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udy of layered transition metal
dichalcogenides for use as electrodes in Li-ion and
Mg-ion batteries†

Conor Jason Price, * Edward Allery David Baker
and Steven Paul Hepplestone *

We present a first principles investigation of lithium- and magnesium-intercalation into each of the layered

transition metal dichalcogenides. Using a consistent and thorough methodology, we investigate 84 TMDC

materials (transitionmetals, Group XIV, and S, Se, Te chalcogens) as potential electrodematerials, evaluating

their T and H phases. We show generally low volume expansions and provide direct estimates of the

theoretical capacity based on thermodynamic arguments. We find that many offer capacities in excess of

200 mA h g−1 (400 mA h g−1) with Li (Mg) intercalation and show a range of voltage profiles. For both Li

and Mg, we show that the Group VIII and IX are promising electrode materials, and in particular highlight

ScS2 as a promising cathodematerial. We also show that sulfides are generally better for electrodematerials.
1 Introduction

Lithium ion batteries, as a result of their high specic energy
density and capacity, have a vital role in sustainable energy
storage, driven in recent years by the rising popularity of electric
vehicles, exible electronics, and the ever-increasing demand
for more powerful portable devices. Beyond intercalation with
lithium, other ionic species have also been considered. Group II
elements such as magnesium and calcium in particular have
received attention as possible successors to lithium. Whilst
these elements offer twice the number of valence electrons of
lithium, and hence twice the charge available for transfer, this
larger charge leads to issues in the stability of the electrodes and
electrolytes being used.1 However, they have been shown to be
safer due to non-dendritic metal deposition.2

The electrodes are a crucial component of batteries, deter-
mining voltages, capacity, and cost. The anode is required to
have a low voltage with respect to the redox level of the inter-
calant species (e.g. vs. Li/Li+), with a particularly successful
material being graphite, showing lithium intercalation occur-
ring between 0.2 and 0.01 V vs. Li/Li+. However, graphite suffers
from a capacity being limited to LiC6 (equivalent to
372 mA h g−1)3 and the low intercalation potential results in the
decomposition of organic electrolytes. This has led to materials
such as silicon,4 lithium titanate,5 and other metal oxide
materials being considered.6,7 Cathodes, on the other hand,
need to offer high intercalation potentials typically in excess of
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3 V.8 Following the success of LiCoO2, many transition metal-
based oxides have been investigated and have demonstrated
their own successes. NMC, NCA, and their variants,9–14 several
phosphates,15–17 and spinel oxides such as Mn2O4

18,19 have each
offered high voltages, and layered van der Waals (vdW) struc-
tures have been shown to offer lower volume expansions20 upon
intercalation as they can more readily accept intercalants.21–23

There are many transition metal chalcogenide materials
which do offer the desired layered structure, and have also been
shown to be electrochemically active and have shown good
cyclability.24,25 One particularly diverse group of layered mate-
rials are the transitionmetal dichalcogenides (TMDCs),26–28 with
general formula MX2. The presence of a transition metal M
allows us to utilise the redox levels that have led to the successes
of the transition metal oxides, the choice of chalcogen X means
that electrolytes that are not oxygen-based (such as sulfur-based
electrolytes) may now be a more viable option, and the different
possible M–X pairings allow us to consider the wide range of
properties that have been demonstrated within the TMDC
family. Many TMDC compounds do not possess a layered
structure, exhibiting a pyrite, marcasite, or rock salt phase, and
chalcopyrite or spinel phases when intercalated with a foreign
ion.29–31 Fortunately, various techniques can be employed to
encourage the growth of the layered structure, such as through
careful choice of a substrate, the use of specic growth condi-
tions, or specic techniques.32,33

Many members of the TMDC family and their intercalated
structures have already received a lot of attention, being the
subject of intense study over the last few decades.21,34–36 TiS2 was
identied as early as the 1970s37,38 for showing a lithium-
intercalation voltage of 2 V and a reversible capacity of
240 mA h g−1. However, due to the sensitivity of TiS2 to moisture
This journal is © The Royal Society of Chemistry 2023
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(releasing H2S gas on contact with water), the inclusion of
a dangerous, shock-sensitive electrolyte, and the use of metallic
lithium, device manufacture was found to be expensive and
complex. Nonetheless, it inspired works of magnesium inter-
calation into TiS2,39,40 and prompted investigations into the
Zr41–44 and Hf41,45 analogues. The large inter-layer spacing in VS2
has been shown to allow rapid insertion and extraction of alkali-
metal intercalants,46 and recently it was proposed47 for
magnesium-based cathodes, delivering a reversible discharge
capacity of 235 mA h g−1. The Nb- and Ta-basedmaterials41 have
been intercalated to similar levels, but their heavier masses
result in lower theoretical capacities below 170 mA h g−1. Of
course, the ubiquitous MoS2 48–53 is a favourite within the study
of layered materials and has been the subject of many of its own
investigations, demonstrating an intercalation voltage of 2 V
with a capacity of 167 mA h g−1. This material, along with some
others, can exhibit multiple TMDC phases, and has been
observed to undergo transitions between them with intercala-
tion.54,55 Other materials, such as CrS2 56,57 and ScS2,58,59 are not
stable without intercalants, though it is possible to synthesise
them in their intercalated forms. ScS2 in particular has recently
been suggested as a promising electrode,60 promising an ideal
cathode voltage of 4.5 V and a reversible capacity of
183 mA h g−1. The post-transition metal sulde SnS2 has also
been the subject of many studies,61–70 however it has been
shown to readily undergo conversion to Li2S and elemental tin.

For several of these materials, the intercalation capacity is
dictated by the formation of the Li2S (or equivalent) compound,
a conversion product which can result in the irreversible loss or
amorphisaton of the layered TMDC structure.55 Typically, the
breakdown of LiaMX2 into Li2X occurs for 0 < a < 1, as has been
observed for MoS2 50,53 and WS2.71 Though this conversion
reaction allows for further charging of the cell, facilitated by
subsequent reactions involving Li2S or lithium polysuldes to
elemental lithium and sulfur, the metal species of the host
material is inert.49,71

Recent works have looked at improving many of the prop-
erties offered by these materials, with the aim of extending
device operation, increasing the intercalant capacities, and
improving operating voltages. Dimension reduction72–74

provides greater surface area and thus a higher surface reac-
tivity, allowing for faster ionic and electronic transport. To
a similar effect, morphology control48,75,76 and composite
formation,46,77–82 particularly through the inclusion of graphitic
carbon or other layered materials, has been used to improve
electrical and ionic conductivity, provide mechanical support,
and improve the resultant capacity. Coating and encapsulation
has been used to protect both the electrolyte and electrode from
mutual decomposition, stabilisation of surfaces and prevention
of reactions between the electrolyte and the electrode surface.83

Finally, doping and functionalisation84–88 can improve chemical
and thermal stability, and allow for some control of the oper-
ating voltage.60 However, to understand the improvements that
arise from each of these methods, an understanding of the
fundamental electrochemical properties of the bulk structures
is rst needed. Properties such as the volumetric expansion, the
intercalation voltage, and the intercalation capacity need to be
This journal is © The Royal Society of Chemistry 2023
established in a consistent manner as these are vital for
discussions of electrode materials. Further, much of this family
is yet to be investigated, meaning there are still many materials
that could offer ideal voltages or higher capacities, or alterna-
tively demonstrate other properties that could be advantageous
to a wide range of other applications.

In this article, we report on a theoretical modelling of TMDC
layers with a focus on their properties for use as electrode
materials in lithium and magnesium ion cells. We present the
material voltage proles, and discuss how the thermodynamic
stability of these materials upon intercalation can be used as
a way to calculate the charge storage capacity from reversible
intercalation. We also examine other properties that are
important for consideration when discussing possible electrode
materials, such as the volumetric expansion that arises from
intercalation, and the resultant electronic structure which is
important for efficient electronic conduction. Further details
and discussions that go towards supporting the work presented
in this article are presented in the ESI.†

2 Methods
2.1 First-principles methods

In this work, rst principles techniques based on density
functional theory were used to determine structural, energetic,
and electronic properties of layered MX2 materials intercalated
with varying levels of either lithium or magnesium. These
calculations were performed using the Vienna Ab initio Simu-
lation Package (VASP).89–92 The projector augmented wave
method93 was used to describe the interaction between core and
valence electrons, and a plane-wave basis set was used with an
energy cutoff of 700 eV. The valence electrons included for each
species are indicated in ESI Section I.A.† vdW interactions have
been addressed using the zero damping DFT-D3 method of
Grimme.94

This study focuses on 1T-phase TMDCs, as many of the
TMDCs exhibit the 1T-phase.34,95–97 Not only are they known to
have superior electrical conductivities over their 2Hc-phase
counterparts,98 making them better suited to electrode appli-
cation, but alternative phases oen undergo a phase transition
to the T-phase under intercalation.99,100 However, the Hc-phase
is found to be important for several TMDCs. As such, compar-
isons have beenmade with the 2Hc-phase for such TMDCs, as is
discussed later in the article. Though transition metal dichal-
cogenide compounds can exhibit a wide range of different
structural phases beyond the layered structures considered
here,29 we focus on the T- and Hc-phases to utilise their ideal
layered structures.

