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Insulator-to-metal transition of lithium—sulfur
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Li,S is a promising battery material due to the high theoretical capacity and high energy density. However,
the improvement of insulation of Li,S is a challenge for its application. Naturally, the insulator-to-metal
transition strongly depends on the electronic overlap between the conduction band and the valence
band at the Fermi level (Ef). To solve this key problem, this work investigates the insulator-to-metal
transition of Li,S under high pressure. We identify a stable structure based on the phonon dispersion and
thermodynamic model. It is found that Li,S with CaF,-type, Bro,O-type and Cs,S-type structures are
dynamically stable in the ground state. Importantly, the band gap of Li,S decreases gradually with
increasing pressure. We predict that pressure leads to the insulator-to-metal transition of Li,S owing to

rsc.li/rsc-advances

1. Introduction

With increasing global energy consumption and environmental
pollution from fossil fuels, energy storage technology becomes
an imminent concern both at present and in the future.
Lithium-sulfurs (Li-S) are now applied in solid-state secondary
batteries.’™ In particular, the theoretical capacity and theoret-
ical specific energy of lithium-sulfurs are up to 1675 mAh g™ *
and 2600 W h kg, respectively.”® However, the insulating
nature of lithium-sulfur markedly reduces the electrochemical
reaction dynamics and weakens the overall energy efficiency
due to the low Li-ion diffusivity rate.”** Importantly, the insu-
lation of lithium-sulfurs reduces the polarization and aggra-
vates cell impedance, which reduces the electrical
transportation and energy rate of a cell. As a result, these factors
further degrade the performance of a battery, cycle life, safety
etc. Therefore, the improvement of the electrical properties of
lithium-sulfur batteries is a key challenge for their practical
application.

Earlier work has shown that the obtained indirect band gap
of Li,S with CaF,-type structure is about 3.297 eV." One view-
point is that the insulating nature of Li,S is attributed to the
Li-S bonding and insulation of pure S."*'* Essentially, the
insulating nature of Li,S derives from the formation of a wide
band gap. That is to say, it is difficult to induce an electronic
transition between the bottom of the conduction band and the
top of the valence band. The insulator-to-metal transition of
a solid strongly depends on the localized hybridization at the
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the Li atomic pairing and the existence of Li—Li metallic bonds.

Fermi level (Ex)."* To solve this key problem, it is necessary to
improve the electronic overlap at the Fermi level. Based on the
above design principle, we propose that pressure may lead to
insulator-to-metal transition of Li,S.

The electrochemical reaction of crystalline o-S8 at a cathode
is described by: S8 + 16Li" + 16e~ « 8Li,S.’* Although the
structure, electronic structure and elastic properties of Li,S have
been studied,"™ it is extremely unstable in air because of
strong moisture absorption.'®*® Therefore, structural stability
plays a crucial role in overall performance such as electrical
properties, rate performance, rapid capacity fade, cycle life,
safety etc. For the Li,S compound, there are three different
structures: CaF,-type structure,”® Br,O-type structure®* and
Na,S-type structure.” However, the structural stability of Li,S at
high pressure is unknown.

To explore the insulator-to-metal transition, in this work, we
apply first-principles calculations within the density functional
theory (DFT) method to investigate the correlation between
pressure and properties of Li,S (0-350 GPa). Considering the
structural features and phase stability under high pressure, we
design five possible crystal structures based on main group
elements. The structural stability of these structures is exam-
ined by the thermodynamic mode and phonon dispersion. Our
works predict that high pressure can result in insulator-to-metal
transition of Li,S.

2. Model and method

To confirm the stable structure under high pressure, we
designed five possible crystal structures, namely CaF,-type
(space group: Fm3m, no. 225),% Br,O-type (space group: Pn21aq,
no. 33),>" Na,S-type (space group: P6s/mmc, no. 194),** K,S-type
(space group: Pmma, no. 51)*>* and Cs,S-type (space group:
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Pnma, no. 62),** because of their similar structural features. The
structural models of Li,S are shown in Fig. 1. Generally
speaking, the structural stability of a solid is measured by
thermodynamic and dynamic models. In particular, the
dynamic stability of a solid is related to the vibrational
frequency, which is defined as the phonon frequency.

