, 1Ag! NIBs 51
OMSCF-300 221 mA h g after 100 cycles and 79 mA h g~ after 100 cycles

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd.)

Materials Cycling performance Current density Systems Ref.
MSCF 232 mA h g™" after 100 cycles and 87 mA h g™ " after 100 cycles

OMSCF-400 330 mA h g~ " after 100 cycles and 181 mA h g~ after 100 cycles

Pristine MoS, ~47 mA h g~ after 50 cycles 1Ag™! ZIBs 52
D-MoS,-O 281.9 mA h g after 50 cycles

Alloy engineering

MoS, 228.9 mA h g~ after 400 cycles 1Ag! LIBs 53
Moy 5sWo.5S, 271.9 mA h g~ after 400 cycles

WS, 205.8 mA h g~ after 400 cycles

Mo0S,-NC 385.63 mA h g~ " after 1000 cycles 02Ag" PIBs 54
MoS; 5Seq s-NC 531.56 mA h g after 1000 cycles

MoS, 18.3 mA h g~ after 1000 cycles 2Ag7" PIBs 55
MoSe, 114.3 mA h g after 1000 cycles

MoSSe 220.5 mA h g~ ! after 1000 cycles

MoS,/rGO 67.6 mA h g ' after 150 cycles 0.1Ag" ZIBs 56
MoSe,/rGO 44.5 mA h g " after 150 cycles

MoSSe/rGO 210.3 mA h g~ after 150 cycles

Bond modulation

MoSe, Almost no capacity after 20 cycles 1Ag! LIBs 57
Red MoSe, 1125.7 mA h g~ ! after 500 cycles

MoSe-rGO ~100 mA h g~ after 60 cycles 0.1Ag" PIBs 58

MoSe, ., —rGO

168 mA h g~ after 300 cycles

de_y xy(€), and dy,(e), with a sizeable gap (~1 V) between the
first two groups of orbitals. The d orbitals of transition metals
with octahedral coordination (Dsq) split into two groups,
dy2 2 y2(eg) and dy, ; (tag).> The filling states of non-bonding
d bands play an important role in the electrical properties of
TMDs. When the orbitals are fully occupied, such as in 2H-MoS,
and 2H-MoSe,,*** the materials exhibit semiconducting
behaviour. When the orbitals are partially filled, such as in NbS,
and VS,,** the materials show metallic behaviour. The phases
and electrical properties of group 4-7 TMDs are summarized in
Table 25961637976 Tn addition, although the chalcogen atoms

<X

have a smaller influence on the electronic properties of TMDs,
the broadening of d bands and the corresponding decrease in
bandgap with increasing chalcogen atom number can still be
observed. For example, the bandgap of 2H-MoS,, 2H-MoSe,,
and 2H-MoTe, decreases from 1.3 to 1.0 eV.””

The d electron counting of transition metals also plays a key
role in selecting the preferred phase for TMDs. Group 4 TMDs
with d° transition metal centers all possess an octahedral
structure. While in group 5 TMDs (d'), both the trigonal pris-
matic and octahedral structures exist. The trigonal prismatic
phase accounts for the majority in group 6 TMDs (d*), and

Fig. 1 Schematics of the polymorphs and stacking polytypes: (a—f) 1H, 1T, 1T, 2H, 3R, and 1T. Reproduced with permission from (a—c) ref. 60.
Copyright 2014, Science; (d—f) ref. 62. Copyright 2015, Royal Society of Chemistry.
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Table 2 Summary of phases and electrical properties of TMDs

Group Metal Chalcogen Phases Electrical properties Ref.
4 Ti S 1T Semiconducting 31 and 70
Se
Te
5 v S 1T Metal
Se
Te 71 and 72
5 Nb S 2H Metal 61 and 70
Se 70 and 73
Te 1T 61 and 70
6 Mo S 2H Semiconducting 61 and 70
Se 70 and 73
Te 61 and 70
6 w S 2H Semiconducting 61 and 70
Se 70 and 73
Te 1T 61 and 74
7 Re S 1T Semiconducting 75 and 76
Se 61 and 63
Te — — —

group 7 TMDs (d*) mainly consist of a distorted octahedral
phase.”

2.3 Metal-ion storage mechanisms

When TMDs serve as alkali metal-ion battery electrodes,
reversible intercalation and extraction reactions occur first at
a relatively high cutoff voltage (~1 V) with A,MX, as the product
(A represents alkali metal atoms).”® The M-X bonding interac-
tions are larger than the A-MX, interactions during these
processes. When the discharge process continues, TiX, and
NbX, still exhibit reversible intercalation and extraction
processes due to the sufficiently strong M-X bonding. However,
for the other TMDs whose M-X bonding interactions become
smaller than the A-MX, interactions at a low voltage, a conver-
sion reaction occurs with the products of M and A,X. The
reversibility of the conversion reactions is influenced by the
dynamic properties of MX,,” including the electrical properties,
structural stability, and ion diffusion kinetics. The poor
dynamic properties of MX, result in irreversible conversion
reactions and the oxidation products of M and X in the first
cycle. In the subsequent cycles, the redox couple changes into X/
A,X, which means that X replaces MX, as the active material.
Due to their poor dynamic properties, the semiconducting
phases MoX,, WX,, and ReX, exhibit irreversible conversion
reactions.*®* In contrast, the excellent dynamic properties of
MX, lead to reversible conversion reactions, where MX, can be
reformed after an oxidation reaction. ie., MX, is always the
active material. The metal phase VX, compounds have been
demonstrated to exhibit partially reversible conversion reac-
tions due to their better dynamic properties.**** In addition, the
voltage at which the conversion reaction begins usually varies
depending on the materials and the intercalated alkali metal
ions. For example, commercial 2H-MoS, begins to undergo
a conversion reaction when discharged to 0.6 V in a LIB system.
In NIB and PIB systems, however, the starting voltages decrease
to 0.13 and 0.16 V, respectively.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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When TMDs are used in multivalent-ion batteries, no ion
storage mechanism associated with the conversion reaction has
been reported so far.*” As a result, the main multivalent-ion
storage mechanisms of TMDs are currently ion intercalation
and extraction.

3. Molecular modulation strategies
for TMDs in metal ion batteries
3.1 Phase engineering

The pristine electrical properties of different phases play a crit-
ical role in TMDs' electrochemical performance. For example,
the conversion reaction is irreversible for the semiconducting
phase Mo, W, and Re-based dichalcogenides due to their poor
conductivities. Due to their much better conductivity, the
conversion reaction becomes partially reversible in the case of
metallic phase V-based dichalcogenides. As a result, converting
semiconducting phase TMDs to the metallic phase could be an
effective strategy to improve their electrical properties and
electrochemical performance greatly. For example, Yao et al.
prepared 1T-MoS,@GO for a PIB anode.*® As a comparison, 2H-
MoS,@GO was also prepared. Due to the much improved
electronic conductivity, a partially reversible conversion reac-
tion is achieved when using 1T-phase MoS,, which is similar to
the behaviour of metallic phase V-based dichalcogenides. In
addition, 1T-MoS,@GO exhibits a better electrochemical
performance than 2H-MoS,@GO at all the tested current
densities. This section mainly discusses the phase engineering
strategies of Mo and W-based dichalcogenides.