For comparisons of intercalant site and of the T- and Hc-
phases, primitive cells of each of the TMDCs were used.
However, for a more thorough consideration of these materials
with ner sampling of intercalant concentrations, supercells of
(2 × 2 × 1) and (2 × 2 × 2) unit cells (corresponding to 24
atoms, eight MX2 formula units, and two TMDC layers) of 2Hc-
and 1T-phase MX2, respectively, were generated and structurally
relaxed. These were then used as the bulk unit cells into which
lithium and magnesium were intercalated for evaluation of
J. Mater. Chem. A, 2023, 11, 12354–12372 | 12355
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voltages and thermodynamic stability. Further details are pre-
sented in the ESI Section I.B.†

All structural relaxations (allowing for both ionic and unit
cell optimisation) were completed using the Perdew–Burke–
Ernzerhof (PBE)101 functional form of the generalised gradient
approximation (GGA), and converged to a force tolerance of
0.01 eV Å−1, while electronic self-consistency was considered to
an accuracy of 10−7 eV. Monkhorst–Pack grids102 of k-points
equivalent to a 6 × 6 × 6 grid in the supercells are used
throughout. Due to the possibility of unpaired electrons in
d and f orbitals in transitionmetal compounds, we have allowed
for collinear spin-polarized calculations for all materials
considered, without specifying any initial spin conguration.
To account for the inaccurate calculation of exchange in GGA
functionals, the HSE06 hybrid functional103–105 has also been
used for a selection of systems. For these systems, geometric
relaxations were performed on the primitive cell to the same
force and energy tolerance as used with the PBE functional,
though a coarser k-point grid was used due to the increased
computational cost of the hybrid functional.

Nudged elastic band (NEB) methods, as employed in VASP,
were used to consider transition states for intercalant diffusion
through the system106,107 (using the PBE functional). This
method uses a series of interpolated ‘images’ along a specied
path to determine the activation energies for diffusion. For
these calculations, we formed 2 × 2 bilayers of selected TMDCs
and xed the positions of the transition metal species with
intercalant species occupying high-coordination sites. NEB
relaxations were considered to a force tolerance of 0.01 eV per Å
per atom, electronic self-consistency was considered to an
accuracy of 10−7 eV, and Monkhorst–Pack grids of 6 × 6 × 1 k-
points were used.
2.2 Methods for material evaluation

When assessing a material for its suitability as an electrode
material, there are many key properties that need to be deter-
mined. Quantities such as the volumetric expansion and elec-
tronic band gaps can be directly obtained from DFT
calculations, however there are many other properties that need
careful attention. The intercalation voltage gives a measure of
the energy associated with intercalation of a given ion, whereas
the intercalation capacity gives a limit on how much of a given
intercalant can be introduced to a host material before
secondary reactions that degrade the material occur. Here, we
outline how we approach these challenges using a rst princi-
ples approach.

To compare different levels of lithium/magnesium-
intercalated MX2 the voltage, V, can be calculated using,108,109

V ¼ �DG

DQ

z � DE

DQ

¼ �
ELia2MX2

�
h
ELia1MX2

þ ða2 � a1ÞELi

i
ða2 � a1Þ � ze

; (1)
12356 | J. Mater. Chem. A, 2023, 11, 12354–12372
for change in Gibbs free energy, DG, total lithium/magnesium
content a2 > a1, ELiaMX2

is the energy of the supercell bulk MX2

structure with a lithium/magnesium atoms per MX2 formula
unit, and ELi is the energy of a lithium/magnesium atom as
found in bulk.110 z is the valency of the intercalant, taking
a value of 1 for lithium, and 2 for magnesium. Above, the Gibbs
free energy is approximated as the internal energy, as the
pressure–volume, and vibrational entropy contributions are
known to be negligible in transition metal oxide and chalco-
genide materials.108,111,112

In some situations, however, taking the difference between
two equivalent structures of consecutive intercalant contents
does not always give the most accurate representation of what
happens in reality. For example, lithium has been found to
cluster in some materials rather than distributing evenly
throughout.65,67,113,114 In these cases, it is more accurate to
consider combinations of different lithium concentrations; for
example, it might be favourable for lithium to ll one cell to
Li0/8MX2 and an adjacent cell to Li8/8MX2, rather than lling
a both cells to Li4/8MX2. This would be indicative of clustering or
phase separation, and so has been considered in the evaluation
of TMDC voltages. Further details of this have been given in the
ESI Section I.C.†

The stability of TMDCs with intercalation depends heavily on
how favourable the formation of secondary products is, for
example Li2X or MgX. Generally, these conversion products are
not desired for intercalation electrodes as they indicate the loss
of the layered TMDC structure, and limits the reversibility of cell
charging. By assessing the relative stability of these conversion
products against the intercalated phases, one can construct
phase diagrams indicating the viability of the intercalated
structure at different intercalant concentrations.115 We can then
determine the maximum intercalant capacity that can be
reached, and hence the reversible charge capacity, a key metric
for assessing the viability of electrode materials. For lithium
intercalation, we express this limit as,

DmLi #
1

4� a
f2DHðLi2XÞ � DHðLiaMX2Þ þ DmMg; (2)

where DH(A) gives the enthalpy of formation of the compound A
with respect to the bulk constituents, and DmB is given by DmB =
mB − m0B, mB (m0B) being the chemical potential of species B in
LiaMX2, (bulk B) with B= Li, M, X. The boundary dened by eqn
(2) is a diagonal line, as indicated by line ‘1’ in the schematic
Fig. 1.

Further limits can be considered on the chemical potential,
which are expressed as

DmLi,M,X # 0, (3)

which indicates that the system has not formed the elemental
bulks. Finally, we also have,

1

a
fDHðLiaMX2Þ � DHðMX2Þg#DmLi; (4)

which indicates the boundary between regions of chemical
potential, above which the intercalated structure is preferred to
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Schematic phase diagram for lithium intercalated TMDCs,
constructed using eqn (2)–(4).
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the pristine, unintercalated structure. The boundary dened by
eqn (4) is a constant, as indicated by line ‘2’ in Fig. 1. These
limits on the appropriate chemical potentials ensure stability of
the intercalated TMDC structure, LiaMX2, against decomposi-
tion into the experimentally observed Li2X crystals, the
elemental bulk structures, and pristine MX2, respectively. The
origins of these limits are presented in the ESI Section I.D,†
where we also discuss the equivalent limits for magnesium
intercalation, based on the stability of MgaMX2 and the
formation of the MgX conversion product, and present an
equivalent schematic for magnesium.

We can quantitatively compare the phase diagrams for the
different concentrations considered by evaluating the differ-
ence between the intercepts of lines ‘1’ and ‘2’ with the vertical
DmLi-axis. We dene this as,

EIS = Dm(1)Li (DmM = 0) − Dm(2)Li (DmM = 0), (5)

where Dm(1/2)Li (DmM = 0) is the value of the boundary line 1/2 at
the point where DmM = 0. Using eqn (2) and (4), this can be
written in terms of the relevant values for formation enthalpy,

ELi
IS ¼ 2

4� a
DHðLi2XÞ þ 1

a
DHðMX2Þ � 4

4a� a2
DHðLiaMX2Þ:

(6)

Each of the enthalpy of formation values should be negative
for them to be thermodynamically stable with respect to their
atomic constituents. When the value of EIS is negative, the rst
two terms dominate, and line ‘1’ intercepts below line ‘2’ so no
stability region exists. Consequently, any intercalation is fol-
lowed by the conversion of the host material. When the value of
EIS is positive, however, DH(LiaMX2) dominates and the inter-
calated MX2material is stable. For magnesium intercalation, we
have an equivalent expression,

E
Mg
IS ¼ 2

2� a
DHðMgXÞ þ 1

a
DHðMX2Þ

� 2

2a� a2
DHðMgaMX2Þ: (7)
This journal is © The Royal Society of Chemistry 2023
Thus, we have a metric to describe the limit of intercalation,
and hence a direct calculation on the reversible intercalation
charge capacity.
2.3 Determination of structure

The family of TMDCs have been shown to exhibit multiple
polymorphs of the layered structure, most commonly the 1T-
phase and 2Hc-phase.96,97 T-phase TMDCs have D3d symmetry,
and form degenerate dz2,x2−y2 and degenerate dxy,yz,zx orbitals.
This leads to the non-bonding d-bands splitting into two
orbitals, with the dxy,yz,zx orbitals lower in energy than the
dz2,x2−y2 orbitals. Hc-phase TMDCs have D3h symmetry, and form
three sets of degenerate orbitals: dz2, dx2−y2,xy and dyz,zx, in
increasing energy order.26 As the Group number of the transi-
tion metal is changed, the number of d-electrons is increased,
and so a change in the preference of phase can be seen.98 As the
phase of the host TMDC material can have some effect on the
operating voltage, material stability, and hence the overall
energy capacity, it is important that the correct phase be
determined rst.