It is well known that the first-principles calculation within
DFT is a strong tool to predict a new crystal structure at the
electronic or atomic level.”* In this paper, therefore, all calcu-
lations of the five Li,S structures at zero pressure and high
pressure were carried out by using first-principles calculations,
as implemented in the CASTEP code.* After convergence test,
we selected the generalized gradient approximation (GGA)
within PBE*® functional and the local density approximation
(LDA) within CA-PZ functional® to treat the electronic interac-
tion and for comparison. The interaction between the ionic
cores and valence electrons was treated using the ultrasoft
pseudopotential. The valence electronic configurations of Li
and S are 1s”2s' and 3s”3p*, respectively. To ensure the total
energy in the ground state to be converged, a plane-wave basis
set for electron wave functions with cutoff energy of 400 eV was
used. The Brillouin zone was sampled with 14 x 14 x 14, 9 x
14 X 9,14 x 14 X 14,9 X 10 x 9 and 9 x 14 x 9 for CaF,-type
structure, Br,O-type structure, Na,S-type structure, K,S-type
structure and Cs,S-type structure, respectively. The electronic
energy tolerance of the SCF was treated as 1 x 10 ° eV per atom.
Total energy of a system was obtained by the density-mixing
scheme in conjunction with the conjugate gradient technique.
The Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm was
applied to treat the relaxed system. All structures were
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optimized based on the periodic boundary condition. Note that
all atomic positions, lattice parameters and internal coordi-
nates in a system were fully relaxed. To estimate the dynamical
stability, the phonon properties were calculated by using the
PHONOPY code.*®*

3. Results and discussion

It is obvious that the assessment of structural stability of Li,S
should be studied first. Essentially, the structural stability of
a solid relies not only on the chemical potential between atoms
but also on the vibrational frequency. Therefore, we consider
the structural stability of Li,S from two aspects: thermodynamic
and dynamic stabilities. The thermodynamic stability of Li,S is
calculated by the formation enthalpy (AH), which is given by:

AH = E(Li;S) — 2E(Li) — E(S) (1)

Table 1 Calculated lattice parameters a-axis, b-axis and c-axis (A),
volume, V (A%, formation enthalpy, AH (eV per atom), and bulk
modulus, B (GPa), of Li,S with five structures

Structure Method a b c %4 AH B

CaF,-type Cal 5.725 187.6 —4.0161 38
Exp*° 5.720

Na,S-type  Cal 4.043 6.071 86.0 —3.8846 36

K,S-type Cal 6.076 4.041 7.011 172.2 —3.8847 37

Cs,S-type  Cal 6.326 3.818 7.281 1859 —-3.9578 39

Br,O-type Cal 11.463 4.046 4.049 187.8 —4.0148 37

®

Fig.1 Structural model of Li,S. (a) CaF,-type structure, (b) Br,O-type structure, (c) Na,S-type structure, (d) K,S-type structure and (e) Cs,S-type

structure.
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Fig. 2 The calculated formation enthalpy of Li,S with increasing
pressure between 0 and 350 GPa.

where E(Li,S), E(Li) and E(S) are the total energy of Li,S, Li atom
and S atom in the ground state.

Table 1 presents the calculated lattice parameters, volume,
formation enthalpy and bulk modulus of Li,S with the five
structures. It can be seen that the calculated formation enthalpy
of these structures is smaller than zero, indicating that these
structures are thermodynamically stable in the ground state.
Importantly, the calculated formation enthalpy of Li,S with
CaF,-type structure is about —4.0161 eV per atom, which is
smaller than that of the other structures. That is to say, Li,S with
CaF,-type structure is more thermodynamically stable than the
other structures. This result is in good agreement with other
theoretical results."®

To reveal the thermodynamic stability, the structural
formation and chemical bonding of Li,S are discussed here. As
presented in Table 1, the calculated lattice parameter of Li,S
with CaF,-type structure is @ = 5.725 A, which is in good
agreement with the experimental data.*® It is clear that the
structural stability of the CaF,-type structure is attributed to the
symmetrical Li and S atoms. As shown in Fig. 1, Li and S atoms
occupy the Wyckoff 8c (0.250, 0.2500, 0.500) and 4a (0, 0, 0)
sites, respectively, which form the symmetrical Li-S bond and
Li-Li metallic bond. The calculated bond lengths of Li-S bond
and Li-Li metallic bond are 2.479 A and 2.863 A, respectively,
which are in good agreement with other theoretical results.***!
The symmetrical atomic configuration can effectively improve
the structural stability of Li,S.

