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The growing demand for high efficiency portable batteries has prompted a deeper exploration for
alternative cathode materials. Due to low Earth abundance, scandium has not received much attention,
however its low atomic mass makes it ideal for high gravimetric capacity electrodes. Here we have
performed a comprehensive first-principles study to assess the performance of layered ScS, as a
potential cathode for lithium-ion and beyond-lithium-ion batteries. We have explored the configuration
space of ScS, and its intercalated compounds using a mix of machine learning and ab initio techniques,
finding the ground state geometry to be layered in nature. This layered structure is found to have a high
voltage, reaching above 4.5 V for Group | intercalants, ideal volume expansions below 10% for lithium and
magnesium intercalation, is electronically conductive, and is ductile once intercalated. Of the intercalants
considered, we find that lithium is the best choice for cathode applications, for which we have used a
combination of thermodynamic phase diagrams, ab intio phonon calculations, and evaluation of the elastic

Received 28th October 2022, tensor to conclude that ScS, possesses a reversible capacity of 182.99 mA h g%, on par with current state

Accepted 9th December 2022 of the art cathode materials such as LiCoO,, NMC, and NCA. Finally, we substitute foreign metal species into
DOI: 10.1039/d2cp05055b the ScS, material to determine their effect on key cathode properties, but find that these are overall

detrimental to the performance of ScS,. This does, however, highlight the potential for improvement if
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1 Introduction

As the demand for rechargeable batteries rises, the need for
both better and a wider range of cathode materials rises with it.
Whereas for anodes there are a wealth of materials available
and the key challenge is competing with the abundance of hard
carbons, for cathodes the range of materials is much lower with
leading contenders being the phosphates,'™ the ubiquitous
NMC and its variants,*™® and spinel oxides such as LiMn,0,."**3

There has been some interest in the use of other intercalant
species™® due to the safety issues associated with lithium, its
high cost of production, and the rising concern for the sustain-
ability of lithium deposits. Other Group I elements'>™"’ offer
the same chemistry as lithium and so there is hope they would
be able to match the performance of lithium. Alternatively,
Group II elements have also been considered'®2° as they
possess two valence electrons and so the available charge
transfer (and hence electrode energy storage) should in principle
be twice that of the Group I elements.
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scandium were mixed into other layered systems such as the layered transition metal oxides.

For intercalation electrodes, layered materials such as the
TMDCs,>'>* NMC,>** and the MXenes?” are highly attractive as
their van der Waals gaps allow for low diffusion barriers and
hence fast intercalant transport. Recent works have started to
note the potential of scandium, where the doping of metal
oxides with scandium has been shown to increase particle size
without affecting the crystal structure,”® provide a comparable
capacity whilst improve cycling stability,***” and significantly
lower the surface energy of nanoparticles.”® With these clear
structural and energetic improvements, as well as the fact that
scandium is one of the lightest available metals, it raises the
question as to how good scandium-based materials themselves
would perform as electrode materials.

Transition metal oxides have been widely investigated and
used for intercalation cathodes as they display high voltages
and capacities. Lithium scandium dioxide (LiScO,) has been
experimentally verified to exist in only one form, a fractional
cationic ordered rock-salt structure, with the I4,/amd space
group.>®?° This is similar to the anatase structure of TiO, but
with lithium filling the voids. However, this material was found
to have poor ionic conductivity, requiring substitutional doping
with transition metals in place of the scandium atoms.?® This
lack of ionic conductivity prevents its exploitation as a cathode
material. Alternative, layered structures have therefore been
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considered,*"*> but are unfeasible as the structure is energeti-
cally unfavourable compared to the rock-salt phase.

Layered sulfides are closely related to the oxides, and have
the added benefit of being compatible with sulfide-electrolytes.
Sulfide electrolytes are chemically unstable with high-voltage
oxides due to the difference in electronegativity of oxygen and
sulfur.®®* Thus, scandium-sulfide materials could offer the
optimal properties for cathodes whilst allowing the use of
sulfide-electrolytes. The bulk properties of the TMDC T- and
H-phases of ScS, have been shown to be conducting,** however, the
monolayer form of the H-phase is insulating.>*® For intercalation
electrodes, the intercalated form of ScS, is of interest. LiScS,,
NaScS,, and KScS, have all been synthesised,*”** and were found
to have the layered o-NaFeO, structure with space group R3M.
Unfortunately, theoretical investigations of this structure have
been limited to monolayers,> **° though these have suggested
high capacities of over 400 mA h g~ ' with lithium intercalation.
However, monolayers are significantly more difficult to synthesise
compared to their bulk counterpart, and do not provide an accurate
representation of the dimensions of electrodes being utilised in
functional devices. To the best of our knowledge there are currently
no studies investigating the potential of bulk ScS, for electrodes,
and so the questions of how well the bulk material would perform
as an intercalation electrode remains.

In this work we explore the potential of intercalated ScS,
compounds as a cathode material for lithium, sodium, potassium,
and magnesium batteries using a range of theoretical techniques
built upon first principles calculations. We explore the phase space
of these materials to determine the lowest energy structures,
determine the relevant properties for cathode performance, and
evaluate their dynamic and thermodynamic stabilities to obtain a
reversible intercalation capacity. Finally, we consider how the
substitution of other metallic species in place of scandium affects
these key properties for electrode applications.