We evaluate the energetic ordering of these phases in the
pristine bulk by taking the difference between the Hc-phase
energy (EHc) and the T-phase energy (ET). The results of this
are presented in Fig. 2 for the TMDC suldes, where positive
values indicate a more favourable T-phase and negative values
indicate a more favourable Hc-phase. We nd that most of the
TMDCs prefer the T-phase, with the exception of those
composed of Group V and Group VI transition metals which
prefer to exhibit the Hc-phase, agreeing with many other
works.96–98 Some data has been omitted from Fig. 2 as they
structurally relax out of any Hc-like phase, further details of
which, along with equivalent results for the TMDC selenides
and tellurides, are presented in the ESI Section I.E.†

Upon intercalation, charge donation from the intercalated
species increases the effective number of d-electrons on the
transition metal, and so the effective transition metal Group is
increased. This can result in a phase transition between the two
phases, as has been demonstrated by many materials, but most
notably by MoS2.55,100 With lithium intercalation, we note that
the electron count of Group VI metal suldes has effectively
increased by one, resulting in them being ‘Group VII-like’ and
reproducing the H / T transition seen in MoS2.100 When
Group V materials are intercalated with lithium the extra elec-
tron results in ‘Group VI-like’ behaviour (with the H phase being
preferred), and upon magnesium intercalation the Group IV
materials become ‘Group VI-like’. This behaviour, and the
favourability of the Hc-phase over the T-phase, is indicated with
the green boxes in Fig. 2. We see that the pristine Group V
materials show little difference in energy between the T- and Hc-
phases (with EHc − ET being close to 0 eV). When intercalated
with lithium, the Group IV materials lose their clear preference
for the T-phase and become ‘Group V-like’, as do the Group III
materials when intercalated with magnesium. This progression
of Group V behaviour is indicated with the magenta boxes in
Fig. 2. From these results we conclude that (i) the T-phase is the
preferred phase in the pristine, lithium-intercalated, and
J. Mater. Chem. A, 2023, 11, 12354–12372 | 12357
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Fig. 2 Comparison of the T- and Hc-phase energies in the pristine bulk and intercalated forms for the sulfide TMDCs. Positive values indicate
amore favourable T-phase, whereas negative values indicate amore favourable Hc-phase. Group V-like behaviour is indicated with themagenta
boxes, and Group VI-like behaviour is indicated with the green boxes.
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magnesium-intercalated forms for most of the TMDCs consid-
ered in this work, with the exception of those materials
composed of early transition metals, and (ii) the additional
electrons from lithium causes Group VI TMDCs to undergo a H
/ T transition, and similarly the addition electrons from
magnesium causes Group IV TMDCs to undergo a T / H
transition. We therefore also consider the Hc-phase TMDCs
only for the Group IV, V, and VI TMDCs.
2.4 Intercalation site

Before assessing the intercalation properties of a host material,
and hence its suitability for electrode applications, it is impor-
tant to rst determine the correct intercalation site within it.
The two sites oen considered in investigations of intercalated
TMDCs are the octahedrally coordinated site and the tetrahe-
drally coordinated site directly above the chalcogen. Whilst the
octahedrally coordinated site has been shown to be the
preferred site for many TMDC-like structures intercalated with
lithium9,110,116,117 and magnesium,40,117 for consistency, we
examine this here. First, we compare the relative energy from
intercalation into each of these sites of the primitive cell for
both lithium andmagnesium intercalation, the results of which
are presented in the ESI Section I.F.† Formost of the TMDCs, we
nd that the tetrahedrally coordinated site (Fig. 3a) is higher in
energy than the octahedrally coordinated site (Fig. 3b) by
∼0.5 eV. This is due to the octahedral site having a higher
coordination between the intercalant and chalcogen species
than the tetrahedral site. We do identify some exceptions, such
as LiYS2, LiYSe2, MgWSe2, MgAuSe2, and MgGeSe2, where the
tetrahedral site is lower in energy, though a closer investigation
12358 | J. Mater. Chem. A, 2023, 11, 12354–12372
of these using larger unit cells show a transition in favourability
of the two sites: for concentrations of a in LiaMX2 and MgaMX2

greater than 0.5 the tetrahedral site is indeed energetically
preferred, but for concentrations lower than 0.5 the octahedral
is preferred. Thus, if these TMDC materials are intercalated
from MX2, the octahedral site will be occupied rst, and
promote further lling of octahedral sites as more intercalants
are added.

Whilst these high-symmetry, high-coordination intercala-
tion sites are frequently considered for investigations of inter-
calation into TMDCs, we have performed nudged elastic band
(NEB) calculations between these sites on selected systems, to
conrm that there are no lower-energy sites within these
materials. The three routes investigated are (a) between two
octahedrally-coordinated sites, depicted by route A in Fig. 3c, (b)
between one octahedrally-coordinated site and one
tetrahedrally-coordinated site, depicted by route B, and (c)
between two tetrahedrally-coordinated sites, depicted by route
C. A typical NEB diffusion barrier is shown in Fig. 3d for SnSe2
for lithium (red) and magnesium (blue) diffusion. As can be
seen from this gure, for both intercalants the octahedral and
tetrahedral coordination sites are local minima along the
diffusion routes, as was found in the discussion above from
direct intercalation into both of these sites, and there are no
intermediate sites that are lower in energy.

From the results presented here, it is clear that the preferred
site of intercalation is the octahedrally-coordinated site above
the transition metal of the host material. As such, we use this
site for the following study. For the 2 × 2 × 2 supercells used in
this work, there are eight different sites available for intercala-
tion (indexed a–h in Fig. 3e) and 23 unique intercalant
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Tetrahedral (a) and octahedral (b) coordination of an intercalant with sulfur in intercalated MX2. (c) Presents the intercalation routes, along
which the nudged elastic band calculation for in (d) was obtained for SnSe2. The different intercalation sites available in the supercells of T-phase
TMDCs considered in this work are presented in (e).
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congurations for intercalation. Each of these congurations
were considered, and further details are presented in the ESI
Section I.B.†

Though the octahedral site is found to be lower in energy
than the tetrahedral site for both lithium and magnesium,
diffusion directly between these sites (along route A) provides
the largest activation energy. For SnSe2, this is 1.34 eV for
lithium and 2.43 eV for magnesium. The lowest diffusion
barrier is actually found along route B, where the barriers are
0.59 eV and 1.01 eV for lithium and magnesium, respectively.
This agrees with other works on TMDC intercalation,34,40,56 and
is found for other TMDCs considered in this work (see ESI
Section I.F†). As the rate of diffusion is Arrhenius-like, diffusion
of both lithium and magnesium would occur at a higher rate
along route B than along route A. The diffusion barriers for
magnesium are higher than those for lithium, a result of the
double valency resulting in a larger charge on the magnesium
ion and hence stronger interaction between the positively
charged magnesium and the negatively charged chalcogen of
the host.
This journal is © The Royal Society of Chemistry 2023
3 Results
3.1 Charge analysis

Charge transfer from the intercalant species to the host material
is the fundamental mechanism for energy storage in electrode
materials, and the distribution of charge within the material
can affect how the structure transforms during intercalation,
dictating the resultant volumetric expansion. It is therefore
important to consider both the magnitude and direction of any
charge transfer. To this end, we utilise two different approaches
for assessing charge transfer: Bader charge analysis, and eval-
uation of differences in the charge density.

Bader charge analysis118–122 was performed on both the
pristine TMDCs and the fully intercalated (LiMX2 and MgMX2)
TMDCs, and the average charges of the M, X, Li, and Mg atoms
are all displayed in Fig. 4 for the TMDC suldes. Firstly, we
note that the charge of the intercalant ion in an intercalated
TMDC structure maintains an almost constant value, inde-
pendent of the host material. Lithium maintains a charge of
+0.86 (±0.02)jej across all TMDCs considered, agreeing with
Bader charges reported for the same materials with the
J. Mater. Chem. A, 2023, 11, 12354–12372 | 12359
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Fig. 4 Bader charges for the metal, sulfur, lithium, and magnesium atoms in the bulk, LiMS2, and MgMS2 structures. Blue circles correspond to
the metal atom (M) in the bulk MS2 structure, red squares correspond to M atom in the intercalated structure, green diamonds correspond to the
sulfur atom (S) in the bulk MS2 structure, black triangles correspond to S atom in the intercalated structure, and the orange line indicates the
charge of the intercalated species in the intercalated structure. The data for the lithium-intercalated sulfides are presented in (a), and the
magnesium-intercalated data is presented (b).
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chalcopyrite structure30 and in graphite.123 For magnesium
intercalation, the magnesium ion maintains a charge of
+1.63 (+0.05−0.07)jej across the materials considered. On average, the
magnesium ions posses a charge 1.89 times greater than that
of the intercalated lithium, close to the double valency of the
magnesium ion.

Generally, the M species has a small reduction in its charge,
as indicated by the cyan line in Fig. 4. There is a larger reduction
for magnesium intercalation than there is for lithium interca-
lation, demonstrating that the reduction in the charge of the
metal arises from the intercalant. This charge transfer to the
metal species is increased as the atomic number of the chal-
cogen increases, due to the greater number of electrons already
present and hence the reduced electronegativity of the chal-
cogen. There is a greater transfer of electronic charge to the
chalcogen species compared to the charge transferred to the
metal, as indicated by the magenta line in Fig. 4. As the chal-
cogen species is both closer to the intercalant and more elec-
tronegative than the metal species, this is unsurprising. Again,
there is a greater charge transfer to the chalcogen species with
magnesium intercalation than with lithium intercalation. We
identify a gradual decrease in the absolute charge on both the
transition metal and chalcogen in the intercalated states, as the
Group of the transition metal is increased, which has also been
noted for the chalcopyrite structure.30 Selenide and telluride
data show the same trends, as shown in ESI Section II.A.†

Alongside the average values presented in Fig. 4, we have also
evaluated the charges on the individual ions with different
intercalant concentrations and congurations. These results
are presented in ESI Section II.B,† where we see almost no
change to the charges of the intercalant ions. The transition
metal and chalcogen species, on the other hand, follow
a roughly linear trend between the values shown in the pristine
bulk and fully intercalated structures, and demonstrate a wide
range (as high as 0.5jej) of values depending on the intercalant
conguration. This spread is naturally larger for the chalcogen,
12360 | J. Mater. Chem. A, 2023, 11, 12354–12372
as the ions are closest to the intercalant ions and receive most of
the donated electronic charge.