As shown in Fig. 2a and b, under a trigonal prismatic crystal
field, the Mo 4d orbitals of MoS; are divided into d, 22, dyz xz,
and d,: groups, where d,: is located at the lowest position of the
orbitals.?® Therefore, the two 4d electrons fill the d,» orbital in
pairs, making 2H-MoS, exhibit semiconducting behaviour. For
1T-MoS,, the octahedral crystal field makes the Mo 4d orbitals
split into dy ;. and d 2> groups. In this case, the two 4d
electrons tend to parallelly occupy two of the three orbitals in
the lower group following the minimum Coulomb energy
principle, resulting in metallic behaviour. Therefore, manipu-
lating the electronic structures of the Mo 4d orbitals is the key to
transitioning from the semiconducting phase to the metallic
phase for Mo-based dichalcogenides. The partial density of
states (PDOS) of Mo 4d in different phases also confirms the
above conclusion (Fig. 2¢ and d).*

In addition to the greatly improved electrical conductivity,
the 1T phase usually shows a larger interlayer spacing than the
2H phase, resulting in faster ion diffusion rates and smaller
volume changes during cycling.®>** Bai et al. prepared the 1T-
MoS,/C composite for Li* storage. The prepared 1T-MoS, not
only exhibits metallic conductivity but also shows an expanded
interlayer spacing of 0.94 nm (Fig. 2e).** The enlarged interlayer
space of 1T-MoS, compared to that of 2H-MoS, (0.62 nm,
Fig. 2f) enables rapid intercalation and extraction of Li* and
buffers the volume changes, leading to improved electro-
chemical performance. The 1T-WS, nanoflowers (NFs) with an
enlarged interlayer spacing of 0.67 nm (0.62 nm for 2H-WS,)

Chem. Sci., 2024, 15, 2323-2350 | 2327
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Fig. 2 Electronic structure manipulation of the Mo 4d orbitals as a key to transition from a semiconducting to a metallic phase for Mo-based
dichalcogenides. (a and b) The occupation of electrons in Mo 4d orbitals under the crystal fields of the 1T phase and 2H phase. Calculated PDOSs
of 4d states of Mo for the (c) 1T phase and (d) 2H phase. HRTEM images of the (e) 1T-MoS,/C hybrid and (f) 2H-MoS,/C hybrid. Water contact
angle measurements of (g) 3DG/2H-MoS, and (h) 3DG/1T-MoS,. Electrolyte contact angle measurements of (i) 3DG/2H-MoS; and (j) 3DG/1T-
MoS,. Calculated energy profiles of Zn?* diffusion in (k) 2H phase and () 1T phase MoS, with different interlayer distances. (m) Snapshots of
trajectories for lithiated 2H-MoS, monolayer, 2H-MoS; bilayer, 1T-MoS, monolayer, and 1T-MoS; bilayer nanosheets following 6 ps ab initio
molecular dynamics (AIMD) simulations at 300 K. (n) Digital photos of glass vials with the MXene/1T—-2H MoS,—-C-S and MXene/2H MoS,-C-S
batteries as discharge time increases (0.05C). (o) The AG values per formula unit of the reaction between Na,Se/Mo and MoSe, under strained
and unstrained conditions. Reproduced with permission from: (a—d) ref. 88. Copyright 2015, AIP Publishing; (e and f) ref. 31. Copyright 2019,
Wiley-VCH; (g—j) ref. 96. Copyright 2019, Royal Society of Chemistry; (k and ) ref. 97. Copyright 2022, Elsevier; (m) ref. 102. Copyright 2016, Royal
Society of Chemistry; (n) ref. 103. Copyright 2018, Wiley-VCH; (o) ref. 113. Copyright 2022, Springer Nature.

also exhibit better electrochemical performance than the 2H-
WS, NFs and 2H-WS, sheets.*?

When used as aqueous metal-ion battery electrodes, 1T-MoS,
shows higher hydrophilicity than 2H-MoS,, which is beneficial
for wetting the electrolytes and increasing the ion diffusion
rate.”** The water contact angle measurements of three-
dimensional graphene (3DG)/2H-MoS, and 3DG/1T-MoS, are
shown in Fig. 2g and h.?®* 3DG/2H-MoS, shows a contact angle of
97.2°, which is much higher than 37.2° of 3DG/1T-MoS,, sug-
gesting that 1T-MoS, is highly hydrophilic. Liu et al. synthesized
MoS, nanosheets with different 1T phase contents for aqueous
zinc ion storage.””®® Because of the high conductivity and
hydrophilicity of 1T-MoS,, a tendency is observed that the
electrochemical performance improves with increasing the
content of the 1T phase, and the MoS, nanosheets with the
highest content of the 1T phase exhibit the best electrochemical
performance. The density functional theory (DFT) calculations
showed that 1T-MoS, always exhibits lower Zn** diffusion
energy barriers than 2H-MoS, under the same interlayer
spacing conditions (Fig. 2k and 1).” In addition to its high
hydrophilicity, 1T-MoS, also exhibits better organic electrolyte
wettability (Fig. 2i) than 2H-MoS, (Fig. 2j).°

2328 | Chem. Sci,, 2024, 15, 2323-2350

Moreover, during the conversion reaction process, taking
MoS, as an example, the formation of polysulfides is unavoid-
able, resulting in the loss of active materials and the shuttle
effect.***° This phenomenon can be mitigated by converting 2H-
MoS, to 1T-MoS, due to the latter's strong adsorption toward
polysulfides and higher chemical stability.’*>*** As shown in
Fig. 2m, the continuous release of S atoms from 2H-MoS, and
the formation of polysulfides within 6 ps are evident for both
monolayer and bilayer nanosheets from the AMID simula-
tions.’ In contrast, no S atoms are released from 1T-MoS,
within 6 ps for both monolayer and bilayer nanosheets,
demonstrating the higher chemical stability of 1T-MoS,
compared to 2H-MoS,. Furthermore, a polysulfide adsorption
experiment was carried out under continuous discharge
conditions (Fig. 2n).*** For the MXene/1T-2H MoS,-C-S nano-
hybrids, almost no change in the color of the electrolyte is
observed during the 12 h discharging process. However, in the
case of MXene/2H MoS,-C-S nanohybrids, the color of the
electrolyte changes from colorless to faint yellow within the first
3 h. Subsequently, the color of the electrolyte changes to dark
yellow until the end of the discharge. Therefore, the strong
adsorption of 1T-MoS, toward polysulfides enables it to have

© 2024 The Author(s). Published by the Royal Society of Chemistry
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excellent cycling stability and behave as a promising S host.
Zhang et al. prepared MXene/1T-2H MoS,-C nanohybrids as an
S host for Li-S batteries.'*® Compared to the MXene/2H MoS,-C
host, the MXene/1T-2H MoS,-C-S electrode exhibits better
cycling stability.

Phase engineering is a very effective strategy to improve the
dynamic properties and electrochemical performance of Mo
and W-based dichalcogenides, and many methods have
demonstrated the successful preparation of their 1T phases.'**
The relatively lower temperature hydrothermal/solvothermal
methods are often used to prepare 1T phase-containing Mo
and W-based dichalcogenides.'*>**® When increasing the reac-
tion temperature or annealing the 1T phase at a high temper-
ature, the 2H phase can be obtained. For example, 1T-MoS, can
be prepared by a hydrothermal reaction below 200 °C. When the
reaction temperature is increased to 240 °C, only the 2H phase
exists due to its higher thermodynamic stability.*® More
specifically, when performing hydrothermal/solvothermal
reactions or other phase engineering strategies, foreign
species intercalation,'”'®® vacancy and dopant introduc-
tion,'*>*"° exfoliation-restacking,'*"**> etc., are the main path-
ways for manipulating the Mo 4d electronic structures. Among
these, foreign species (such as organic compounds) intercala-
tion not only results in the formation of the 1T phase but can
also regulate the Gibbs free energy of the redox reaction by
using the strain. For example, Jiang et al. reported tensile-
strained MoSe, (TS-MoSe,) using 2-methylimidazole (2-MI) as
a scaffold.”® The introduction of 2-MI not only results in the
formation of 1T-MoSe, but also reduces the Gibbs free energy of
the redox chemistry (Fig. 20), resulting in highly reversible
sodium ion storage.