2 Methods

2.1 First-principles methods

In this work, first principles techniques based on density
functional theory were used to determine structural and energetic
properties of layered scandium disulfide (ScS,) intercalated with
varying levels of lithium, sodium, potassium, and magnesium.
These calculations were done using the Vienna Ab initio Simula-
tion Package (VASP).""** The valence electrons included for each
species were Sc 3d” 4s", S 3s® 3p*, Li 1s® 2s*, Na 2p°® 3s*, K 3p° 4s,
and Mg 2p°® 35> All other electrons were effectively contained
within the used pseudopotentials. The projector augmented wave
method®® 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. van der Waals interactions have been
addressed using the zero damping DFT-D3 method of Grimme.*®

Three different phases of the ScS, structure were considered:
the T-phase, the Hc-phase,”””*® and the o-NaFeO,-like®’®
structure which is here referred to as the a-phase. The T- and
a-phases have the same in-plane structure but differ in the

2168 | Phys. Chem. Chem. Phys., 2023, 25, 2167-2178

View Article Online

PCCP

relative stacking of layers, leading to the a-structure containing
three ScS, layers in the primitive unit cell, compared to the one
in the primitive unit cell of T-ScS,. The He-phase has a different
layer structure, and possesses two layers of ScS, in its primitive
unit cell. To consider intercalation with the different species,
supercells of (2 x 2 x 2),(2 x 2 x 1),and (2 x 2 x 1) were used
for the T-, He-, and a-phases, respectively. These supercells
provided eight different intercalation sites for the T- and Hc-
phases, and twelve sites for the o-phase. These allowed for
various filling configurations, which were explored, the details
are in the ESI{ Section S1. Whilst other phases are possible for
the TMDCs, such as 3R and distorted T structures, their
intercalation environments are similar to that of the T-, Hec-
phase, or a-phases, and so have not been explicitly considered
here. It was found through two different methods (the details of
which are presented in the ESIL, Section S1) that the favoured
intercalation site in all three phases of ScS, is the octahedrally-
coordinated site. Consequently, this site has been used in the
following study.

All structural relaxations were completed using the Perdew—
Burke-Ernzerhof (PBE)* functional form of the generalised
gradient approximation (GGA), using the conjugate gradient
algorithm and converged to a force tolerance of 0.01 eV per
atom, while electronic self-consistency is considered to an
accuracy of 107 eV. Of these, only the most energetically
favourable structures at each level of lithium intercalation were
considered. To account for the inaccurate calculation of
exchange in GGA functionals, the HSE06 hybrid functional®®~>?
was also used for a selection of systems. Monkhorst-Pack grids™
of k-points equivalent to a 6 x 6 x 6 grid in the supercells are
used throughout.

Phonon band structures were obtained using the frozen-
phonon method employed with Phonopy.>* For these, the
primitive unit cells of the pristine and intercalated structures
were geometrically relaxed to a force tolerance of 0.0001 eV per
atom, and electronic convergence of 10~ ° eV. From these, the
unique displacements were generated in supercells of 6 x 6 x 1.
Elastic properties were determined using these primitive cell for
the pristine and interalated T-phase ScS,. The elastic and inter-
nal strain tensors were computed from the second order deriva-
tives of the total energy with respect to the position of the ions
and changes to the size and shape of the unit cell, as employed
in VASP. From the elastic tensor, various elastic moduli were
computed, as outlined in the ESI} Section S2.

One possible method commonly used to modify the proper-
ties of electrodes is through the introduction of other elements,
in particular substitution with transition metals®*™” or
lithium."® We consider the substitution of these metals in place
of the scandium, which can be achieved through additional
precursor materials. For low quantities of alternative metals
this results in a substitutional doping,* and for higher concen-
trations this results in metal mixing akin to how cobalt in
lithium cobalt oxide is replaced with nickel and manganese in
NMC. Seeing the effects of doping and metal mixing in other
materials, it offers the natural question as to whether it can be
employed to enhance the properties of ScS,. Here, we consider
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the metals Co, Cr, Fe, Hf, Mn, Nb, Ni, Sn, Ta, Ti, V, and Zr for
this substitution, which were chosen to ensure a sufficient
spread of species from across the transition metal block. We
have also considered lithium as substitutions could occur
during synthesis or cycling.

Due to the number of possible concentrations (and the
configurations of each of those concentrations) available for
metal mixing in the o-phase, we have limited this part of our
study to the T-phase. Different concentrations of substitutions
were considered, with all unique configurations being consid-
ered for each concentration of mixed metals. For Sc,_,M,S,,

. 0 8. . 1 .
concentrations of 3 <x< 3 in increments of 3 were considered,
. 0 . .
with x = 3= 0 corresponding to the ScS, composition and x =

8 . . ) .
3= 1 corresponding to the MS, composition. The configurations

of mixing used are equivalent to the different configurations
used for lithium intercalation, with the same indexing being
used for the metal species instead of the intercalated lithium.
Once the Sc;_,M,S, compound is synthesised, the metal species
M becomes ‘locked’ in the host structure due to bonding with
the sulfur atoms. It is thus more difficult for the metal species to
reconfigure into a lower energy configuration than it would be
for intercalated species such as lithium. As such, we consider a
random configuration of metal mixing by taking the average of
the different configurations considered.