An alternative evaluation of the charge transfer can be ach-
ieved by analysing the differences in the charge density before
and aer intercalation. Keeping the positions of the ions the
same as in the intercalated material, the electronic charge
densities were obtained. By comparing the charge density of the
full structure with those of the TMDC and lithium (or magne-
sium),124 i.e. Dr = rLiMX2

− [rLi + rMX2
], it is possible to comment

on the charge transfer upon intercalation. An example is shown
in Fig. 5, where we present the planar-averaged values of Dr for
ZrS2 (Fig. 5a) and SnS2 (Fig. 5b), which are representative of the
TMDC materials. In these, the metal species of the host TMDC
(blue, purple) is positioned at c = 0.5, the host chalcogens
(yellow) are at c = 0.25 and c = 0.75, and the intercalant species
(green) is at c = 0 with its periodic image at c = 1. We can see
there is signicant electron depletion from the location of
intercalant (c = 0, 1), which is to be expected as the intercalated
species donate their valence electrons to the host material.
These donated electrons are shown to be partially donated into
the Li–S andMg–S bonding regions. These extra electrons in the
vicinity of the chalcogen species repel the electrons that are
present in the M–X bond closer to the metal of the host/reduce
the number of electrons required for donation from themetal to
the chalcogen. Hence we observe negative Dr values in the
ranges c = 0.3–0.4 and c = 0.6–0.7, and the positive values of Dr
on the metal site itself. This agrees with the reduction in Sn and
Zr Bader charges presented above. This is further supported
with the 3D visualisations of the charge transfer, presented in
Fig. 5c and d for lithium and magnesium intercalation into
SnS2. The isosurfaces chosen are the chosen by the ratio of

intercalant Bader charges
�
qMg

qLi
¼ 1:67

0:86

�
. Fig. 5e shows a 2D

slice through the (1 1 0) plane of the LiSnS2 charge-difference
distribution, passing through the tin, sulfur, and lithium
atoms. In each of the 3D and 2D visualisations, red isosurfaces
show electron depletion and blue isosurfaces show electron
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The planar-average of Dr = rLiMX2
− [rLi + rMX2

] for intercalants Li (black) and Mg (red) for intercalated ZrS2 (a) and SnS2 (b). Positive values
correspond to regions of electron accumulation, and negative values correspond to regions of electron depletion. The corresponding structure
is overlayed on these plots. The 3D visualisation of this charge transfer in SnS2 is shown in (c) and (d) for lithium (isosurface 3.0 me− Å−3) and
magnesium (isosurface 5.8 me− Å−3) intercalation, respectively. (e) Shows a 2D slice through the (1 1 0) plane of the LiSnS2 charge-difference
distribution. Red isosurfaces show electron depletion and blue isosurfaces show electron accumulation.
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accumulation. Finally, we note the increased charge transfer,
both with the planar-averaged charge transfer plots and the 3D
visualisation, for magnesium intercalation compared to
lithium. Due to the double valency this is to be expected, and is
in line with the results of the Bader analysis.

3.2 Volumetric expansion

For intercalation electrodes, it is important to consider the
volumetric expansion that arises from the intercalation of ions,
as signicant expansion during cycling can result in degrada-
tion of the electrode material, ultimately leading to device
failure. We therefore present in Fig. 6a and b the volumetric
expansion associated with lithium and magnesium intercala-

tion, respectively. This is calculated using % ¼ V � V0
V0

� 100,

for fully intercalated (LiMX2 and MgMX2) volume V and volume
of the unintercalated structure V0.

We note that as the transition metal Group increases, there
is a larger volume expansion upon intercalation, with the Group
III, IV, and V metal TMDC suldes not exceeding 15% expan-
sion with lithium intercalation. ZrS2 and HfS2 in particular
demonstrate expansions of less than 1%. These expansions are
This journal is © The Royal Society of Chemistry 2023
comparable to many market leaders which possess a layered
structure, including LiCoO2

125,126 (2–3.25%), NMC127 (8.44%),
and graphite128 (13.2%). Conversely, Group IX, X, and XI metal
TMDC suldes undergo expansions over 20%. We see the
volume expansion of all of the TMDCs remaining below 60%,
with most materials remaining below 30%. Whilst these are
larger than expansions demonstrated by other layered mate-
rials, they remain exceptionally low compared to many mate-
rials that have been considered for electrode applications, such
as tin129 (300%) and silicon130 (380%). Across the family of
TMDCs the expansion that arises from magnesium intercala-
tion is comparable to that with lithium intercalation, and
considering the ionic radii of both lithium andmagnesium, this
is not surprising.

Looking at the expansion of the a- and c-lattice vectors can
not only be useful for determining the origin of the volume
expansion, but also for the pairing of materials in superlattice
structures. We present in ESI Section II.C† the lattice constants
for each of the TMDCs without an intercalant, when interca-
lated with lithium, and when intercalated with magnesium.
With intercalation, most TMDCs show an out-of-plane lattice
expansion. For Group III–VIII, this expansion remains below
J. Mater. Chem. A, 2023, 11, 12354–12372 | 12361
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Fig. 6 Total percentage volume expansion is presented for lithium (a) and magnesium (b) intercalation, calculated using % ¼ V � V0
V0

� 100. In

each of these, sulfide data is presented in black (top), selenide data is presented in red (middle), and telluride data is presented in blue (bottom).
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∼15%, with some TMDCs showing out-of-plane contraction
with magnesium intercalation. Later Groups, however,
demonstrate expansions exceeding 15%, reaching as high as
45%. This expansion is shown to be due to a lengthening of the
M–X bond, and an increase in the vertical separation between
chalcogens on opposing sides of the vdW gap. For lithium
intercalation, most of the TMDCs exhibit in-plane lattice
expansion of 5–10%, with a few of the early-transition metal
TMDCs surprisingly contracting. We notice greater expansion
of the in-plane lattice constants with magnesium intercalation,
with some TMDC tellurides exhibiting expansions close to 20%.

Unintercalated structures show a large spread in the in-plane
lattice constants, but upon intercalation the spread in lattice
constants of the TMDCs is reduced. To highlight this, the
TMDC with the largest lattice constant of the pristine T-phase
suldes is shown to be YS2 with a = 4.07 Å and the smallest
lattice constant is CrS2 with a = 3.04 Å, giving a range of 1.03 Å.
However, upon intercalation to LiMS2 the largest lattice
constant is PbS2 with a= 3.84 Å and the smallest is WS2 with a=
3.24 Å. This gives a smaller range of 0.60 Å. Similarly, upon
intercalation with magnesium to MgMS2 the largest lattice
constant is PbS2 with a= 3.86 Å and the smallest is WS2 with a=
3.27 Å, giving a range of 0.61 Å. Clearly, the largest lattice
constant is reduced and the smallest lattice constant is
increased. This is likely due to the intercalated ions straining
the TMDCs such that the nearest-neighbour distance of the
intercalated species is close to the nearest-neighbour distance
in the bulk form of the intercalant.

Along with the changes in lattice vectors and volume of these
materials, there are also small changes to the atomic structure
of the host material. Upon intercalation, we typically see an
increase in the in-plane metal–metal distance, following the
increase of the in-plane lattice constants, and a smaller increase
in the metal–chalcogen bond length. These increases are more
signicant for the magnesium intercalant than they are for
lithium. We also note a vertical stretching/contraction of the
TMDC sheets: this is identied by both an increase/decrease in
the vertical separation between the transition metal and nearest
six chalcogen ions, and by an increase/decrease in the vertical
12362 | J. Mater. Chem. A, 2023, 11, 12354–12372
separation between intralayer chalcogen ions on opposing basal
planes of a TMDC layer. The bond length between the magne-
sium and the chalcogen species is found to be longer than the
bond length between lithium and the chalcogen species.
Further details of ionic geometry is given in ESI Section II.D.†

3.3 Energetics

3.3.1 Voltages. One of the fundamental properties used to
evaluate a particular material for its application as an electrode
is the voltage. This gives the energy associated with intercala-
tion with a given intercalant ion, allows for easy comparison of
different materials, and determines whether a material is best
suited for a cathode (high voltage) or an anode (low voltage).
Using eqn (1) the intercalation potential vs. Li/Li+ can be ob-
tained for a range of intercalant concentrations. In Fig. 7a we
present the supercell average voltages for the TMDC suldes
with lithium intercalation. The average voltage is obtained by
taking the average across the intercalation range, equivalent to

Vav ¼ E8 � ðE0 þ 8ELiÞ
8

. As the intercalant concentration varies

the voltage can change, and does in many of these materials. To
highlight the variation, we have also indicated the average
potential for the rst half of the intercalation range (0 < a < 0.5)
and the average potential for the second half (0.5 < a < 1).
Equivalent data for the selenide and telluride materials are
presented in ESI Section II.E.† Comparing these values, we see
a clear reduction in the average voltage as the atomic number of
the chalcogen species is increased. In general, most of the
sulde (selenidejtelluride) values lie in the 2–2.5 V (1.5–2 Vj1–
1.5 V) range.