Since the 1T phase has many advantages, the phase transi-
tion ratio therefore becomes a very important parameter for the
phase engineering strategy. From the viewpoint of thermody-
namics, the 1T phase is metastable, and the 2H phase is more
stable."* Therefore, it is hard to achieve a 100% phase transi-
tion for Mo and W-based dichalcogenides. Currently, most
TMDs constructed by phase engineering strategies contain
around 70% of the 1T phase (Table 3).3%37''>11¢ Although the
electrochemical performance of these TMDs has been greatly
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improved, the construction of pure 1T phase Mo and W-based
dichalcogenides is still desirable. He et al. reported that they
induced a 100% phase transition of MoS, from the 2H phase to
the 1T phase by electron-injection-engineering.*® During the
synthesis process, the reducing gases generated by the decom-
position of melamine donate electrons to the MoS, precursor,
triggering the formation of pure 1T phase MoS,. Meanwhile, the
TiO nanoparticles generated from the reduction of TiO, are
chemically bonded with 1T-MoS,, which ensures the stability of
the 1T phase. In addition, a very interesting phenomenon was
reported by Ding et al. where high magnetic fields can also
induce the formation of pure 1T phase MoS, and WS,.** They
found that 1T-MoS, and 1T-WS, can be prepared by magneto-
hydrothermal processing under magnetic fields of 8 T and 9
T, respectively.

In short, phase engineering can improve the electrical
conductivity of Mo and W-based TMDs. Additionally, a larger
interlayer spacing, better electrolyte wettability, and stronger
polysulfide adsorption are also beneficial for rapid ion storage
and stable cycling performance.

3.2 Defect engineering

Generally, ions insert into defect-free TMDs from the edges and
diffuse along the interlayers.””*** The limited active sites and
long diffusion paths are not beneficial for rapid ion storage,
resulting in sluggish ion transport kinetics. Defects have been
found to be able to increase the active adsorption sites, enhance
the conductivity, improve the reactive kinetics, and create
additional ion diffusion paths,*'"**** which can effectively
alleviate the problems faced by defect-free TMDs.

According to the dimensions, the defects in TMDs can be
divided into four main types: zero-dimensional (0D) point
defects, one-dimensional (1D) line defects, two-dimensional
(2D) planar defects, and three-dimensional (3D) volume
defects.’” Among them, the 0D point defects are more favorable
due to their positive effects on the electrochemical performance
and their easy and controllable incorporation.'”® Therefore,
point defects will be mainly discussed in this section. For
example, as shown in Fig. 3a-h,"** the most commonly observed
point defects in monolayer MoS, include the monosulfur

Table 3 Summary of the ratios of the 1T phase prepared by different phase engineering strategies

1T phase ratio

Materials Methods (%) Ref.
MoS, Hydrothermal method: 160 °C for 24 h 51 97
MoSe, Hydrothermal method: 200 °C for 12 h 53.7 115
MoS, Hydrothermal method: 180 °C for 24 h + solvothermal method: 200 °C for 8 h 60 116
MoSe, Solvothermal method: 220 °C for 24 h 65 36
MoS, Solvothermal method: 200 °C for 12 h 62.5 106
MoS, Solvothermal method: 180 °C for 20 h 69.1 37
MoS, Exfoliated and restacked method 70 93
MosS, Hydrothermal method: 160 °C for 24 h 70 98
MoSe, Solvothermal method: 220 °C for 48 h 78.6 90
MoSe, Plasma-assisted annealing method 91 109
MoS, Solvothermal method: 210 °C for 24 h + annealing method:700 °C for 2 h 100 35
MoS, + WS, Magneto-hydrothermal method 100 33

© 2024 The Author(s). Published by the Royal Society of Chemistry
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124. Copyright 2019, American Chemical Society; (i—
VCH.

vacancy (Vyg), disulfur vacancy (V,s), Mo vacancy (Vy,), vacancy
complex Vioss (Vmoss) of Mo and nearby three (six) sulfur, and
two types of antisite defects where the Mo atom substitutes an
S2 column (Mos,) or an S2 column substitutes a Mo atom
(S2mo)- The formation energies of various vacancies are listed in
Table 2, from which it can be observed that the formation
energies of Vg, V,g, and Vy, are lower than those of the other
vacancies, implying that they are easier to form and are more
widely studied."”* In addition, it is worth pointing out that
although the defect engineering strategies reported below claim
that TMD electrodes containing anionic or cationic vacancies
can be controllably synthesized, the preparation of TMD elec-
trodes containing only specific types of defects has not yet been
reported.

By manipulating the electronic structures of the Mo 4d
orbitals, the conversion of Mo-based TMDs from a semi-
conducting phase to a metallic phase was achieved via phase
engineering, leading to a great improvement of conductivity
and electrochemical performance. The presence of defects can
also manipulate the electronic structures of the Mo 4d orbitals.

2330 | Chem. Sci,, 2024, 15, 2323-2350

k) ref. 126. Copyright 2019, American Chemical Society; (t—v) ref. 42. Copyright 2023, Wiley-

Due to the presence of defects, the localized electrons generate
midgap states within the valence or conduction bands, result-
ing in p-type or n-type conductors. The midgap states generate
free charge carriers, thereby enhancing the conductivity.”® As
shown in Table 4, pristine MoS, exhibits a direct bandgap of
around 1.67 eV. When different defects are created, the
bandgap decreases to varying degrees, indicating enhanced
conductivity. For example, Liang et al. reported nitrogen-doped
carbon nanofiber@MoS, nanosheet arrays with sulfur vacancies
for Na' storage.* The introduction of sulfur vacancies enhances
the conductivity of the materials and serves as the new active
site for adsorbing Na'. Therefore, the charge transfer resistance
is reduced, and the specific capacity and rate performance are
improved. Li et al. developed a hollow microcube framework
composed of ultrathin MoS, nanosheets rich in Mo vacancies.***
Theoretical calculations reveal that the Mo vacancies can
improve the electrical conductivity of MoS, due to the narrowed
bandgap (Fig. 3i-k) and the enhanced interaction between MoS,
and Na, resulting in rapid reaction kinetics and improved Na
storage capacity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The calculated vacancy formation energy (eV), energy gap (eV), adsorption energies (E,4), and barrier heights (eV) of pristine and various

types of defective MoS,

Vacancy formation Energy gap Adsorption energy Adsorption energy Barrier height Barrier height

Vacancy energy (eV) Eg (eV) for Li Eyq.1i (€V) for Na E,q.na (€V) for Li (eV) for Na (eV)
Pristine MoS, — 1.67 —2.08 —1.28 0.57 0.28