2.2 Methods for material evaluation

To compare ScS, intercalated with different amounts of a metal
(M = Li, Na, K, Mg), the voltage, V, can be calculated using,”®"°

AG
A0
_AE
a0 (1)

Vo=

Ewm,,scsy — [Em,, ses, + (X2 — x1) ELi]

(x2 —x1) X ze

)

with change in Gibbs free energy, AG, total metal content x, >
X1, Em ses, is the energy of the supercell bulk ScS, structure with
a metal atoms per ScS, formula unit, and E\, is the energy of the
corresponding metal atom as found in its bulk form.* z is the
valency of the intercalant, and so z = 1 for Group I metals and z
= 2 for Group II metals.

In some situations, however, taking the difference between
two equivalent structures of different lithium contents does not
always give the most accurate representation of what happens
in reality. For example, intercalants have been found to cluster
into domains for some materials rather than distributing
evenly throughout the host.°"®> In these cases, it is more
accurate to consider combinations of different lithium concen-
trations; for example, it might be favourable for lithium to fill
one cell to LiScS, and leave an adjacent cell empty, rather than
filling a single cell to LiysScS,. This would be indicative of
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clustering/domain separation, and so has been considered in
the voltage calculation.

For the following discussion, we will use lithium (Li) as the
stand-in for Group I intercalants, and magnesium (Mg) for
Group II intercalants. The stability of TMDCs for lithium
intercalation depends heavily on the formation of Li,S. Generally,
when this compound forms the reaction becomes difficult to
reverse due to the loss of the layered structure and the required
separation of the lithium and sulfur. By assessing the relative
stability of the Li,S phase against the intercalated structure, one
can construct phase diagrams® to indicate the thermodynamic
stability of the intercalated structure at different intercalant
concentrations. In terms of the chemical potential, we express
this limit as,

1 . .
A,U,Li S m{zAH(LIQS) — AH(LlaSCSZ) + A/’LSC}7 (2)

where AH(A) gives the enthalpy of formation of the compound A
with respect to the bulk constituents, and Aug is given by Aug =
i — g’y with uy being the chemical potential of species B in
Li,ScS,, with B = Li, Sc, S. Due to the different valency between the
alkali and Earth alkaline metals we consider MgS as a different
conversion product for the intercalation of the Group II metals.
The equivalent limit is then given as,

1
Aty < 5——{20H(MgS) — AH(Mg,5¢5:) + Ausc}. ()

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

Aurimgses < 0, (4)

indicating that the system has not formed the elemental
bulks, and

gAHQ@&&)—AHﬁﬁﬂ}gAmh 5)

which indicates that the intercalated TMDC will not sponta-
neously deintercalate. The origins of these limits are given in
the ESI,T Section S3.

3 Results

3.1 Determination of structure

We explore the phase space of LiScS, using our random
structure search RAFFLE, details of which are presented in
the ESI,T Section S4. Of the over 800 structures generated and
structurally relaxed, the 20 lowest-energy systems are presented
in Fig. 1a Of these, the eight lowest-energy systems are are all T-
phase structures with hexagonal symmetry, with the differences
in energy arising from different coordination of the lithium
with the ScS, layers, relative shifts of the ScS, layers, and small
structural fluctuations arising from the tolerances of the
search. These are indicated in Fig. 1b, where the structures with
octahedrally-coordinated lithium are lower in energy**°%6>%*
than the equivalent systems with tetrahedrally-coordinated
lithium due to the higher coordination between lithium
and sulfur (see ESI,T Section S1). There is then a large jump of
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp05055b

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 03 January 2023. Downloaded on 3/2/2026 6:15:02 AM.

(cc)

Paper
(a)
%100 . e
E 7 x % X XX X 4
~ X X
80 -
g 7 L XXX |
- 3
o % £ 7
o L — _
> al
> 401 > —
I}
c | Layered X |
L X
c 20( x .
iel X
© M ox x X 1
g (1] ] S
o L L L | L L L | L L L | L | L |
L 5 10 15 20
Structure Index
(0
8——1— : , : , .
% : X T calculated
R -- T it
77 “"\:\ X o calculated
Z\\\\\\ - chit
6 : \‘\K\ X Hc calculated
<[ : e -- Hc fit
o 5 : % - 2=0.1439
o | - S~ g
cC 3 : \i\\ -
w \\x RS i
- \\\ x\
oL T:o \\3‘\\\\ _
L <—> \\‘\\\:X\\ 4
1= : \x\\\\_
L X
ob— L o 11 by 1 1 1y 1T
0 01 02 03 0.4.1 0'.5 06 0.7 08 09 1
ain L|aScS2
Fig. 1

View Article Online

PCCP

0.