Anode materials should have well-dened voltage plateaus
lower than 2 V vs. Li/Li+, ideally in the range 0.5–1.5 V.131 Based
solely on this, telluride materials appear best suited with most
voltages being around 1.5 V. We highlight this with VTe2 and
WTe2 in Fig. 7b, which have average voltages of 1.46 V and
1.56 V, respectively. However, the voltage proles of these
materials vary signicantly across the concentration range.
Other telluride materials offer the low voltages ideal for anodes
but with a more plateau-like voltage prole, such as those
This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Intercalation voltages for TMDC materials intercalated with lithium and magnesium. The average lithium and magnesium intercalation
voltages for the TMDC sulfides are given in (a), and (c), respectively. The average voltage obtained from intercalation between MX2 and LiMX2 is
presented as red crosses, the average voltage obtained from intercalation between MX2 and Li0.5MX2 is presented as black upward-pointing
triangles, and the average voltage obtained from intercalation between Li0.5MX2 and LiMX2 is presented as black downward-pointing triangles. (b)
and (d) give specific examples of the variation of intercalation potential with lithium and magnesium content, respectively.
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composed of the Group IV, X, and XIV metals, each varying by
less than 0.5 V. Unfortunately, the atomic mass of tellurium is
much larger than sulfur and selenium, the other chalcogen
species used in TMDC materials, which would signicantly
increase the mass of an electrode host-material, and thus
reduce the gravimetric capacity. Though there are fewer sulde
and selenide materials that have ideal voltage proles for
anodes, there are still many (such as HfS2, PtS2, NbSe2, and
TaSe2 as shown in Fig. 7b) which also have relatively at volt-
ages below 2 V. Conversely, cathode materials should possess
much higher voltages, with current cathodes offering voltages
above 3 V.132 We demonstrate this in Fig. 7b with scandium and
yttrium sulde and selenide materials, which are seen to have
voltages exceeding 3 V (in the case of the selenides) and 3.5 V (in
the case of the suldes). The promise of ScS2 has recently been
presented elsewhere.60

In a similar manner we consider magnesium intercalation,
with eqn (1) allowing us to obtain the average magnesium
intercalation potentials vs. Mg/Mg2+. We present the results for
the TMDC suldes in Fig. 7c, with selenide and telluride data
being presented in ESI Section II.E.† Due to the double valency
of magnesium, one can expect different intercalation behav-
iours tomanifest in the proles of the TMDCs, corresponding to
This journal is © The Royal Society of Chemistry 2023
different changes to the oxidation state of the host material. At
a concentration of a = 0.5, the two electrons from each of the
magnesium ions are donated to the host material, with one
electron effectively being donated to each MX2 unit. Past a =

0.5, further electron donation results in another change to the
oxidation states of the MX2 unit. We therefore show in Fig. 7 the
average voltages for the rst stage (0 < a < 0.5) and second stage
(0.5 < a < 1) of intercalation with upward-pointing and
downward-point triangles, respectively. This helps highlight the
voltage variation a given material possesses.

As was observed for lithium intercalation, we note the
reduction in intercalation potential with increased atomic
number of the chalcogen species, and highlight it in Fig. 7d
with the TiX2 materials: TiS2 has an average voltage of 0.86 V,
TiSe2 a voltage of 0.61 V, and TiTe2 a voltage of 0.37 V. For most
of the TMDCs, there is a signicant drop in the magnesium
intercalation potential for the second half of the intercalation
range. This is dramatically shown with WS2, where the initial
intercalation potential is 1.99 V and the nal intercalation
potential is−1.24 V, demonstrating a drop of over 3 V. This drop
results in many of the TMDC materials presenting negative
voltages (see ESI Section II.E†). As this does not always occur at
J. Mater. Chem. A, 2023, 11, 12354–12372 | 12363
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a = 0.5, we have also included in the ESI† the average voltage
calculated over the range that the voltage remains positive.

We observe that TMDCs composed of early-transition metals
have a greater range in the magnesium intercalation voltage
than the late-transition metals/post-transition metals. There are
some of the materials which show very little change to the
intercalation potential, with NiS2, GeS2 and SnS2 each varying by
0 V. These are presented in Fig. 7d. This constant voltage is due
to the fact that, for each of the concentrations, it is energetically
preferred for the magnesium to separate into regions with no
magnesium (with an energy of E0) and regions that are fully
intercalated (with and energy of E8). For example, the lowest

energy for Mg1/8SnS2 is given by E1 ¼ 7
8
E0 þ 1

8
E8, and the lowest

energy for Mg2/8SnS2 is given by E2 ¼ 6
8
E0 þ 2

8
E8. As the differ-

ence between consecutive concentrations is a constant

DE ¼ 1
8
E8 � 1

8
E0, the voltage is also constant across the range.

Further discussion of such clustering or phase separation is
presented in ESI Section II.F.†

For magnesium intercalation, none of the TMDCs achieve
voltages greater than 3 V, and so do not offer much promise as
cathode materials. However, many of them have voltages below
1.5 V, indicating their potential as anode materials. Further, we
can highlight those materials with little difference between the
two stages of their intercalation to ensure we have a well-dened
voltage plateau.131 However, we do not need to rule out those
materials with a large difference between the two stages. Due to
the double valency of magnesium, the total charge transferred
from the magnesium in either the range 0 < a < 0.5 or 0.5 < a < 1,
and hence the total energy stored, is comparable to the charge
transferred across the full 0 < a < 1 range using lithium inter-
calation. As such, in situations where the there is a large
difference between the two charging stages, we can utilise just
part of the intercalation range. For example, TMDCs composed
of the Group III, IV, and V metals show voltages below 0.5 V in
the range 0.5 < a < 1, which is ideal for anodes.

The results presented here nd good agreement with many
experimental works. In particular, we see good agreement
between the 2–2.5 V intercalation voltage identied for
LiTiS2,34,37,38 and the 1.6–1.9 V intercalation voltage of LiZrS2.42,44

The intercalation voltage of T-MoS2 has been identied in the
range 1.9–2.5 V which agrees with the results we have pre-
sented,48,52 and we reproduce the 1.8 V intercalation potential
seen for intercalation of SnS2.65,67 Of course, many transition
metal dichalcogenide compounds do not exhibit the layered
structure that has been considered in this work,29 most
commonly the pyrite structure as for FeS2,133 MnS2, and CoS2.
Comparison with experiment with such materials is therefore
not appropriate.

Whilst we have shown good agreement with experiment,
validating our choice of functional, previous studies have
shown that the choice of functional can lead to differences in
predictions for properties important to electrode mate-
rials.134,135 To account for the inaccurate calculation of exchange
in GGA functionals such as PBE, and to evaluate the differences
12364 | J. Mater. Chem. A, 2023, 11, 12354–12372
that can arise from choice of functional, the HSE06 hybrid
functional103–105 has used for a selection of systems (see ESI
Section II.G†). With the use of the HSE06 hybrid functional,
some materials, such as ZrS2, HfS2, and GeSe2, exhibit very little
change to the voltage compared to the equivalent system using
the PBE functional. Conversely, some materials show signi-
cant increases. For example, the LiTiS2 voltage was increased by
0.17 V, the LiMoS2 voltage was increased by 0.25 V, and the
LiIrS2 voltage was increased by 0.58 V compared to the PBE
functional. This increase in intercalation voltage with use of
a hybrid functional (as well as with using GGA + U corrections)
has been shown for a range of transition metal oxides
commonly used as electrode materials.134,135 We also note, in
general, a larger effect on the voltage, as shown with the MoX2

series of TMDCs, with the telluride have a larger increase (1.03
V) than the selenide (0.46 V), which has a larger increase than
the sulde (0.25 V). As we have achieved good agreement with
experiment using the PBE functional, however, we have not
performed an exhaustive study using the HSE06 alternative.

3.3.2 Thermodynamic stability. Using eqn (2)–(4), we are
able to construct thermodynamic phase diagrams to evaluate
the thermodynamic stability of the intercalated structures
against conversion, which would result in the loss of the layered
structure. By determining the intercalant concentration that
leads to the loss of the window of stability on the phase
diagram, we can obtain the limit on the reversible intercalation
charge capacity, an important property for any electrode mate-
rial. Fig. 8 presents the values of EIS (given by eqn (6) and (7)) for
both lithium and magnesium intercalation of the TMDCs, for
a range of intercalation concentrations. Positive values of EIS
indicate an intercalated TMDC structure is stable against
conversion, and from the range of concentrations over which EIS
remains positive, we have determined the specic charge
capacity of each material. These values (in mA h g−1) have been
included in Fig. 8. Specic values for all of the data shown here,
along with values of EIS evaluated using the HSE06 functional,
are presented in ESI Section II.H.†

Fig. 8a presents the values of EIS for lithium intercalation of
the suldes, with specic examples being highlighted in Fig. 8b.
Equivalent gures are presented in ESI Section II.H† for the
selenide and telluride materials. In general, we see a reduction
in the stability of the TMDCs as the concentration of lithium is
increased. The size of this effect varies across the periodic table,
with the TMDCs composed of the central Group VI, VII, and VIII
metals showing the largest variation. This is highlighted with
WS2 in Fig. 8b, where EIS drops from 2.42 eV at a concentration
of Li0.125WS2, to 2.23 eV at a concentration of Li0.25WS2, to
1.57 eV at a concentration of Li0.5WS2, nally to 0.74 eV at
a concentration of LiWS2. However, those TMDCs composed of
metals from Groups IV, V, IX, and X having a relatively constant
values of EIS. For example, as shown in Fig. 8b, TiS2 demon-
strates a constant EIS = 1.51 eV at both LiTiS2 and Li0.125TiS2,
HfS2 has a minor decrease from 1.02 eV (LiHfS2) to 1.01 eV
(Li0.125HfS2), and for NiS2 it retains the same value of EIS =

0.23 eV. Whilst most TMDCs are shown to destabilise with
increased lithium content, we do highlight in Fig. 8b some
This journal is © The Royal Society of Chemistry 2023
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Fig. 8 EIS values for each of the TMDC sulfides intercalated with different concentrations of lithium (a) and magnesium (c). The resultant
gravimetric charge capacities in mA h g−1 (as determined from the range over which EIS is positive) are also presented at the bottom of each of (b)
and (d) give specific examples of the variation of EIS with lithium and magnesium content, respectively.
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examples that prove exceptions, such as ScS2, ZrS2, and NbS2,
whose values of EIS increase with lithium content.

With increasing atomic number of the chalcogen species,
there is a gradual reduction in the stability (indicated by
a reduction in EIS). This is shown best with the Group XI TMDCs
(CuX2, AgX2, and AuX2), where the suldes are stable across the
concentration range investigated, the selenides become
unstable when the lithium concentration exceeds a = 0.5, but
none of the tellurides are for any of the intercalant concentra-
tions. The data for the CuX2 materials is presented in Fig. 8b to
highlight this. This can be explained with the reduced electro-
negativity for larger atomic numbers, as the greater number of
electrons already present at the chalcogen site lowers the
favourability of additional electrons being donated. There is no
easily-identiable trend seen for changing the transition metal
species, however, with some Groups showing an increase in EIS
as the atomic number of the transition metal is increased (e.g.
Groups III and VIII) and some showing a decrease (e.g. Groups
IV and X).