Vis 1.95 1.06 —2.57 —-1.99 0.69 0.43

Vas 3.78 1.02 —2.44 —1.89 0.70 0.40

VMo 5.73 0.09 —3.92 —1.81 0.46 0.32

VMos3 7.90 0.64 —2.83 —2.09 0.91 0.65

ViMose 13.89 0.03 —3.37 —2.28 0.95 0.67

MoS, 6.89 0.01 —2.58 —-1.99 0.74 0.47

S2nmo 9.33 0.48 —2.28 —1.60 — —

In addition, the presence of defects in TMDs is believed to be
able to provide stronger binding sites for alkali metal atoms.
The adsorption energies for Li and Na at the top site (above the
top of a Mo atom) of pristine MoS, and at the seven defective
regions are listed in Table 4."* It can be observed that pristine
MoS, shows a Li adsorption energy of —2.08 eV and a Na
adsorption energy of —1.28 eV. When different defects are
created, the adsorption energies for Li and Na are higher than
that of pristine MoS,. The high adsorption energies of various
defects indicate the easy binding and the favorable chemical
interaction between Li/Na and defective MoS,. Besides the
adsorption energies, the diffusion kinetics are also important
for the electrochemical reaction rate. As shown in Fig. 31-s, the
associated activation energy barriers of pristine MoS, and all
types of defects were calculated with the fixed path."”* For the
pristine MoS, model, the path features two symmetrical abso-
lute maxima, two symmetrical local maxima, and two local
minima for the diffusion barriers when Li and Na pass through
the two-unit cell (Fig. 3m). Consistent with the diffusion path of
pristine MoS,, only one maximum is found in the vicinity of the
defects (Fig. 3n-s), as the barrier height disappears in the defect
regions. Thus, it is clear that the presence of vacancies reduces
the barrier height in the defective regions, and Li" and Na' can
diffuse efficiently into the vacancy regions and then diffuse
across the vacancies to the top site of the next cell in the MoS,
plane (Fig. 3n-p). Although the introduction of vacancies
enhances the barrier energies in the vicinity of the defects
(Table 4), the barrier energies near 0.7 eV and 0.4 eV are believed
to ensure the rate performance of LIBs and NIBs at room
temperature. The enhanced adsorption energies of Vy,s3 and
Vmose €ssentially act as traps, which inhibits the atomic motion
of Li" and Na" (Fig. 3r and s). The presence of antisite defects
also promotes the migration of Li and Na atoms on the defective
MosS, surface (Fig. 3q). However, in the case of antisite defect
S2\10, the migration of both Li and Na ions ceases because the
migrating Li* and Na" are repelled by the sulfur atoms replacing
the Mo atoms. A systematic study is still lacking for the
adsorption and diffusion properties of K in pristine and
defective MoS,.

The presence of defects can enhance the conductivity and
provide stronger and more binding sites, which is very benefi-
cial for electrochemical performance. However, for those TMDs
that undergo conversion reactions during cycling, the crystal

© 2024 The Author(s). Published by the Royal Society of Chemistry

structures experience a reconstruction process, which may be
detrimental to the retention of defects. Sha et al. explored the
role of anion vacancies of VSe, in K* storage.* They found that
the existence of anion vacancies in VSe, can promote the elec-
trochemical reaction kinetics. In addition, the defect regions
provide more active sites (Fig. 3t), and they all exhibit large K"
adsorption energies (Fig. 3u). However, the anion vacancies in
VSe, are found to influence the first potassiation process
primarily. In the subsequent cycles, they disappear and cannot
be regenerated, which is demonstrated by electron para-
magnetic resonance (EPR) (Fig. 3v). Although the vacancies in
VSe, disappear after the first cycle, the electrochemical perfor-
mance of defective VSe, is still much better than that of pristine
VSe,, which is interesting and needs further exploration. In the
case of those TMDs that only undergo intercalation and
extraction reactions, the defects may be preserved well during
cycling. Liu et al. reported a TiS, anode rich in cation vacancies,
which only experiences intercalation and extraction reactions
during cycling.'” Ex situ EPR spectra demonstrate that, even
after 60 cycles, the EPR signal of defective TiS, is almost
unchanged, indicating that the defects were well retained. Still,
much work is needed to determine the clear relationship
between the reaction types and defect retention.

It is believed that introducing defects will bring new ion
diffusion pathways, thus enhancing the electrochemical reac-
tion kinetics. An experiment designed by Zhang et al. demon-
strated that small-size ions can also intercalate through the top
surface of few-layer defective MoS, apart from the edges
(Fig. 4a).”® The color changes of MoS, flakes with sealed and
open edges during cycling indicate that Li" can both intercalate
through the top surface and the edges (Fig. 4b), and the process
of intercalating through the top surface of MoS, flakes has
much better reversibility. In the case of Na' storage (Fig. 4c and
d), the MoS, flakes with sealed and open edges both exhibit
excellent reversibility, although the ionic radius of Na* is higher
than that of Li*. This phenomenon is attributed to the relatively
weak chemical binding between Na and MoS,.** In contrast, no
obvious change is observed when attempting to intercalate K"
into sealed MoS,, indicating that K* cannot intercalate through
the top surface of defective MoS, flakes (Fig. 4e and f). The color
changes of K" intercalated into MoS, flakes with open edges are
similar to that of Li’, indicating that the reversibility of this
process is also poor. These observations demonstrate that the

Chem. Sci., 2024, 15, 2323-2350 | 2331
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defects on the top surface of MoS, allow the intercalation of
small-size ions (such as Li" and Na') but reject large-size ions
(such as K'). Similarly, additional 3D ion diffusion pathways
have also been explored through theoretical or experimental
studies.***

The large charge density of multivalent ions leads to a high
ion intercalation and diffusion impedance in TMDs. Intro-
ducing defects can enhance the electrochemical reaction
kinetics of TMDs, thus improving their storage capacity for
multivalent ions. Xu et al. activated MoS, for Zn** storage by
introducing sulfur vacancies.** Compared to pristine MoS,,
MoS, with sulfur vacancies exhibits much greater capacity,
better rate performance, as well as high capacity retention.
Theoretical calculations reveal that the numerous defects act as
the preferential intercalation sites for Zn®" storage. MoS,
nanosheets with sulfur vacancies were also reported by Zhu
et al. for Mg>" storage.’® They showed that introducing defects
into MoS, nanosheets improves the ability of MoS, to store
Mg>". Bai et al. used defective VSe, for Zn>" storage by intro-
ducing selenium vacancies and reported an enhanced electro-
chemical performance.* By using theoretical calculations, they
found that the presence of selenium vacancies adjusts the
adsorption energy of Zn>*, which makes the electrochemical
reaction more reversible.

In short, introducing defects into TMDs can enhance their
conductivity, provide more and stronger binding sites, create
new ion transfer pathways, and shorten the diffusion paths of
metal ions, which are beneficial for improving the ion storage
capacity of TMDs. However, in some TMDs, the defects disap-
pear after the first cycle and cannot be regenerated, yet

2332 | Chem. Sci., 2024, 15, 2323-2350

electrochemical performance improvements can still be
observed in the subsequent cycles. This phenomenon is inter-
esting and has not been explained clearly yet. In addition, the
clear relationship between the reaction types and defect reten-
tion also needs further studies for a better understanding.

3.3 Interlayer spacing expansion

A low ion diffusion barrier is essential for rapid ion transport in
TMDs. Although the presence of defects has been demonstrated
to accelerate ion diffusion, their positive effects only exist
locally.** Therefore, a strategy that can comprehensively reduce
the ion diffusion barriers of TMDs is needed. It has been re-
ported that although the interlayer spacing of ReS, and MoS, is
very similar (6.14 A for ReS, and 6.15 A for MoS,), the diffusion
barriers of Li" in ReS, nanosheets are significantly lower than
that in MoS, nanosheets,**" and the main reason is attributed to
the much weaker vdW interactions between the adjacent layers
in ReS, than that in MoS,."*"*** The weak vdW interactions
between TMD interlayers are beneficial for rapid transport of
ions with low impendence. As a result, weakening the vdwW
interactions between TMD interlayers could be an effective
strategy to comprehensively reduce the ion diffusion barriers of
TMDs. In addition to selecting some TMDs that exhibit weak
vdW interactions on their own, such as ReS,, a more effective
and broadly applicable strategy is to expand the interlayer
spacing of TMDs to reduce their vdW interactions.'"313