(b)

0

O S

Octahedral ‘ ‘Tetrahedral | ‘Orthorhombnc‘
w SJ S,J 5 1 _“C‘; ‘g_{
r,!’,!’,!’) Lll‘l‘i oo ¢
{ ¢ g g 5 O 0 O O —0 O—(
000 ole s s Sln & ¢
-0 O—(
i g ﬁ ¢ 5 O O O O ¢> i J
Q i

£ o] £. £

r aw. ;‘ SO

(d

QQQ&

(a) Resents the calculated formation energies per atom for the 20 lowest-energy structures of LiScS, found using the RAFFLE structural prediction

algorithm. The results have been shifted such that the lowest-energy structure has a formation energy of 0 eV per atom. The typical structures obtained
from this search are presented (b) with the layered structures having octahedral or tetrahedral coordination, and the non-layered structure being
orthorhombic. (c) Shows the relative energy per formula unit for T-, a- and Hc-phases of Li,ScS,, for a range of concentrations a. Linear fits have been
presented in eachto identify the crossing points. (d) Shows the relation between the T- and a-phases of LiScS,.

42.1 meV per atom to the next group of structures, which have
orthorhombic unit cells. As this energy exceeds typical values
associated with thermal energy, it is safe to conclude that the
layered structure will preferentially form.

As the structure search shows that layered structures are the
most favourable, we explicitly investigate them further. As with
all partially heuristic methods of structure searching, the result
is never guaranteed to be the true ground state. So, to ensure
that we do not limit our investigation to the results of the
random structure search, further layered polymorphs of inter-
calated ScS, were also considered. Specifically, we focused on
the TMDC 1T-phase (following the results of the random
structure search), the TMDC 2Hc-phase, and the a-ScS, phase
(following experimental evidence®”*®). The results of this are
presented in Fig. 1c, where we show the energies (per formula
unit) of each of the considered phases of Li,ScS,. This allows
for easy comparison of the different phases and indicates which

2170 | Phys. Chem. Chem. Phys., 2023, 25, 2167-2178

phases are energetically preferred for different intercalation
concentrations. For visual aid we have included a linear fit,
which allows us to determine that the T-phase is the lowest in
energy for low intercalant concentrations (¢ < 0.15 in Li,ScS,),
whereas for higher concentrations the o-phase is preferred.
These two structures are presented in Fig. 1d, where the relative
shift of the ScS, layers can be seen. We see the same results for
the other intercalant species, the results of which are presented
in the ESI,T Section S5. Further discussion of how the functional
choice, zero-point energy and finite temperature corrections
affect this ordering are discussed in the ESI,} Section S6.

To further ensure we have not missed the preferred inter-
calation site we have also carried out NEB calculations with a
lithium intercalant, further discussion of which are in ESI,t
Section S1. The results of this are shown in Fig. 2, where we
have considered diffusion between two equivalent octahedral
sites (Route A), between adjacent octahedral and tetrahedral

This journal is © the Owner Societies 2023
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Fig. 2 Nudged elastic band results used to determine site of intercalation. (a) Shows the results for T-ScS, along the routes presented in (b) similarly,
(c) hows the results for a-ScS, along the routes presented in (d). The intercalation sites these routes are between, the octahedrally coordinated (O) and

tetrahedrally coordinated (T), are also indicated.

sites (Route B) and between two equivalent tetrahedral sites
(Route C), and are shown in Fig. 2b for the T-phase and Fig. 2d
for the a-phase. These results show that the most favourable
intercalation site for each of the phases is the octahedral-
coordination (O) site, which is the site of intercalation used
throughout this work. This is in agreement with other TMDC
investigations,”>®%%>%* as well as the results of the structure
search. These NEB results also allow us to comment on the
diffusion properties of intercalants in ScS,. As the rate of diffusion
follows an Arrhenius equation, the height of the activation
barriers is a key parameter for characterizing electrode materials.
For both T- and a-phases we see that, whilst Route A offers the
most direct path between two octahedral sites, diffusion along
Route B has a lower activation energy. Route A in the T-phase
demonstrates a barrier height of 0.58 eV, and 0.37 eV (0.12 eV)
along Route B. These compare very well with the 0.67 eV and
0.34 eV see for lithium diffusion along monolayer T-ScS,.*® We see
the same for the a-phase ScS,, though we do note significantly
larger barriers of 1.87 eV along Route A and 1.55 eV (0.01 eV) along
Route B. These larger barriers are partially caused by the

This journal is © the Owner Societies 2023

particular methods used for generating these NEB barriers.
However a more significant cause is due to the relative layer shift
seen for the o-phase compared to the T-phase resulting in an
‘interlocking’ of layers, and hence a sulfur of one layer protrudes
into the void space of the next. Thus we see a larger barrier to
ionic movement.

We are also interested in the structure of ScS, when the
intercalants are removed, and so we have investigated a range
of Sc-S stoichiometries to determine the stability of ScS,. As the
data available within literature and on databases such as the
ICSD and Materials Project®® for scandium-sulfide compounds is
fairly limited, we have also used the structures of scandium-
oxide analogues. The results of this are presented in ESI,
Section S7. For the composition ScS,, the layered T-structure is
found to be the lowest in energy, though it lies 0.37 eV above the
convex hull, and a mixture of Sc,S; and S would be preferred.