An alternative but equivalent way to assess the stability of
a TMDC material against conversion is to consider the two
contributions to the material stability: the formation energy of
the pristine TMDC material and the binding energy of the
intercalant with the host material.115 The formation energy of
a TMDC gives an indication of the strength of the M–X bond
and hence its ability to resist conversion, whereas the inter-
calant binding energy implies the strength of the interaction
This journal is © The Royal Society of Chemistry 2023
between the intercalant and the host TMDC in LiaMX2 or
MgaMX2. To resist the conversion reaction, therefore, a TMDC
should possess a large formation energy, a large intercalant
binding energy, or ideally both. Further discussion of this is le
to ESI Section II.I,† but it is clear to see that materials that are
unstable against intercalation (such as PdS2, SnS2, or CuTe2) are
those with low TMDC formation energy and low lithium
binding energy.

Overall, the Group III (Sc, Y), IV (Ti, Zr, Hf), V (V, Nb, Ta), and
VI (Cr, Mo, W) materials offer the greatest stability, which is
unsurprising given that these materials have been investigated
the most thoroughly over the past 50 years. However, we also
highlight the Group VIII (Fe, Ru, Os) and IX (Co, Rh, Ir) suldes
as potential lithium-intercalation materials as they show
stability over the intercalation range considered here.

Comparing our results here with experimental studies we
nd good agreement, particularly for the Group IV TMDCs. For
each of the Group IV dichalcogenides, we nd a positive value of
EIS, indicating their stability against conversion. Experimen-
tally, TiS2 has been shown to be stable over a range of lithium
concentrations up to a = 1 in LiaTiS2, as have the ZrX2 and HfX2

materials.41,56 SnS2 is shown here to have a negative EIS, indi-
cating it is not stable to intercalation and hence susceptible to
conversion. This agrees with experimental works62–65 where SnS2
is observed to readily undergo conversion reactions to Li2S or an
alloy of Sn and Li. We are also able to show the Hc-MoS2 / T-
MoS2 transition arising from lithium intercalation: the phase
J. Mater. Chem. A, 2023, 11, 12354–12372 | 12365
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diagram for Hc-MoS2 has no window of stability, and so would
be likely to undergo conversion, whereas the T-phase shows
a sizeable EIS (see ESI Section II.J†).

For magnesium intercalation we see similar results, as
shown in Fig. 8c for the suldes, with specic examples are
presented in Fig. 8d. The selenide and telluride results are also
presented in ESI Section II.H.† We typically see a reduction in
the stability with increased magnesium concentration. Again,
we highlight this with WS2, where EIS drops from 1.99 eV at
a concentration of Mg0.125WS2, to 1.06 eV at a concentration of
Mg0.25WS2, to 0.60 eV at a concentration of Mg0.5WS2, nally to
−3.17 eV at a concentration of MgWS2. We note this large
reduction in EIS between intercalation concentrations of a = 0.5
and a = 1, which is greater than what was demonstrated for
lithium intercalation. This is also seen for other materials,
including VS2, NbS2, and MoS2, as shown in Fig. 8d. We attri-
bute this large reduction to the second donated electron from
the magnesium: the electrons donated in the range 0 # a # 0.5
with magnesium intercalation stimulate the same transition in
oxidation state as that of the electrons donated in the range 0#

a # 1 with lithium intercalation. Any further charge donation
triggers different changes in oxidation state, as more than one
electron is then being donated to each of the MX2 units.
However, despite this larger drop for greater magnesium
concentrations, many of the TMDCs still possess positive values
of EIS, including TMDCs containing Group III, IV, or V metals.
As with lithium intercalation, we note a gradual reduction in
stability of the TMDCs as the atomic number of the chalcogen
species is increased, and demonstrate this with both the ZrX2

and CuX2 TMDCs in Fig. 8d. Despite these causes for stability
reduction, however, there still remain several TMDCs that are
predicted to be resilient with magnesium intercalation: the
Group III (Sc, Y), IV (Ti, Zr, Hf), and V (V, Nb, Ta) suldes again
offer the greatest stability to intercalation. Though many of the
other materials show a susceptibility to conversion with inter-
calation, the Group VIII (Fe, Ru, Os) and IX (Co, Rh, Ir) suldes
offer stability over a signicant intercalant concentration range
(0 < a < 0.5), which corresponds to signicant charge transfer
when noting the double valency of magnesium.

Whilst some works have achieved intercalant contents
greater than a = 1, such as with Li2VSe2,41 Li3TiS2,136 and
Li3.48NbSe2,137 we have not investigated beyond this limit here.
However, we have shown for these cases that EIS remains posi-
tive with lithium concentration, with values of EIS = 0.63 eV, EIS
= 1.51 eV, and EIS = 0.70 eV for LiVSe2, LiTiS2, and LiNbSe2,
respectively. These positive values, therefore, still allow for
further intercalation towards the concentrations that have been
observed experimentally.

It should also be noted that we have not considered the
effects of surface formation or how microscopic morphology
can play a role. Experimental works have shown that lithium
deposition onto the surface of these TMDCmaterials can lead to
conversion even for TMDCs that are stable to intercalation,95,138

and rst principles methods have been used to conrm that the
formation of a surface can reduce the size of the stability
window,115 therefore reducing EIS and making these materials
more susceptible to conversion reactions.
12366 | J. Mater. Chem. A, 2023, 11, 12354–12372
The values of EIS presented here are only for the geometri-
cally relaxed structure where the intercalant occupies the
lowest-energy intercalation site. Of course, during the cycling of
the electrode an intercalant is expected to occupy not only
higher-energy intercalation sites, but also intermediate points
(e.g. along routes A, B and C in Fig. 3c). As such, the host
material will undergo local distortions that will increase its
energetic state, and hence reduce the corresponding stability
indicated by EIS. However, accurate mapping of the energy space
for intercalant diffusion remains a challenge due to current
limits on cell sizes. Further, obtaining a sufficient number of
interpolated NEB images at different intercalant concentrations
for each of the TMDCs would be computationally demanding.
As such, we use the difference in energy between the intercalant
occupying the octahedral and tetrahedral sites rather than the
activation barrier height. We rationalise this further by
considering the coordination between the intercalant and
chalcogen species which is reduced for intermediate positions
and so limits the available ions for conversion to the appro-
priate Li2X or MgX compound. Finally, the time scales associ-
ated with an intercalant ion being in an intermediate position
are signicantly shorter than the time scales associated with
occupation of an octahedral or a tetrahedral site.

The difference in energy between lithium in the octahedral
and tetrahedral sites is approximately 0.4 eV across each of the
TMDCs, whereas it is typically slightly higher at 0.6 eV for
magnesium (see ESI Section I.F†). Whilst there are examples of
both higher and lower energies, we can use these typical values
as a further limit on EIS. For lithium intercalation, only a few of
the suldes are affected by this new limit, with the fully inter-
calated ReS2 becoming susceptible to conversion, along with
the Group X, XI, and XIV materials. However, there is a more
dramatic consequence for magnesium intercalation due to the
second donated electron. Almost all of the TMDC suldes
demonstrate a reduction in their capacity, arising from the
higher magnesium concentrations being falling within the new
limit on EIS, indicated by the shaded region in Fig. 8c.

3.3.3 Discussion of Hc-phase TMDCs. We present in ESI
Section II.K† data for those TMDCs where the Hc-phase was
preferred to the T-phase at some point over the intercalation
range. This includes the point of phase crossover, the average
intercalation voltage, and the nal value of EIS in the LiMX2 and
MgMX2 compounds. We note some slight changes to the
intercalation voltages, with the Hc-phase voltages being higher
that the T-phase for Group IV TMDCs, and lower in the Hc-
phase than the T-phase for the Group VI TMDCs. There is
a mix for the Group V TMDCs. More signicantly, we note some
large differences in the stability characterised through EIS,
though we see the same general trends as are observed in the T-
phase: with increased lithium intercalation, the Group IV and V
TMDCs retain a relatively constant value of EIS, and the Group
VI TMDCs show a drop in stability for higher concentrations.
With magnesium intercalation, we again notice the drop in
stability for intercalation concentration greater than a = 0.5
attributed to the double valency of magnesium. The Group IV
materials remain stable across the range of concentrations, as
do the Group V materials for concentrations lower than a = 0.5.
This journal is © The Royal Society of Chemistry 2023
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Beyond this intercalant concentration they become unstable.
The MoX2 and WX2 materials show no positive values of EIS, but
as their T-phase counterparts do, this is a manifestation of the
H / T transition. For each of the TMDCs considered here, the
heavier chalcogens show reduced stability and hence a higher
susceptibility to conversion reactions.

3.4 Electronic structure

One of the attractive features of the TMDC family is the wide
range of electronic properties that have been reported.26,27,139

For electrodes, it is desirable for the host material to be
conductive so that the compensating electrons can more easily
conduct throughout the host material, and to remove the need
for additives such as graphitic carbon. However, upon the
addition of intercalant species it can be expected that the
electronic structure and properties are modied. As it is desir-
able for this conductive nature to endure across the range of
intercalation, we here present the changes to the electronic
structure with intercalation.