The relationship between the interlayer spacing and the
diffusion of alkali metal ions in MoS, was explored by theoret-
ical calculations.'***¢ With the diffusion pathway of Oy, (stable
site) — Ty, (metastable site) — Oy, the diffusion barriers of Na*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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decrease from 1.14 eV to 0.2 eV with increasing the interlayer
spacing from 6.5 A to 9 A. In the case of Li*, with the same
diffusion pathway, the diffusion barriers decrease continuously
from 0.54 eV with increasing the interlayer spacing from 6.5 A to
7.5 A. When the interlayer spacing is larger than 7.5 A, the Ty,
site becomes more stable than the Oy, site, making the diffusion
from Oy to T}, endothermic.*”**® Therefore, the diffusion
barriers of Li* increase slightly to 0.31 eV with increasing the
interlayer spacing from 7.5 A to 9 A. The relationship between
the interlayer spacing and the diffusion of K' in MoS, was also
explored by Zheng et al. with the diffusion path shown in Fig. 5a
(the diffusion path of K" is indicated by the blue dotted line).'*
The results show that the diffusion barriers of K* decrease from
3.94 eV to 0.045 eV with increasing the interlayer spacing from
6.2 A to 9.2 A (Fig. 5b). In general, taking MoS, as an example,
the diffusion barriers of alkali metal ions decrease with
increasing the interlayer spacing of TMDs, and the increased
interlayer spacing is beneficial for the rapid ion transport
kinetics of TMDs."3%*4¢

Xu et al. summarized the strategies for synthesizing
interlayer-expanded TMDs as ‘top-down’ and ‘bottom-up’
approaches.™ Specifically, the methods for expanding inter-
layer spacing can be divided into two categories: one is the
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restacking of exfoliated TMD monolayer nanosheets, and the
other is to introduce guests or guest precursors into TMD
interlayers.'**'** Du et al. restacked MoS, by an exfoliation and
restacking process with enlarged interlayer spacing. The
enlarged interlayer spacing of MoS, provides a larger space for
Li" intercalation and reduces the diffusion barriers of Li'.
Consequently, the restacked MoS, exhibits improved electro-
chemical performance compared to raw MoS,."*> In the case of
introducing guests or guest precursors into TMD interlayers,
they include many foreign species, such as ions, organics,
carbon, etc.'**'**'*> The intercalated ions are often metal ions
and NH, 137116197 73k et al. intercalated alkali metals into MS,
(M = W and Mo) nanoparticles by exposing MS, to alkali metal
(Na and K) vapor, and observed a substantial increase (=3-5 A)
in the interlayer spacing of the intercalated phase.'® Ma et al.
reported a multivalent ion intercalation method to construct 3D
Co-MoS, nanoflowers with expanded interlayer spacing. The
intercalated Co>* forms S-Co-S covalent bonds and enlarges the
maximum interlayer spacing to 1.1 nm, which dramatically
reduces the diffusion barriers of Na'.*** Hu et al. expanded the
interlayer spacing of MoS, by intercalating Na" and NH,". The
expanded interlayers reduce the charge transfer resistance and
provide more active sites for Na* storage.!*” As for the organic
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displacement and (d and f) the root mean square displacement of Li*/Na* as a function of time of Li*/Na* diffusion on the pristine MoS,
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PEO; —MoS,, and PEO, —MoS,. High-resolution TEM images and atomic models for (k) 2H-MoS, and (1) 1T-MoS,, respectively. Reproduced with
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guests, a large number of organics has been reported that can
be intercalated into TMD interlayers,***** such as poly(ethylene
oxide) (PEO), polyaniline (PANI), oleylamine, methylamine,
polypyrrole, etc.*®*1*¥1% Yao and co-workers synthesized PEO-
intercalated MoS, composites (PEO-MoS,) using an
exfoliation-restacking method.”® They prepared 4 samples,
commercial MoS, (com-MoS,), restacked MoS, without PEO (re-
MoS,), and monolayer and bilayer PEO-intercalated MoS,
composites (PEO;;-MoS, and PEO,;-MoS,) for comparison.
The com-MoS, shows a sharp diffraction peak located at 14.4°,
corresponding to an interlayer spacing of 0.62 nm (Fig. 5c). For
re-MoS,, PEO;;-MoS,, and PEO,;-MoS,, the peaks become
broadened and shift to lower angles, indicating the less ordered
structures and the larger interlayer spacing. Compared to that
of com-MoS,, the interlayer spacing of re-MoS,, PEO;;-MoS,,
and PEO,;-MoS, is increased to 0.64 nm, 1.1 nm, and 1.4 nm,
respectively (Fig. 5d-f). As a result, PEO,;-MoS,, with a 160%
increase in the interlayer spacing, exhibits the best electro-
chemical performance due to its greatest improvement in Na*
diffusivity. It is worth pointing out that the addition of excessive
PEO will not further increase the interlayer spacing of MoS,.
The incorporation of a conducting polymer can not only
increase the interlayer spacing but also improve the conduc-
tivity of TMDs. Wang et al. prepared MoS,/polyaniline (PANI)
hetero-structures with enlarged interlayer spacing for Li* and
Na' storage,*® and they performed an AIMD simulation of the
diffusion of Li* and Na* on pristine MoS, nanosheets and the
MoS,/PANI hybrid nanosheets (Fig. 5g—j). The mean square
displacement (MSD) and the root mean square deviation
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(RMSD) values of Li" and Na' in MoS,/PANI hybrid nanosheets
are both much larger than that in pristine MoS, nanosheets,
suggesting the faster diffusion mobility of Li" and Na*, which is
attributed to the improved conductivity and the enlarged
interlayer spacing of MoS,/PANI composites. In the case of the
carbon guests, they are usually formed via a subsequent
carbonization process of MoS, with pre-intercalated
organics.”>*** For example, Jiang et al. prepared a 2D MoS,/
mesoporous carbon hybrid nanostructure by annealing the
MoS,/polydopamine (PDA) composites.’”® Feng et al. synthe-
sized interlayer-expanded MoS,/carbon hetero-aerogels by
directly intercalating different polymers (polyethyleneimine
and polyethylene glycol) into the MoS, interlayers before the
carbonization process,'*® and the effects of intercalated carbon
layers are similar to that of intercalated conducting polymers,
such as PANI In addition, the introduction of foreign species
can also induce the phase transformation from the semi-
conducting phase to the metallic phase, which can enhance the
electrical conductivity of Mo and W-based dichalcogenides. Ye
et al. introduced methylamine into the MoS, interlayers." The
introduction of methylamine can not only expand the interlayer
spacing, but also force the transformation of MoS, from the 2H
phase to the 1T phase, resulting in the formation of a metal-
semiconducting mixed MoS, phase (Fig. 5k and 1).

The interlayer spacing expansion strategy is also widely used
for multivalent ions to enhance their diffusion behaviors in
TMDs.'’** Similar to the theoretical research of the diffusion
behaviors of alkali metal ions in MoS,, the diffusion behaviors
of Mg>* in MoS, with varying interlayer spacing were also
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the interlayer distance increases from 0.65 nm (d) to 0.80 nm (e) and then 0.90 nm (f), the bond between Mg and MoS, lengthens and is finally
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explored by Yao and co-workers in the diffusion pathway of Oy,
— Ty, — Oy (Fig. 6a).*** As shown in Fig. 6b and c, as the
interlayer spacing increases from 0.65 nm to 0.9 nm, the
diffusion barriers continuously decrease from 1.12 eV to
0.22 eV. The reason behind the continuous decrease in the
diffusion barriers is the gradually weaker bonding between Mg
and one of the two layers of MoS, (Fig. 6d-f). It is worth pointing
out that traditional interlayer engineering uses the TMDs
(whose interlayer spacing has already been expanded) as elec-
trode materials, which needs a pre-processing step. Yao and co-
workers further developed an in situ interlayer expansion
strategy for TiS, for fast MgCl" storage via electrolyte engi-
neering."” As shown in Fig. 6g, they added PY14Cl into the
electrolyte, and Py14" expanded the interlayer of TiS, in situ first
during discharging in stage 1. From stage 1 to stage 3, a large
amount of MgCl" is intercalated continuously with a small
amount of THF molecules, resulting in greatly improved elec-
trochemical performance. The theoretical calculations show
that for the same interlayer spacing, the diffusion barriers of
MgCl" are always lower than that of Mg>', indicating the
advantage of MgCl"* storage (Fig. 6h). For Zn>" storage, Huang
et al. intercalated PANI into MoS, interlayers to expand the
interlayer spacing.” The intercalated PANI expands the diffu-
sion channels of Zn>" and reduces the electrostatic interaction
between Zn>" and MoS,, thus enhancing the electrochemical
performance. Cui et al. introduced anionic organic layers
(sodium dodecyl benzene sulfonate) into WSe, to form
superlattice-type WSe, (S-WSe,) for AI** storage. The interlayer
spacing expansion strategy makes S-WSe, more active as
a cathode in rechargeable Al batteries.'®

In short, the interlayer spacing expansion strategy can
comprehensively reduce the diffusion barriers of metal-ions in
TMDs. The enlarged specific surface, the transformation of
TMDs from the semiconducting phase to the metallic phase,
the reduced lattice stress, and the improved electrical conduc-
tivity of TMDs are also observed.