3.2 Properties of ScS, cathodes

3.2.1 Voltages. ScS, has several properties which are attractive
as a cathode. In Fig. 3 we present the voltage, phase stability and

Phys. Chem. Chem. Phys., 2023, 25, 2167-2178 | 2171
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volume expansion of ScS, for Li, Na, K, and Mg intercalant ions.
The voltage profiles of a-ScS, intercalated with the considered
intercalants are presented in Fig. 3a. For ScS, intercalated with
Group I metals, our calculations show that the voltages at low levels
of intercalation reach above 4.5 V. As the concentration of the
intercalant increases, the decrease in voltage across the range
explored is less than 1.5 V, but remains above 3 V. The a-phase
shows for Li, Na and K no change in the voltage for concentrations
of a > 0.4. Increasing the atomic number of the Group I intercalant
results in a small decrease in the average intercalation voltage.
Whilst for Li intercalation the average voltage is 3.977 V, this drops
to 3.874 V for Na, and to 3.799 V for K. This drop in voltage is due to
the reduced charge transfer from the intercalated species to the
host material, as is shown through Bader analysis (see ESIT Section
S8), where the lithium charge is 0.88 |e|, the sodium charge is 0.85
le], and the potassium charge is 0.80 |e|. The voltages for the other
phases of intercalated ScS, are presented in the ESI{ Section S9.
These show that there is much less variation in the voltage
compared to that for the a-phase for each of the intercalated

(@
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species. We also see that the voltage obtained from T-ScS, is about
0.3 V lower than that obtained from the equivalent o-ScS, structure.
As the structures of the individual ScS, layers are the same in each
of these phases, the increase in output voltage must be due to the
change in bonding environment arising from the relative shift in
the ScS, layers. However, for Li, Na and K, irrespective of phase the
voltages remain above 3 V for all concentrations considered.

For magnesium intercalation the voltage behaviour is dif-
ferent from that of the Group I elements. The average voltage is
1.474 V for a-ScS,, but changes considerably by 2.5 V across the
range. This is due to the double valency of magnesium allowing
for two changes in oxidation state of the host material. This
behaviour is also present in the T- and Hec-phases. All phases,
when fully intercalated (a = 1), decrease to voltages below 0.6 V.

It is important to make a careful choice of exchange-
correlation functional in first-principles calculations, as it can

66768 and mate-

lead to discrepancies in the electronic structure
rial energetics.®*””" We compare our PBE results with those

obtained from the HSE06 functional for a limited number of
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Fig. 3 (a) Resents the voltage profiles for a-ScS, intercalated with Li, Na, K, and Mg. (b) Shows the percentage volume change % = 100 x V=" of T-

0
ScS, and a-ScS; caused by intercalation. (c) Shows a schematic phase diagram, described by egn (2)—(5). (d) Shows the resultant phase diagram for
a-ScS; intercalated with different concentrations of Li, and the inset presents the the values of Eis for a-ScS; intercalated with each of the considered

intercalants.
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cases (see ESIT Section S10) to determine the sensitivity of the
results to functional choice. Using the hybrid functional we
obtain higher voltages of 4.440 V (Li), 4.420 V (Na), 3.953 V (K),
and 1.719 V (Mg). These are higher than the PBE voltages by
0.463 V, 0.546 V, 0.154 V, and 0.245 V, respectively. However,
the voltage ordering is maintained and thus both functionals
indicate that the ScS, would be very suitable for a cathode
material.

3.2.2 Volumetric expansion. The volume change of ScS,
upon cycling needs to remain suitably small for use as an
intercalation electrode. Fig. 3b shows the volumetric expansion
that arises in T-ScS, and a-ScS, upon intercalation. This is given
as a percentage of the unintercalated bulk material volume,
V-7

0
tercalated bulk material. From the figure, we see that as the size
of the intercalant is increased from Li to Na to K, the expansion
increased by a larger percentage accordingly. For example, the
volume change from intercalating with lithium to LiScS, is
6.51%, which is comparable to the 8% observed for NMC.”
However, for NaScS, the expansion exceeds 20%, and for KScS,
is exceeds 40%. Interestingly, intercalation with magnesium
leads to a volume expansion of 7.53%, comparable to that
arising from intercalation with lithium, which is due to the
larger nuclear charge on the Mg resulting in a reduced ionic
radius.

3.2.3 Thermodynamic stability. One can construct thermo-
dynamic phase diagrams in terms of the chemical potentials of
scandium and the intercalated species to determine the stabi-
lity of the intercalated structure against undesirable conversion
reactions. We use this to evaluate the capacity of the material,
reasoning that the formation of Li,S (or equivalent product) will
result in irreversible loss of the layered structure and hence
cyclability. A schematic of a phase diagram is shown in Fig. 3¢
where phase boundaries are given by eqn (2)-(5). Here, we are
limited to the quadrant where the chemical potential of the
intercalant species and of scandium are both negative, following
eqn (4), which specifies that the elemental bulk forms of the
constituent atoms do not form. The diagonal line depicts the
boundary described by eqn (2) and (3), above which we would
see the intercalated ScS, undergo conversion to scandium metal
and either Li,S or MgS. Finally, the horizontal line shows the
boundary described by eqn (5), below which it is not energeti-
cally favourable for intercalation to take place, and the pristine
ScS, would remain. The blue region satisfies eqn (2)-(5), and
indicates a ‘window of stability’ for which the intercalated
structure is stable. To quantify this window of intercalation
stability, we use the quantity Eys, which is the difference in the
intercepts of the two boundaries with the Apupymg axis. An
expression for this is given in the ESI,} Section S3.