We summarise in ESI Section II.L† the electronic band gap of
the pristine bulk, lithium-intercalated, and magnesium-
intercalated TMDCs in the T-phase, where we nd that most
of the materials considered are found to be metallic in the three
levels of intercalation. This is ideal for electrode applications
where the conduction of electrons is required. However, TMDCs
composed of Group III, VII, IX, and XIV metals undergo tran-
sitions between conducting and semiconducting/insulating
states, and so conductive additives would be necessary to
facilitate charge transfer. In fact, we identify four different cases
describing how the electronic structure can change with inter-
calation: either the TMDC (i) retains a conductive nature with
intercalation, (ii) undergoes a semiconductor-to-conductor
Fig. 9 Electronic band structures and density of states (DOS) for pristine
and (e), and GeS2 in (c) and (f). MX2 data is presented in black, LiMX2 data
occupied states of the pristine MX2 material. The energy of the highest o

This journal is © The Royal Society of Chemistry 2023
transition, (iii) undergoes a conductor-to-semiconductor tran-
sition, or (iv) possesses an insulating nature before intercala-
tion and at the a = 1 intercalation level. We highlight some
examples of these in Fig. 9, where the electronic band structures
and associated density of states (DOS) are presented. We have
qualitatively aligned the high-energy occupied states of the
pristine and intercalated structures at G, allowing us to
comment on the position of the highest occupied molecular
orbital (HOMO).

For materials such as NbS2, the HOMO level lies in the
middle of a band, as shown in see Fig. 9a and d. The addition of
lithium donates electronic charge to the host, and so the HOMO
level rises accordingly. Similarly, with magnesium intercalation
the HOMO level rises but by a greater amount due to the larger
electronic charge that is donated to the host. We note some
small changes to the positions and shape of the individual
bands due to local electric elds arising from charge transfer (as
was shown in Fig. 5), which can be identied by considering the
bands positions at G. Otherwise, the general features of the
bands can easily be tracked. No new bands, which would be
associated with the intercalant species, are introduced into the
regions presented. For materials such as HfS2 which undergo
a transition from a semiconducting to conducting, we see much
the same behaviour, with the addition of a larger jump in the
position of the HOMO level due to the presence of the host band
gap. Once this band gap has been overcome, however, pop-
ulation of the conduction band states can occur and a con-
ducting nature is achieved (see Fig. 9b and e). Conversely, ScS2
is an example of a material which loses its conductive nature
once fully intercalated, further discussion of this has been
presented elsewhere.60 In this situation, the addition of elec-
trons lls states until the next band gap is reached. Finally, in
and intercalated TMDCs. NbS2 data is presented in (a) and (d), HfS2 in (b)
in red, and MgMX2 data in blue. Each has been aligned with high energy
ccupied state (EHOMO) is indicated with dashed lines.
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Fig. 9c and f we highlight an example of a material which is an
insulator before intercalation, becomes conducting under
intercalation with lithium (or partial intercalation with
magnesium), but once fully intercalated with magnesium
recovers a band gap. The cause of this is the gradual downwards
shi in the position of the GeS2 conduction band that is
dispersive across the energy range 1 eV to 3 eV. Once interca-
lated with lithium, this band becomes partially occupied and is
reduced in energy by ∼1 eV at G. When intercalated with
magnesium, the band is fully occupied and we see a further
energy drop of ∼1 eV at G. This ability to control both the
material conductivity and position of the HOMO level through
intercalation could be useful in a range of applications.

By decomposing the DOS into contributions from the
different ionic orbitals (see ESI Section II.L†), we nd that
TMDCs composed of main-block transition metals have
conduction bands dominated by the d-orbital of the metal, with
a signicantly smaller contribution from the p-orbitals of the
chalcogen. For TMDCs composed of Group XIV metals,
however, the conduction band is instead composed of metal s-
orbitals and chalcogen p-orbitals. The contributions from these
states are almost equal, with the chalcogen contributing slightly
more. This difference in the character of the conduction band is
likely the origin for the difference of its behaviour under
intercalation, (as demonstrated for GeS2 in Fig. 9c and f).

Evidently, some of these materials, despite offering ideal
volume expansion, voltages, and/or thermodynamic stability,
possess a band gap that would be detrimental to the cycling of
a cell. For example, the zirconium- and hafnium-based suldes
and selenides, whilst offering other desirable properties, have
band gaps of up to 1 eV. Using the idea of progressive lling of
bands with intercalant concentration, however, we can avoid
the problem of a band gap by ensuring a small intercalant
concentration is always present within the host, i.e. not
removing any lithium beyond LidMX2 where d is a small value.
This can therefore provide another limit to intercalation,
alongside thermodynamic stability or the assessment of
phonon band structures. Alternatively, dopants140,141 or
conductive additives could be used to ensure that conductivity
issues are minimised. In fact, graphene has previously been
suggested as an additive in works into zirconium- and hafnium-
Table 1 Summary of desired electrode properties and the TMDC mater

Desired property Lithium interca

Low volumetric expansion Group III–VI TM
Low gravimetric density Period IV TMs

Suldes
Thermodynamic stability Group III–VI TM

Suldes and se
High charge capacity Period IV TMs

Suldes
Anodic voltage (<1.5 V) Tellurides

Cathodic voltage (>3 V) Group III TM s
Constant voltage Group IV, V, IX
Electrical conductivity Group V–VIII, X

Tellurides

12368 | J. Mater. Chem. A, 2023, 11, 12354–12372
based suldes and selenides,43,45 and was shown to remove the
electronic band gap.

We emphasise that these electronic band structures (and the
corresponding band gaps) were obtained using the PBE func-
tional. Use of a hybrid functional would likely increase the band
gaps of those materials that are semiconducting, and also
introduce a band gap into those materials that are metallic.
Whilst the PBE functional is known to underestimate band
gaps, previous work has suggested that hybrid functionals over-
estimate the band gap for TMDC materials.142 Finally, in Fig. 9,
we have only shown materials that do no have spin-split elec-
tronic structures. Further discussion of the materials which
display magnetic moments are presented in ESI Section II.M.†
4 Discussion

In the evaluation of any given electrodematerial, there are many
metrics that need to be considered to determine the promise of
that material. We nd that all of the layered TMDC materials
offer volumetric expansion below 60%, with many early-
transition metal compounds (Group III–VI TMs) offering
expansions below 15%. Though we identify that the electronic
structure can behave differently with intercalation, most of the
materials are conductive in their pristine and intercalated
forms and thus reduce the need for conductive additives in
a functional device. For lithium intercalation, sulde materials
offer the highest intercalation voltages, typically in the range 2–
2.5 V, with the selenide and telluride materials offering lower
voltages that are better suited for anodes. It is also desired that
electrode materials offer voltage proles that offer little spread
across the intercalant concentration, and we nd that materials
composed of early transition metals and transition metals from
Groups IX, X, and XIV demonstrate little spread. For magne-
sium intercalation, there is a much more signicant spread in
the voltage proles due to the double valency of magnesium.
However, almost all of the TMDCs offer voltages that are below
∼1.5 V, making them well-suited as anode materials. There are
no materials that offer high voltages (>3 V) with magnesium
intercalation. Using thermodynamic phase diagrams to assess
the resistance of the intercalated TMDCs against conversion
reactions, we nd that many are stable with lithium
ials which offer them

lation Magnesium intercalation

s Group III–V TMs
Period IV TMs
Suldes

s Group III–V and XI TMs
lenides Suldes

Period IV, Group III-V TMs
Suldes
Group IV, V, VIII–X TMs
Selenides and tellurides

uldes —
, X, XIV TMs Group IV, X, XI, XIV TMs
, XI TMs Group V, VI, X, XI TMs

Tellurides

This journal is © The Royal Society of Chemistry 2023
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intercalation, though the Group X and XI TMDCs do become
susceptible to conversion with increasing lithium content.
There is a dramatic reduction in the stability of the TMDCs with
magnesium intercalation, however, with most becoming
unstable for magnesium concentrations greater than a ∼ 0.5.
We note that for magnesium intercalation ScS2 and PbS2 both
show potential to reach a = 1. For both intercalants, there is
a gradual reduction in the stability of the TMDCs with
increasing atomic mass of the chalcogen. Due to the lower
atomic masses of TMDCs composed of early transition metals
and suldes, they are able to offer high charge capacities.
Though there are many selenide and telluride materials can
offer performance improvements such as reduced volumetric
expansion, improved conductivity, or better-placed voltages,
these performance improvements are not sufficient to outweigh
the fact that they suffer from a lower stability and have larger
chalcogen masses which result in a lower gravimetric charge
capacity. In Table 1, we summarise these properties along with
the materials which offer desired behaviour, and conclude that
in general early transition metal suldes provide the best
candidate for both lithium and magnesium intercalation elec-
trodes. We also highlight the Group VIII and IX sulde mate-
rials for their relatively high voltages and positive values of EIS.

5 Conclusion

We have presented the results of an investigation of lithium-
and magnesium-intercalation into each of the layered transi-
tion metal dichalcogenides. By comparing the two polymorphs
of the layered TMDC structures, we have shown that the T-phase
is typically the preferred phase. However, phase changes can be
induced with intercalation, particularly for the Group IV, V, and
VI materials. The layered phase of the TMDCs is ideal for
intercalation due to the presence of vdW gaps, providing
natural space for intercalation with minimal need for volu-
metric expansion. All of the TMDCs present expansions lower
than 60%, with many of the early transition metal structures
expanding by less than 15%. Most of this expansion comes from
an increase in the out-of-plane lattice constant, though we also
identify minor changes to the in-plane structure.