3.4 Heteroatom doping

Similar to introducing defects into TMDs, heteroatom doping is
also an effective strategy to modulate the local properties of
TMDs, which has been reported to improve the conductivity,
expand the interlayer spacing, and enhance the atom adsorp-
tion capacity of TMDs.'**** The doped atoms can be divided
into two categories: metal heteroatoms, such as Mn, Zn, Fe, Co,
Ni, Cu, Re, Pd, Sn, and Au,****’*"* and non-metal heteroatoms,
such as N, O, As, P, F, Cl, Br, I, H, and B.>*'7*'7*"7¢ The dopant
type is an important factor that affects the electrochemical
performance of TMDs.

Sun et al. theoretically investigated the properties of
heteroatom-doped monolayer MoS, and the adsorption and
diffusion of Li on heteroatom-doped MoS, by substituting S
with some nonmetallic elements (N, P, As, F, Cl, and I) and Mo
with some metallic elements (Fe, Co, Ni, Cu, and Zn) (Fig. 7a-
f)."”7 The DOS of monolayer MoS, with different doping
elements is shown in Fig. 7a and b. Although the doped
monolayer MoS, still exhibits semiconducting characteristics,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the conductivity is improved to varying degrees. For metallic
heteroatom doping, substituting Mo with Co, Ni, Cu, and Zn
makes monolayer MoS, exhibit p-type conducting behavior. For
non-metallic heteroatom doping, substituting S with N, P, and
As also makes monolayer MoS, exhibit p-type conducting
behavior due to their one less valence electron than S. In
contrast, substituting S with F, Cl, and I makes monolayer MoS,
exhibit n-type conducting behavior. In the case of studying the
adsorption of Li on heteroatom doped monolayer MoS,, two
types of adsorption sites, the hollow site (H) and the top site
above Mo (T), and the position of the adsorption sites as
a function of distance from the doped site are considered. The
adsorption energies of Li on pristine monolayer MoS, are —0.95
and —1.24 eV for H and T sites. For all doped elements studied
in this work,"”” higher adsorption energies are observed near
the doped sites, indicating the stronger bonding between Li and
doped monolayer MoS,, and the adsorption energies decrease
with increasing the distance from the adsorption sites to the
doped sites. In addition, for non-metallic heteroatom doping,
the adsorption energies of Li on N, P, and As doped monolayer
MoS, are higher than that on the other three elements (F, Cl,
and I) doped monolayer MoS,, indicating that p-type doping is
more beneficial for improving the adsorption of Li. This
phenomenon can also be found in the case of metallic hetero-
atom doping. The diffusion energy barriers of Li on doped
monolayer MoS, were explored with the diffusion pathways
shown in Fig. 7c and e. Similar to the effects of defects, when Li
diffuses towards the doped sites, the diffusion energy barriers
decrease, especially near the doped sites (Fig. 7d and f). In
contrast, the diffusion energy barriers increase when Li diffuses
away from the doped sites, suggesting the strong adsorption
ability of the doped sites. For diffusion pathways far from the
doped sites, the diffusion energy barriers will not be affected by
the doped heteroatoms. Similarly, the adsorption and diffusion
of alkali metals on heteroatom-doped monolayer TiS, were then
explored by Tian et al. via theoretical calculations (Fig. 7g-j)."”®
For the adsorption properties of alkali metals, monolayer TiS,
doped with C, N, and P (corresponding to p-type doping)
exhibits higher adsorption energies (Fig. 7g), which is the same
as the results obtained by Sun et al.’’” And the adsorption
energies of alkali metals on TiS, with and without doped
heteroatoms follow the order of Li > K > Na, which is thought to
be affected by both the atomic radius and electronegativity.
With the diffusion pathway shown in Fig. 7h and i, the diffusion
energy barriers of alkali metals on heteroatom doped mono-
layer TiS, increase to varying degrees compared to that on
pristine monolayer TiS, (Fig. 7j). But all of them are less than
0.6 eV, which assures the moderate diffusion kinetics of alkali
metals on heteroatom doped monolayer TiS,. The calculation
results also show that the diffusion energy barriers follow the
order of K < Na < Li, and this tendency has also been observed in
other materials.'”**%

From the standpoint of theoretical calculations, it can be
concluded that heteroatom doping enhances the conductivity
and improves the adsorption capacity of TMDs for alkali metals.
Although the diffusion energy barriers of alkali metals on TMDs
increase, the moderate values can still assure moderate
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diffusion kinetics. For example, Qin et al. developed N-doped
MoS, nanosheets for Li* storage. They found that the N-doped
MoS, nanosheets exhibit an improved conductivity of ca. 1.6
x 107" S m™", while it is only ca. 1.1 x 10> S m* for pristine
MoS, nanosheets.**? Xie et al. prepared Co-doped MoS, for Na*
storage."® The Co-doping improves the conductivity of MoS,
and enhances the adsorption capacity of MoS, for Na'. After
being combined with N-doped graphene, Co-doped MoS,
exhibits higher specific capacity and better rate performance.
The doping concentration is an important factor in maximizing
the advantages of doping. Zhao et al. explored the optimal
concentration by injecting different amounts of Mo into VS,,***
and 5% Mo-doping concentration exhibits the best electro-
chemical performance (Fig. 8a and b). Upon further increasing
the doping concentrations, the electrochemical performance
worsens and is almost the same as that of pristine VS,. This
phenomenon is attributed to the distortion of atomic structures

2336 | Chem. Sci, 2024, 15, 2323-2350

as a result of excessive doping.'®® Apart from the single
heteroatom doping, Zhang et al. explored NbS, nanosheets with
varying concentrations of M (M = Fe, Co, Ni) and Se codopants
to store Li* and Na' (Fig. 8c).’* After optimizing the doping
ratios, Fey;NDb, S, ¢Se,4 exhibits the best electrochemical
performance. In addition to being able to manipulate the
energy band structures of TMDs, the doping of heteroatoms can
also lead to the transformation of Mo and W-based dichalco-
genides from the semiconducting phase to the metallic phase,
which can further enhance the conductivity. Wang et al
prepared N-doped MoS, for Li storage.'® And N-doping induces
the transformation of MoS, from the 2H to the 1T phase
(Fig. 8d), thus enhancing the conductivity of MoS,. He et al.
developed a plasma-assisted method to introduce highly
concentrated P-doping to trigger the phase transformation of
MoSe,."” The Se vacancies (Vs.) induced by plasma treatment
lead to the low crystallinity and structural instability of 2H-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MoSe,, which decreases the energy barriers of phase trans- the 2H phase to the 1T phase,™ resulting in improved Zn**
formation and initializes the phase transformation process. diffusion kinetics, hydrophilicity, and conductivity of MoS,.
Then, the high concentration of P-doping induced by Vg, prefers In short, heteroatom doping can enhance the conductivity,
to donate electrons to Mo than Se, thereby triggering and improve the metal adsorption ability, induce phase trans-
stabilizing the formation of 1T phase MoSe, with a high tran- formation, and expand the interlayer spacing of TMDs.
sition efficiency of 91%. Different types of doping exhibit different effects.