The phase diagram for a-ScS, intercalated with Li is pre-
sented in Fig. 3d, and the resultant values of Ejg for each of the
intercalants is presented in the inset. It is clear to see that, for
the range of intercalation concentrations presented here, ScS,
has a sizeable window of stability with Ejs values in excess of
3 eV. This means that ScS, has a total capacity of 243.99 mA h g~*

using % = 100 x , where V, is the volume of the unin-
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(487.98 mA h g~ ') at full intercalation for the Group I intercalants
(Mg). For the Group I intercalants, Ejs remains relatively unchanged
with intercalant concentration.

The thermodynamic stability behaviour for magnesium
intercalation is different from that of the Group I intercalants.
It has very favourable energetics for low intercalation, but for
higher concentrations E;s dramatically reduces. This arises from a
significant upward shift of the phase boundary between ScS, and
Mg,ScS,, given by eqn (5). This behaviour is not dependent on the
phase of the ScS,. This can be seen in the ESI,} Section S3, where
equivalent phase diagrams for the intercalation stability of T-ScS,
and Hc-ScS, are presented and similar trends are observed.

To further validate our approach, we have compared the
HSEO06 and PBE functionals for this system. We see the value of
Es using HSEO06 is a more favourable than compared to PBE.
This improvement to Ejs arises from a downward shift of the
horizontal line described by eqn (5), and very little change in
the diagonal line described by eqn (2). We see that the stability
trends hold for both functionals, and that the more accurate
exchange is only important for the comparison between ScS,
and intercalated ScS..

3.2.4 Dynamic stability. The thermodynamic phase dia-
grams allowed us to determine the range of concentrations for
which the intercalated materials are stable against conversion
reactions. However, it is also important to assess whether these
materials are dynamically stable by considering their phonon
modes. Fig. 4 presents the phonon band structures for pristine
a-ScS,, and o-ScS, intercalated with lithium. As can be seen, the
fully intercalated structure is phonon-stable. However, for bulk
a-ScS,, it is clear to see the presence of imaginary phonon modes
in the I'-M path of the Brillouin zone which result in dynamic
instability. The motions associated with imaginary modes at
—1.16 THz (—38.7 cm™ ') correspond to longitudinal in-plane
oscillations of the ScS, sheets, as indicated in the inset of Fig. 4a.
This behaviour holds for Na, K, and Mg intercalated into ScS,.
This data along with the other phases of ScS, considered are
presented in the ESI,} Section S6.

Our results show that LiScS, is phonon stable, and at some
point, as the concentration of lithium is decreased, the
phonon-stability is lost. The evaluation of the phonon band
structures for intermediate lithium concentrations allows us to
determine the lowest concentration of lithium we can access
before the intercalated layered structure becomes dynamically
unstable. For the a-phase, the instability is also seen up to and
including Li; ScS,. Similarly for T-ScS,, Li;ScS, is unstable

12 8

whereas LirScS, is not. We can therefore conclude that the
8

lowest concentration of lithium that can be reached (corres-
ponding to the depth of discharge and hence the maximum
reversible capacity) in ScS, lies in the range 0.125 < a < 0.25.
Taking the range of intercalation to be 0.25 < a < 1, corres-
ponding to 75% of the theoretical capacity, this gives a charge
capacity of 182.99 mA h g ', which is comparable to the
~200 mA h g~ of other materials."™ The 75% of the maximum
capacity compares well with the 60-80% available in NMC
materials.’
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Fig. 4 Phonon band structures for a-ScS, and a-LiScS,. (a) Shows the phonon band structure for unintercalated a-ScS; structure, with the inset showing
the atomic structure and motions associated with the imaginary modes at I'. (b) Shows the phonon band structure for o-ScS,.

3.2.5 Elastic properties. For stable intercalation cycling it is
desirable for the electrode material to be resistant to the
associated stresses. One key metric for this is the Pugh ratio,
given as the ratio of the bulk modulus and shear modulus,
which can be used as an indicator of how ductile or brittle
a material is. For Pugh ratios greater than 1.75 materials
are usually considered ductile, whereas ratios of less than
1.75 are considered brittle. This ratio, along with other elastic
properties,”>”? for the different intercalants is shown in Fig. 5
for T-ScS,, and further details are presented in ESI,{ Section S2.
With intercalation, our results show an increase in the bulk,
shear and Young’s moduli for ScS,, which follows the results
for intercalation of other layered materials.”* For the Group I
intercalants, as the nuclear mass increases we identify a
gradual decrease in each of the elastic moduli. However, we
note that magnesium intercalation results in a higher stiffness.
Whilst the binding energy of Mg into ScS, is lower, the higher
charge of the intercalant species results in significantly higher
Coulomb forces and thus a stiffer system. The inset of Fig. 5
presents the Poisson ratio, and the Pugh ratio. The Poisson

200 Poisson Ratio X Bulk Modulus
— Pugh Ratio A Shear Modulus

— ~— Pugh Criterion | = m Young’s Modulus
T 160 122
o (H e —— ©
g _‘ . o u i
S 120 1o ]
=]
S | x |
= 80| " [ 7
RS <
= 40 X A A N
w n

A

0 | | | | |
Bulk Li Na K Mg

Fig. 5 Elastic properties of T-ScS, in its pristine and intercalated forms.
The bulk and shear moduli were calculated using the Voigt scheme.
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ratio for ScS, is 0.38, but drops within the range 0.21-0.25 upon
intercalation. We can see that the Pugh ratio for pristine ScS, is
3.70, well above the 1.75 Pugh criterion, but drops below 1.75
when fully intercalated. It has been indicated previously’>”*
that the change in the elastic moduli as a function of concen-
tration is near linear. As such, these materials remain ductile
for the majority of concentrations, becoming only slightly
brittle when fully intercalated. Compared to other layered
materials, such as LiCoO, and graphite,”* ScS, and its inter-
calated forms are much more ductile, and so are more attrac-
tive for use in flexible electronics.