Using thermodynamic phase diagrams, we evaluate the
stability of intercalated TMDCs to conversion reactions and
thus provide an estimate of the reversible capacity. We nd that
most TMDCs are stable with lithium intercalation, though this
stability is reduced for magnesium intercalation due to the extra
charge of the intercalant. Compounds composed of heavier
chalcogens also suffer a reduction in stability due to the
reduced electronegativity of the chalcogen leading to a reduc-
tion in the M–X bonding strength. From the range over which
the materials are stable, we determine the gravimetric charge
density, and nd that many of the Period IV transition metal
suldes offer capacities in excess of 200 mA h g−1 with lithium
intercalation, and over 400 mA h g−1 with magnesium interca-
lation. These materials have shown a range of voltage proles as
well. For lithium intercalation, sulde materials offer the
largest voltages (in the range of 2–2.5 V), with a gradual decrease
as the mass of the chalcogen is increased, though many of these
This journal is © The Royal Society of Chemistry 2023
values are lower than voltages typically required for successful
cathodes, and higher than those typically required for
successful anodes. There is further reduction in the voltage for
intercalation with magnesium, with most materials offering
voltages lower than ∼1.5 V, and a signicant spread across the
range of magnesium concentration.

We nd that most of the TMDCs retain a conductive nature
across the range of intercalant concentrations considered,
though some materials do become insulating at concentrations
of a = 1 in LiaMX2 or MgaMX2. Many key features of the band
structure can be easily tracked with the inclusion of inter-
calants, and there is a gradual shi upwards of the HOMO level
due to the charge that is donated to the host material. The
Group XIVmaterials do deviate from this behaviour slightly, but
we can attribute this to the difference in character of the
conduction band compared to main-block TMDCs.

In general, we nd that the TMDC suldes are the best for
lithium intercalation, and we highlight the Group IV, V, and VI
in particular for their low volumetric expansion, moderate
intercalation voltages, and high stability against conversion
reactions. We also highlight ScS2 and YS2 as promising cathode
materials, which offer high voltages close to 4 V, and high
intercalation stability allowing for theoretical capacities of
243.99 mA h g−1 and 173.91 mA h g−1, respectively. Finally, we
suggest that the Group VIII and IX materials are also worthy of
further investigation. For magnesium intercalation, we again
show that the early transition metals offer the best performance
as anodes, but also show that many other materials show ideal
voltages and sufficient thermodynamic stability over a signi-
cant concentration range. The comprehensive and consistent
study here shows both the promise of the TMDCs as electrodes
and provides a repository of data for future studies of these
materials.

Author contributions

C. J. Price: conceptualization, data curation, formal analysis,
methodology, writing – original dra, review and editing. E. A.
D. Baker: data curation, formal analysis, methodology, writing -
original dra, review and editing. S. P. Hepplestone: concep-
tualization, funding acquisition, supervision, writing – original
dra, review and editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors would like to acknowledge nancial support from
the EPSRC (United Kingdom), (Grant No. EP/L015331/1) and the
Materials Chemistry Consortium, (EP/L000202, EP/R029431,
EP/X035859). The authors acknowledge the use of the Univer-
sity of Exeter HPC facility. This work used the Isambard 2 UK
National Tier-2 HPC Service (https://gw4.ac.uk/isambard/)
operated by GW4 and the UK Met Office, and funded by
EPSRC (EP/T022078/1). We wish to acknowledge the use of the
J. Mater. Chem. A, 2023, 11, 12354–12372 | 12369

https://gw4.ac.uk/isambard/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ta00940h


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 4

/1
8/

20
26

 3
:4

3:
52

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
EPSRC funded Physical Sciences Data-science Service hosted by
the University of Southampton and STFC under grant number
EP/S020357/1. Finally, the authors would also like the thank Dr
F. Davies and Dr N. Taylor for their useful discussions.

References

1 P. Saha, M. K. Datta, O. I. Velikokhatnyi, A. Manivannan,
D. Alman and P. N. Kumta, Prog. Mater. Sci., 2014, 66, 1–86.

2 C. Ling, D. Banerjee and M. Matsui, Electrochim. Acta, 2012,
76, 270–274.

3 J. Asenbauer, T. Eisenmann, M. Kuenzel, A. Kazzazi,
Z. Chen and D. Bresser, Sustainable Energy Fuels, 2020, 4,
5387–5416.

4 A. Franco Gonzalez, N.-h. Yang and R.-s. Liu, J. Phys. Chem.
C, 2017, 121, 27775–27787.

5 C. P. Sandhya, B. John and C. Gouri, Ionics, 2014, 20, 601–
620.

6 J. Jiang, Y. Li, J. Liu and X. Huang,Nanoscale, 2011, 3, 45–58.
7 A. R. Armstrong, C. Lyness, P. M. Panchmatia, M. S. Islam
and P. G. Bruce, Nat. Mater., 2011, 10, 223–229.

8 M. D. Bhatt and C. O'Dwyer, Phys. Chem. Chem. Phys., 2015,
17, 4799–4844.

9 D. Y. Wan, Z. Y. Fan, Y. X. Dong, E. Baasanjav, H.-B. Jun,
B. Jin, E. M. Jin and S. M. Jeong, J. Nanomater., 2018,
2018, 1–9.

10 J. Kasnatscheew, S. Röser, M. Börner and M. Winter, ACS
Appl. Energy Mater., 2019, 2, 7733–7737.

11 G. W. Nam, N. Y. Park, K. J. Park, J. Yang, J. Liu, S. C. Yoon
and K.-Y. Sun, ACS Energy Lett., 2019, 4, 2995–3001.

12 W. Li, S. Lee and A. Manthiram, Adv. Mater., 2020, 32,
2002718.

13 N. D. Phillip, A. S. Westover, C. Daniel and G. M. Veith, ACS
Appl. Energy Mater., 2020, 3, 1768–1774.

14 R. N. Ramesha, D. Bosubabu, M. G. Karthick Babu and
K. Ramesha, ACS Appl. Energy Mater., 2020, 3, 10872–10881.

15 A. S. Andersson, Electrochem. Solid-State Lett., 2000, 3, 66.
16 L. Liao, P. Zuo, Y. Ma, X. Chen, Y. An, Y. Gao and G. Yin,

Electrochim. Acta, 2012, 60, 269–273.
17 B. Lung-Hao Hu, F. Y. Wu, C. T. Lin, A. N. Khlobystov and

L. J. Li, Nat. Commun., 2013, 4, 1–7.
18 W. K. Pang, C.-Z. Lu, C.-E. Liu, V. K. Peterson, H.-F. Lin,

S.-C. Liao and J.-M. Chen, Phys. Chem. Chem. Phys., 2016,
18, 17183–17189.

19 H. Ji, J. Wu, Z. Cai, J. Liu, D. H. Kwon, H. Kim, A. Urban,
J. K. Papp, E. Foley, Y. Tian, M. Balasubramanian,
H. Kim, R. J. Clément, B. D. McCloskey, W. Yang and
G. Ceder, Nat. Energy, 2020, 5, 213–221.

20 Y. Sun, N. Liu and Y. Cui, Nat. Energy, 2016, 1, 1–12.
21 M. S. Whittingham, J. Electrochem. Soc., 1976, 123, 315–320.
22 K. Mizushima, P. C. Jones, P. J. Wiseman and

J. B. Goodenough, Solid State Ionics, 1981, 3–4, 171–174.
23 L. Shi and T. Zhao, J. Mater. Chem. A, 2017, 5, 3735–3758.
24 X. Xu, W. Liu, Y. Kim and J. Cho, Nano Today, 2014, 9, 604–

630.
25 T. Lu, S. Dong, C. Zhang, L. Zhang and G. Cui, Coord. Chem.

Rev., 2017, 332, 75–99.
12370 | J. Mater. Chem. A, 2023, 11, 12354–12372
26 M. Chhowalla, H. S. Shin, G. Eda, L.-j. Li, K. P. Loh and
H. Zhang, Nat. Chem., 2013, 5, 263–275.

27 S. J. McDonnell and R. M. Wallace, Thin Solid Films, 2016,
616, 482–501.

28 S. Fan, X. Zou, H. Du, L. Gan, C. Xu, W. Lv, Y. B. He,
Q. H. Yang, F. Kang and J. Li, J. Phys. Chem. C, 2017, 121,
13599–13605.

29 C. Rao and K. Pisharody, Prog. Solid State Chem., 1976, 10,
207–270.

30 Z. M. Xu, S. H. Bo and H. Zhu, ACS Appl. Mater. Interfaces,
2018, 10, 36941–36953.

31 R. Besse, M. P. Lima and J. L. F. Da Silva, ACS Appl. Energy
Mater., 2019, 2, 8491–8501.

32 J. H. Han, M. Kwak, Y. Kim and J. Cheon, Chem. Rev., 2018,
118, 6151–6188.

33 J. Zhou, C. Zhu, Y. Zhou, J. Dong, P. Li, Z. Zhang, Z. Wang,
Y.-c. Lin, J. Shi, R. Zhang, Y. Zheng, H. Yu, B. Tang, F. Liu,
L. Wang, L. Liu, G.-B. Liu, W. Hu, Y. Gao, H. Yang, W. Gao,
L. Lu, Y. Wang, K. Suenaga, G. Liu, F. Ding, Y. Yao and
Z. Liu, Nat. Mater., 2022.

34 M. Whittingham, Prog. Solid State Chem., 1978, 12, 41–99.
35 Y.-P. Gao, X. Wu, K.-J. Huang, L.-L. Xing, Y.-Y. Zhang and

L. Liu, CrystEngComm, 2017, 19, 404–418.
36 Y.-P. Gao, J. Xu, K.-J. Huang, H. Lu, Y.-X. Pang and G.-q. Li,

CrystEngComm, 2021, 23, 7546–7564.
37 M. S. Whittingham, Science, 1976, 192, 1126–1127.
38 A. H. Thompson, Phys. Rev. Lett., 1978, 40, 1511–1514.
39 A. Emly and A. Van der Ven, Inorg. Chem., 2015, 54, 4394–

4402.
40 D. S. Tchitchekova, A. Ponrouch, R. Verrelli, T. Broux,

C. Frontera, A. Sorrentino, F. Bardé, N. Biskup,
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