For multivalent ion storage, Sheng et al. prepared N-doped
1T phase MoS, for aqueous Zn** batteries.'®® Although 1T-
MoS, exhibits a larger interlayer spacing than 2H-MoS, (Fig. 8f
and g), they found that N-doping could further increase the TMD alloys have been the subject of active research in energy
interlayer spacing of 1T-MoS, (Fig. 8e), thus effectively conversion and storage. Unlike the broad selection of hetero-
decreasing the diffusion barriers of Zn** in MoS,. Li et al. geneous elements in doping engineering, the introduced and
introduced O-doping and defects into MoS, for Zn>" storage.”> replaced elements are congeneric in alloy engineering. With
O-doping increases the interlayer spacing and cooperates with ~a general formula of MXZ(l,x)X’Zx or My ,M';X,, TMD alloys
structural defects to induce the transformation of MoS, from exhibit intriguing properties when the ratios of the components

are changed.

3.5 Alloy engineering

© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2024, 15, 2323-2350 | 2337
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Among MXZ(l,x)XIZx alloys, MoS,(;_x)Se,, is the representa-
tive one and has been widely studied. Ersan et al. studied the
adsorption and diffusion of Li on MoS,;_ySe,, monolayers,
where x varied from 0 to 1 (Fig. 9a and b).** With the diffusion
pathway shown in Fig. 9a, MoS, and MoSe, systems exhibit two
symmetrical absolute energy maxima, an absolute energy
minimum and a local energy minimum. The diffusion energy
barriers of Li on MoS, and MoSe, are 0.194 and 0.237 eV. When
x changes from 0.33 to 0.66, due to the introduction of conge-
neric elements, two asymmetrical energy maxima are observed,
including an absolute maximum and a local energy maximum,
and there are still one local and one absolute minimum in the
case of x = 0.33 and 0.66. For x = 0.5, two local minima and one
absolute minimum are observed. The diffusion energy barriers
are 0.319, 0.541, and 0.391 eV for MoS;,(; _y)Se,, alloys with x =
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0.33, 0.5, and 0.66. From the calculations, it can be observed
that Li prefers to bind with S. Although the diffusion energy
barriers of these alloys increase, they are not very high values
that are still acceptable for assuring moderate Li diffusion
kinetics. The penetration barriers were also explored with
varying x values (Fig. 9b). The results show that the penetration
energy barriers decrease with increasing x from 0 to 1, indi-
cating that the increasing concentration of Se is beneficial for
the penetration of Li. However, a barrier energy of 1.283 eV is
still large. One of the reasons may be attributed to the increased
crystal constant with increasing Se concentration.

Among M;_ M X,, the Mo,_,W,S, alloys have received
much attention. Barik et al. explored monolayer Mo, _,W,S, as
anode materials for Li storage via theoretical calculations
(Fig. 9¢—j).*** For pristine monolayer Mo; ,W,S,, the DOS and
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the band gaps do not change much with different ratios of Mo
and W. After lithiation, the conduction band minima of
monolayer Mo, _,W,S, move towards the Fermi level, suggest-
ing the formation of the metallic phase, which is consistent
with the fact that the intercalation of alkali metal ions into Mo
and W-based dichalcogenides can induce the formation of the
metallic phase.®>'*® With the diffusion pathway shown in Fig. 9c
and d, they studied the diffusion energy barriers of Li on pris-
tine and lithiated Mo, ,W,S, (Fig. 9e-h).**® The pristine MoS,
and WS, systems exhibit two symmetrical absolute maxima.
However, the two maxima are not symmetrical in the case of
alloys. The maximum at the Ty, site is always slightly higher
than that at the Tw site, indicating the stronger bonding
interaction between Mo and Li. The lithiated Mo, _,W,S,
systems exhibit similar characteristics to pristine Mo;_,W,S,
systems except for the disappearance of the local energy
minima due to the repulsion between Li atoms. The Li
adsorption and its diffusion energy barriers in pristine and
lithiated Mo, _,W,S, indicate that they all decrease with
increasing W ratios (Fig. 9i and j).

Different from the studies performed by Ersan and Barik
et al.,"*>"*" Chaney and coworkers performed a comprehensive
study of the adsorption and diffusion of Li on Janus Mo/WXY (X,
Y = S, Se, Te), where the ratio of X and Y was fixed at 1:1."*
According to the adsorption energy results of both regular and
Janus TMDs (Fig. 10a and b), it can be concluded that the
binding interaction between chalcogen and Li follows the order
of S > Se > Te, and for Mo and W, the binding interaction follows
the order of Mo > W. The diffusion of Li on regular and Janus
TMDs indicates that the diffusion barriers of Li on the X side of
Janus MXYs are comparable to that on MX, (Fig. 10c and d),
while the diffusion barriers of Li on the Y side of Janus MXYs are
always lower than that on the X side due to the weaker inter-
action between Li and Y.

According to the calculations, alloying is an effective strategy
to balance the adsorption and diffusion of ions on TMDs. This
also applies to some other properties for MXZ(l,x)X'ZJc under
similar conditions of the same ion storage capacity. The alloys
will balance the theoretical specific capacity of TMD electrodes.
For example, the relative atomic mass of S is lower than that of
Se. Therefore, increasing the content of S in MSe,(;_xS,, Will
reduce the relative molecular mass of MSe,;_.S,,. However,
the ion storage capacity of MSe,(;_)S,, Will not change with the
variation of the ratios of Se and S due to the same ion storage
mechanism in MoS, and MoSe,. As a result, the theoretical
specific capacity of MSe,;_xS;x Will increase with increasing
the content of S.">'** Although increasing the Se content would
reduce the theoretical specific capacity of MSe;;_xS,x, Se has
a larger atomic radius than S, which can enlarge the interlayer
spacing of MSe,(;_)Ssy, resulting in reduced ion diffusion
barriers (Fig. 11a and b).*****'** In addition to the increased
specific capacity and the enlarged interlayer spacing, the
incorporation of S or Se can also induce the structural rear-
rangement and the electron redistribution of MSe,;_x)Sx,
leading to the formation of abundant anion vacancies and the
metallic phase, which can increase the active adsorption sites
and enhance the conductivity of MSey;_x)S,,.°*'**"** He et al.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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fabricated MoS,(; _y)Se,, alloys through partial substitution of S
for Se in MoSe,. They found that the alloying process can
generate anion vacancies, and the vacancy concentration can be
adjusted by tuning the ratios of S and Se.>® With a S: Se ratio
close to 1:1, the largest vacancy concentration and the best
electrochemical performance are achieved (Fig. 11c-e). Huang
et al. synthesized MoSSe@rGo for Na' storage,'®® and in their
Raman spectra, the 1T-MoSe, and 1T-MoS, modes were
observed in both MoSSe and MoSSe@rGO, indicating the
formation of a metallic phase by the alloying process (Fig. 11f).
For M;_,M',X,, a similar phenomenon was also observed.***>%°
Besides, there is an additional possibility that introducing
the M elements from metallic phase MX, into semiconducting
phase M'X, may endow M;_,M’,X, with interesting properties.
Our group explored this possibility by introducing V into MoS,
to form Mo, _,V,S, for Li storage.>” The introduction of V into
MoS, makes Mo, ,V,S, exhibit semi-metallic conductivity,
making Mo, ,V,S, exhibit enhanced conductivity and better
electrochemical performance than pristine 2H-MoS,.