However, the structural features of the other four structures
are different from those of the CaF,-type structure. From Fig. 1,
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we can see that Br,O-type, K,S-type and Cs,S-type belong to the
orthorhombic structure, and Na,S-type is a hexagonal structure.
Therefore, the atomic configuration of these structures is
different from that of the CaF,-type structure. As presented in
Table 1, the calculated value of the b-axis of Na,S-type, K,S-type,
Cs,S-type and Br,O-type is smaller than the corresponding axis
for CaF,-type. It is worth noticing that the calculated a-axis
(except for Na,S-type) and c-axis (except for Br,O-type) of those
predicted structures are larger than the corresponding axes for
CaF,-type structure. The calculated volume of Br,O-type struc-
ture is slightly larger than that of CaF,-type structure. On the
contrary, the calculated volume of Na,S-type, K,S-type and Cs,S-
type is smaller than that of CaF,-type structure. These results
indicate that the symmetrical atomic arrangement of these
predicted structures is weaker than that of CaF,-type structure.
As a result, the localized hybridization between atoms of the
former is weaker than that of CaF,-type structure. This is why
the thermodynamic stability of the CaF,-type structure is better
than that of the other predicted structures.

To study the influence of pressure on the structural stability
of Li,S, Fig. 2 displays the calculated formation enthalpy of Li,S
as a function of pressure. In particular, we examine the phase
transition of Li,S (0-350 GPa). For Li,S, high pressure markedly
improves the coulomb repulsion between Li atom and S atom,
which results in a large chemical potential. As a result, the
formation enthalpies of Li,S with the five structures increase
monotonically with increasing pressure. From Fig. 2, it is
observed that the calculated formation enthalpy of Li,S
increases with increasing pressure. We suggest that this trend is
attributed to the variation of electronic structure under pres-
sure. To reveal the nature of formation enthalpy under pressure,
Fig. 3 shows the calculated unit-cell volume and chemical
bonding of Li,S with the five structures. Here, we consider the
bond length of Li-S bond and Li-Li metallic bond under high
pressure. It is clear that the calculated unit-cell volume and
bond lengths of Li,S decrease gradually with increasing pres-
sure. In other words, high pressure can increase the coulomb
repulsion between Li atom and S atom. This is why the forma-
tion enthalpy of Li,S monotonically increases under pressure.

Importantly, we further find that pressure leads to a phase
transition from CaF,-type structure to Na,S-type structure at
~100 GPa (see Fig. 2) because the calculated formation enthalpy
of CaF,-type structure is slightly smaller than that of Na,S-type
structure when the pressure is below 100 GPa. On the contrary,
the calculated formation enthalpy of CaF,-type structure is
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Fig. 3 The calculated (a) volume and (b and c) bond lengths of Li,S as a function of pressure.
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Fig. 4 Calculated phonon dispersion curves of Li,S at 0 GPa. (a) CaF,-type structure, (b) Br,O-type structure, (c) Na,S-type structure, (d) K,S-

type structure and (e) Cs,S-type structure.

bigger than that of Na,S-type structure when the pressure is
above 100 GPa. This discrepancy is demonstrated by the lattice
parameters and chemical bonding. For CaF,-type structure, the
lattice parameter decreases with increasing pressure. In
particular, pressure results in charge transfer from Li-S to Li-Li
atoms. Although the trend of lattice parameters of Na,S-type
structure is similar to that of CaF,-type structure, the coulomb
repulsion of Li-Li atoms of Na,S-type structure is less than that
of the corresponding atoms for CaF,-type structure. This
discrepancy can give rise to a phase transition under high
pressure.

Importantly, the dynamical stability of a solid is related to
the phonon frequency,**** which is calculated by the phonon
dispersion. Generally speaking, imaginary phonon frequency

indicates dynamical instability. On the contrary, no imaginary
phonon frequency implies dynamical stability in the ground
state. To examine the influence of pressure on dynamical
stability of Li,S with the five structures, Fig. 4 and 5 present the
calculated phonon dispersion curves of Li,S at 0 and 100 GPa,
respectively. It can be seen that no imaginary frequencies are
observed for CaF,-type structure at 0 and 100 GPa, implying that
Li,S with CaF,-type structure is dynamically stable in the
ground state. It is obvious that Li,S still retains the CaF,-type
structure under high pressure.