The elastic stability conditions for specific crystal types have
been outlined elsewhere,” which have been used here to assess
the stability of the T- and a-phases. We find that the elements of
the elastic tensor for both T- and a-phases (see ESLt Section S2)

. 1
break the requirements of ¢y, > 0 and c14> < 5644(61] —cp) =

caace6, and so the pristine material is not elastically stable.
However, each of the intercalated phases meet all of the condi-
tions, and so are elastically stable.

3.2.6 Electronic structure. As many electrode materials
require conductive additives (such as graphitic carbon) to allow
for electronic conduction during cycling of a cell, determining
the material electronic structure is also necessary. In the
unintercalated form, as shown in Fig. 6, ScS, has a metallic
nature with a Fermi level intersecting a band. This is seen with
the other phases considered, as shown in ESI,{ Section S11. The
metallic nature of ScS, is also seen using the HSE06 functional.
This is ideal for electrode materials, as it means that conductive
additives are not necessary to facilitate the electron conduction.
From the orbital-projected density of states, it can be seen that
the valence bands of each of the phases are dominated by
sulfur p-states and the conduction bands are dominated by
scandium d-states.

Equivalent data for the intercalated ScS, structures can also
be found in the ESI,f Section S11, which show that the addition
of the Group I intercalants provides electrons, filling the
previously unoccupied sulfur p-orbitals, shifting the Fermi level
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Fig. 6 Electronic band structure (a) and orbital-decomposed density of states (b) for pristine a-ScS,. In each, all data has been normalised such that the

highest occupied state (Ererm) is set to 0 eV.

(located mid-band in ScS,) upwards. This is also shown with
the charge analysis presented in the ESI,{ Section S9. Upon
intercalation to the point of MScS, with Group I metals, the
intercalated structure develops a semiconducting nature with
an occupied valence band separated from the conduction band
by an moderate band gap of size ~1 eV (PBE). Specifically for
LiScS,, the PBE band gap is 1.36 eV and the HSE06 Bang gap is
2.32 eV, though we note from previous work that the HSE06
functional generally overestimates the band gap of TMDC
structures.®®’® This gives a limit on the intercalation potential
obtainable for practical uses: the insulating nature at this point
would inhibit electronic conduction during cycling, and any
intercalation past this point would require ScS, to be mixed
with conductive additives to account for the insulating
behaviour.

Magnesium intercalated into ScS, has different conducting
behaviour compared to the group I elements, due to its double
valency. Whilst the unintercalated system is conducting, inter-
calating to Mg, sScS; fills the unoccupied sulfur p-orbitals and
results in the structure losing its conductive nature, possessing
a band gap of over 1.5 eV using the PBE functional. This would
provide a practical limit during cycling, and would require
conductive additives to be used to help facilitate intercalation
past this point. However, past this the added magnesium
provides electrons that begin to fill the unoccupied scandium
d-states above the band gap.

Of the intercalant metals presented, lithium is the smallest
and lightest, presents the highest (average) voltage of nearly 4
V, and has the lowest volumetric expansion. As such, lithium is

identified as the best ion for ScS, to be used as an intercalation
electrode. We summarise the key electrode properties in
Table 1, along with the properties of other presently practiced
electrode materials for lithium-ion batteries, where it is clear to
see that ScS, offers a serious competitor to these materials.
Below, we focus on lithium for exploring intercalation beyond
the LiScS, composition, and for considering the effect of
substitution of different transition metals for the scandium
site in ScS,.

3.3 Intercalation beyond a = 1

The intercalated LiScS, structures show both dynamic stability
(with no imaginary phonon modes) and thermodynamic stabi-
lity against conversion (with positive values of Eis), and so the
question as to the maximum possible lithium capacity still
remains. As each of the octahedral sites is occupied at LiScS,,
any further addition of lithium results in the occupation of the
tetrahedrally-coordinated sites (see ESI,¥ Section S1). For the
supercell sizes considered, the first step of intercalation past
LiScS, resulted in a stoichiometry of Lij3ScS;. As this com-
12

pound still possesses a sizeable value of Ejs = 3.209 eV, it is still
remarkably stable against conversion reactions and demon-
strates a robustness in this material to lithium intercalation
beyond the usual limit considered for layered materials. How-
ever, there is a dramatic decrease in the intercalation voltage
(with respect to the LiScS, structure) to 0.436 V, which indicates
a clear cutoff in the practical uses for ScS, as a cathode
material. These larger lithium contents align with the lithium

Table 1 Comparison table of key lithium-ion electrode properties for ScS, and other presently practiced electrode materials

Intercalation capacity (mA h g™ ) Volume change (%)

Material Voltage (V)

LiScS, (this work) 3.977

LiCoO, 3.9-4.777

NMC 2.85-3.41°

LiFePO, 3.5173

LiMn,0, 4.13,4.25,'* 3.9, 4.1"*

This journal is © the Owner Societies 2023

182.99 6.51
190-215"7 3.257%
160-189° 8.447*
95,' 140.9,> 156> 6.817°
111.5,'° 106.3,"" 105.2"* 4.7%
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Fig. 7 Formation energy of substituting scandium with different metal
species, given by eqgn (6).

concentrations used in the study of monolayer ScS,,*® where a
drop in the voltage of over 2 V was also seen for concentrations
beyond LiScS,.