As discussed above, the different elements in MXZ(l,x)X'ZX or
M;_ M X, alloys have different influences. Therefore, it is
important to manipulate the x values to optimize the electro-
chemical performance of TMD alloys. However, the optimal x
values reported by different studies vary. For example, He and
Yu et al found that the electrochemical performance of
MoS,(1_x)S€,x becomes the best when x = 0.5.%>'*” However, Cai
and coworkers believed that x = 0.25 is the optimal value for the
MoS;(;_x)Sezx alloys.*” For Mo, _,W,S,, a similar issue also
exists.>*?* The optimal values of x may be due to the other
factors that can also affect the electrochemical performance of
TMD alloys, such as the morphology and the types of stored
ions, which need comprehensive and detailed studies.

In short, alloy engineering is expected to balance different
properties of TMDs, such as the metallic phase formation and
the interlayer spacing enlargement. Defect introduction can
also be achieved by alloying; however, the issue that needs to be
clarified is determining the optimal x value and its influencing
factors in TMD alloy systems.

3.6 Bond modulation

Different from the several mainstream molecular modulation
strategies discussed above, the bond modulation strategy
focuses on the impact of chemical bonds on the properties of
TMDs, including bond length, bond angle, bond energy, and
additionally created chemical bonds.”®*** For example, by
manipulating the bond length, the interlayer spacing can be
modulated,’***** and the enhanced bond energy can stabilize
the intercalation reaction, although it will make it more difficult
for the conversion reaction to occur.'*®*'*® The additional
chemical bond formation in TMDs shows more possibilities in
comparison and has therefore been studied more extensively.
For instance, covalent interactions usually exist between the
introduced guests and the transition metals or chalcogens in
TMDs so they can be stably bonded at room temperature and
modulate the TMDs' properties.”*>*** Our group has demon-
strated that the introduced Se atoms between the interlayers of
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interlayer charge transfer, thus greatly improving the electro-
chemical performance of MoS,.*** In addition, introducing
additional chemical bonds by incorporating additional atoms
into TMDs can also lead to interesting phenomena. For
example, Zhang et al. prepared unusual red MoSe, nanosheets
by introducing an oxygen gradient on the surface of MoSe,
nanosheets and forming Mo-O bonds.?” The formation of Mo-O
bonds induces the formation of high valence Mo, thereby
regulating the band gap of red MoSe, and enhancing its elec-
trical conductivity. A similar enhanced electrical conductivity
was also observed when incorporating P and N atoms into
TMDs due to the formation of M-P and M-N bonds."***%>2%

In short, the bond modulation strategy modulates the
properties of TMDs from a chemical bonding viewpoint. The
bond length, bond angle, bond energy, and additional chemical
bonding all impact the electrochemical performance of TMDs.
However, they have not received widespread attention yet, and
some systematic studies are lacking, thus needing further
exploration in the future.

4. Summary and perspectives

In summary, this review outlines the basic properties of TMDs
and discusses the molecular modulation strategies of TMDs by
combining computational and experimental studies towards
their application in metal ion batteries. In brief, due to the
different coordination and stacking sequences of transition
metals, TMDs show polymorphs and stacking polytypes. Among
them, 1T and 2H phase TMDs are widely studied in metal ion
batteries. The coordination environment of transition metals
and the filling states of their d orbitals determine the electrical
properties of TMDs. When the orbitals are fully occupied,
semiconducting behaviour is exhibited, such as in 2H-MoS, and
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2H-MoSe,. When the orbitals are partially filled, metallic
conductivity is exhibited, such as in 2H-NbS, and 1T-VS,. In
addition, the chalcogen atoms can also affect the electronic
properties of TMDs, although their influence is not significant.
When TMDs are used as alkali metal-ion battery electrodes,
reversible intercalation and extraction reactions occur at a rela-
tively high cutoff voltage (~1 V). As the intercalation process
continues, the subsequent reaction mechanism depends on the
M-X bond strength of TMDs. If the M-X bonding interactions
are stronger than the A-MX, interactions, reversible intercala-
tion and extraction reactions, such as in TiX, and NbX,, will
continue. In contrast, conversion reactions will occur if the M—X
bonding interactions are weaker than the A-MX, interactions,
and the reversibility of the conversion reactions depends on the
dynamic properties of TMDs. Excellent dynamic properties of
TMDs contribute to reversible conversion reactions, such as in
VX,, while poor dynamic properties of TMDs lead to irreversible
conversion reactions, such as in MoX,, WX,, and ReX,. Only
intercalation and extraction reactions have been reported when
TMD electrodes are used in multivalent-ion batteries.

Several molecular modulation strategies of TMDs, including
phase engineering, defect engineering, interlayer spacing
expansion, heteroatom doping, alloy engineering, and bond
modulation, are also discussed. By combining theoretical and
experimental studies, the basic mechanisms of different
molecular modulation strategies and their specific effects on
the properties of TMDs for storing metal ions are summarized,
(1) phase engineering aims at improving the intrinsic electrical
conductivity of semiconducting TMDs; (2) defect engineering
can provide more active adsorption sites and decrease the
length of the ion diffusion pathway; (3) the interlayer spacing
expansion strategy is beneficial for reducing the diffusion
energy barriers for metal ions in TMDs; (4) heteroatom doping

Improve electrical conductivity

Enlarge interlayer spacing
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Provide more active adsorption sites

Shorten ion diffusion path

Provide additional ion diffusion paths

Improve electrical conductivity

Interlayer spacing
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Reduce diffusion energy barriers
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A schematic summarizing the influences of different molecular modulation strategies on the properties of TMDs.
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is expected to improve the electrical conductivity and the atom
adsorption capacity of TMDs; (5) alloy engineering is used to
obtain comprehensive properties of TMDs; (6) bond modula-
tion can enhance the electrical conductivity and the ion diffu-
sion dynamics of TMDs. In addition to the main effects
mentioned above, some extra advantages of molecular modu-
lation strategies toward specific applications are also summa-
rized (Fig. 12).

Although many advances have been achieved in developing
TMD electrodes, much effort is still needed to further promote
the development of TMDs as electrode materials from a molec-
ular modulation viewpoint. (1) The conversion reaction
provides high discharge capacity for some TMD electrodes,
while the reversibility of the conversion reaction is not satis-
factory. Although it has been reported that the dynamic prop-
erties of TMDs influence the reversibility of the conversion
reaction, VX, compounds with excellent dynamic properties
only exhibit a partially reversible conversion reaction. There-
fore, extensive theoretical and experimental research on the
dynamic properties of the conversion reaction at the molecular
and atomic level is needed to make it fully reversible, which is
crucial for employing TMDs in metal-ion batteries. (2) The
precise modulation methods for TMD molecules are necessary
to be developed, which only exist in the theoretical models
currently. By manipulating TMD molecules precisely, the
specific mechanisms and effects of various molecular modula-
tion strategies can be better understood. In addition, the
properties of TMDs can be flexibly adjusted to meet different
needs, which is beneficial for providing more potential oppor-
tunities and leveraging the maximum advantages of TMDs. (3)
Deeper theoretical calculations need to be performed to help
understand the reaction mechanisms of TMDs and direct the
experimental designs. Currently, most theoretical calculations
focus on the level of single-layer or double-layer TMDs, which is
very different from the actual situation. Therefore, many
conclusions drawn from calculations are inconsistent with the
experimental data, and the real mechanisms cannot be verified.
(4) In the future, various in situ characterization techniques
which can reveal the basic reaction mechanisms of TMDs
before and after molecular modulation need to be developed.
Despite significant progress in research on TMDs in recent
years, there are still a large number of problems which need to
be solved. By developing advanced in situ characterization
techniques, many problems can be understood and solved from
the source, which is helpful for developing practice and high-
performance TMD electrodes with balanced and optimized
properties.
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