On the other hand, our predicted Cs,S-type structure is
dynamically stable at zero pressure because no imaginary
phonon frequency is found at 0 GPa. On the contrary, Cs,S-type
structure is dynamically unstable at 100 GPa because we observe
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Fig.5 Calculated phonon dispersion curves of Li,S at 100 GPa. (a) CaF,-type structure, (b) Br,O-type structure, (c) Na,S-type structure, (d) K,S-

type structure and (e) Cs,S-type structure.
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with Cs,S-type structure.

imaginary phonon frequency in this structure when pressure is
up to 100 GPa. The dynamical stability of Br,O-type structure is
similar to that of CaF,-type structure. It is worth noticing that
Li,S with Na,S-type and K,S-type structures are dynamically
unstable. To investigate the influence of pressure on the elec-
tronic properties, Fig. 6 displays the band gap of Li,S as
a function of pressure. In particular, to further examine the
electronic properties under high pressure, we consider and
compare the GGA functional and LDA functional. It can be seen
that the calculated band gap of Li,S with CaF,-type structure is
about 3.422 eV by GGA and 3.120 eV by LDA, which are in
excellent agreement with other theoretical results (3.297 eV).*
In addition, the band gap of Cs,S-type structure (4.081 eV by
GGA and 4.035 eV by LDA) is larger than that of the other
structures. These results demonstrate the insulating nature of
Li,S. With increasing pressure, the band gap of the five

structures decreases. Importantly, we find that the value of the
band gap is close to zero when pressure is up to 350 GPa. That is
to say, high pressure can result in electronic overlap between
the bottom of the conduction band and the top of the valence
band, which induces an electronic transition between conduc-
tion band and valence band. In particular, pressure can improve
the charge overlap of atoms with further increasing pressure. As
mentioned above, we can conclude that pressure gives rise to
insulator-to-metal transition of Li,S.

To understand the nature of the insulator-to-metal transi-
tion, Fig. 7 and 8 show the calculated band structure and partial
density of states of Li,S at 0 and 350 GPa, respectively.
Considering the structural stability, we select the Ca,F-type
structure, Br,O-type structure and Cs,S-type structure. The
calculated results of band structure at both 0 GPa and 350 GPa
are shown for comparison. At 0 GPa, it is clear that the profile of
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Fig. 8 Band structure and partial density of states (PDOS) at 350 GPa: (a)
with Cs,S-type structure.
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Li>S with CaF,-type structure, (b) Li,S with Br,O-type structure, (c) Li,S
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the valence band is mainly contributed by S-3p state and part of
Li-2s state. The localized hybridization between S-3p state and
Li-2s state forms the Li-S bond. However, the profile of the
conduction band mainly derives from Li-2s state. The delocal-
ization of electron acceptor, especially for the position of Li-2s
state, determines the degree of charge interaction between the
conduction band and valence band.

We assume that pressure can give rise to electronic transport
of Li atoms from conduction band to Fermi level. This enhances
the localized hybridization between Li-2s state and S-3p state.
From Fig. 7, the band width of Li,S becomes narrow with
increasing pressure. We further find an electronic overlap at the
Fermi level when pressure is up to 350 GPa. As a result, pressure
results in insulator-to-metal transition of Li,S. We suggest that
the main reason is the pairing of Li atoms, especially for 2s-2s
localized hybridization of Li atoms. The calculated bond
length of Li-Li metallic bond is 1.990 A. In fact, the electronic
overlap is also demonstrated by lattice parameters and chem-
ical bonding. With increasing pressure, the lattice parameters
and chemical bonding of the five structures decrease. For
example, the calculated lattice parameter of Li,S with CaF,-type
structure at 0 GPa is @ = 5.725 A. However, this lattice parameter
decreases to 3.978 A at 350 GPa.

4. Conclusions

In conclusion, we have investigated the influence of pressure on
the structure and insulator-to-metal transition of Li,S by using
first-principles calculations. Five possible crystal structures are
examined according to the phonon dispersion and thermody-
namic model. Li,S with CaF,-type structure is more thermody-
namically stable than with the other structures. The calculated
phonon dispersions show that Li,S with CaF,-type, Br,O-type
and Cs,S-type structures are dynamically stable in the ground
state. However, Li,S with Na,S-type and K,S-type structures are
dynamically unstable. The calculated results show that the
structural stability of Li,S derives from the localized hybrid-
ization between Li atom and S atom. However, the Li-Li anti-
bonding is the origin of the insulating state for Li,S. These
structures exhibit an insulating nature in the ground state. With
increasing pressure, the band width of the five structures
decreases and the lattice parameters of these structures
decrease. They lead to Li-2s orbital migrating from conduction
band to valence band, and to increasing electronic overlap. Our
results predict that pressure can result in insulator-to-metal
transition of Li,S.
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