With further intercalation we find the value of Eis to drop,
reaching a value of —0.735 eV at Li,ScS,. At these relatively high
lithium concentrations the large repulsion between these posi-
tively charged ions results in the intercalated structure being
destabilised and becoming more susceptible to conversion. A
similar drop in Ejs could be expected for the monolayer system,
along with further instability arising from a separation of the
ScS, layers.

3.4 Metal mixing

One possible method commonly used to modify the properties
of electrodes is through the introduction of other elements (M),
in particular transition metals®>*® or with excessive lithium,"
resulting in the LiSc; ,M,S, compound. We first consider the
formation energy of metal mixing, using,

Eform = [EtsclfoxSZ) + XE(SC)] - [E(SCSZ) + xE(M)]

(6)

Our results, presented in Fig. 7, show that for low concen-
trations (x < 0.25), the energetic cost is very low or even
negative, with lithium showing the highest formation energy
of 0.61 eV at x = 0.125. The Group IV metals (Ti, Zr and Hf) have
negative formation energies, and so it is energetically favour-
able to perform this substitution. We also see negative values of
Etorm for Group V elements Nb and Ta for mixing values of x <
0.5, whilst the other metals considered here (and x > 0.5 for Nb
and Ta) demonstrate positive values of formation energy.

In general, our results show (see ESI, Section S12) that there
is a reduction in both the intercalation potential and the values
of Eis as the proportion of scandium is reduced. The exception
to this is demonstrated with lithium where, for a mixing
concentration of x = 0.125, the average voltage is increased
past the 3.655 V of ScS, to 3.668 V. In general, the voltage and
Eis values for the mixed materials falls below the weighted
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average of the two component materials. The greatest differ-
ence from the weighted average result is most dramatically
show with Scq5Tay5S,. For voltage, the average of the two
components is 2.706 V, whereas the actual voltage obtained is
2.264 V. Similarly for the value of Eis, the average of the ScS,
and TaS, materials is 1.857 eV, whereas the value obtained is
1.381 eV.

The energetic cost of formation of ScS, can be reduced by
the inclusion of other metals, Sc,_,M,S,. However, we see that
this results in both a decrease in the obtainable voltage and a
decrease in the the thermodynamic stability indicated by E.
whilst the mixing of these systems reduces the suitability of
ScS, as a cathode, the mixing of scandium into other materials
for cathodes could be highly beneficial.

4 Conclusion

In this work, we have presented a thorough first-principles
study into the performance of layered ScS, as a potential
cathode electrode material. We have applied a random struc-
ture search to demonstrate that the ground state phase for the
intercalated material is a layered structure, agreeing with
experimental studies and supporting its use as an electrode.
From this, different layered-phases of the material were inves-
tigated and intercalated with different metal species. It was
found that the T- and o-phases are energetically preferred,
though they are not dynamically stable (determined through
analysis of the phonon band structures) for low intercalation
concentrations. The lowest achievable intercalant concen-
tration is thus determined to be a = 0.25, and so a capacity
corresponding to 75% of the theoretical capacity is predicted,
corresponding to a charge capacity of 182.99 mA h g .

For Group I intercalants, ScS, is found to have a high voltage
of nearly 3.5 V which is ideal for cathodes. Whilst this is
reduced to 1.5 V for intercalation with magnesium (a Group
II metal), the double valency offers a larger range of charge
transfer and hence a comparable energy density. This low
voltage also offers some promise for an anode. Thermodynamic
phase diagrams were constructed to evaluate the stability of the
layered ScS, material against the conversion reaction forming
Li,S (or equivalent compound), a reaction commonly seen for
TMDC sulfides when intercalated. ScS, was found to have a
remarkably large window of stability, particularly when com-
pared to the related TMDC materials. Beyond this, ScS, was
shown to have a Fermi level which lies within a band, indicat-
ing a conductive nature that is convenient for device cycling. It
also has a low volumetric expansion (below 10%) when inter-
calated with lithium or magnesium, something that is essential
for extended device lifetime.

To explore methods that could offer some improvement to
the core properties of ScS, material, we also considered metal
mixing (substitutionally swapping out scandium atoms with
transition metal elements, similar to what is done with NMC).
With mixing of other metals, we find a gradual drop in both the
voltage and the size of the phase diagram window of stability
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which suggests that this would be detrimental to the perfor-
mance of a ScS, electrode. However, this does highlight the
potential advantage scandium could provide if mixed into other
layered systems such as the layered transition metal oxides.

Our study highlights that ScS, shows potential as a cathode
material for lithium-ion batteries, with theoretical estimates of
the capacity comparable with NMC and similar materials. We
hope that our study encourages further development of this
material for lithium-ion batteries.
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