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ABSTRACT: Sulfide-type solid-state electrolytes for all-solid-state lithium ion
batteries are capturing more and more attention. However, the electronegativity
difference between the oxygen and the sulfur element makes sulfide-type solid-state
electrolytes chemically incompatible with the conventional LiCoO, cathode. In this
work, we proposed a series of chalcopyrite-structured sulfide-type materials and
systematically assessed their performances as the cathode materials in all-solid-state
lithium ion batteries by first-principle calculations. All the five metallic LIMS, (M =
Cr, Mn, Fe, Co, and Ni) materials are superionic conductors with extremely small
lithium ion migration barriers in the range from 43 to 99 meV, much lower than most
oxide- and even sulfide-type cathodes. Voltage and volume calculations indicate that

Sulfide Cathodes
(LiCrS,, LiMnSy)

Sulfide Electrolytes
(LPS, etc)

Favorable Interfacial Compatibilities

e

Low interfacial Li ion diffusion resistance

only LiCrS, and LiMnS, cathodes are structurally stable during cycling with the stable voltage plateaus at ~3 V, much higher
than that of the P3mI-LiTiS, cathode. For the first time, we studied the interfacial lithium transport resistance from a new
perspective of charge transfer and redistribution at the electrode/solid-state electrolyte interface. LiCrS, and LiMnS, cathodes
exhibit favorable interfacial compatibilities with Li;PS, electrolyte. Our investigations demonstrate that the metallic LiCrS, and
LiMnS, superionic conductors would possess excellent rate capability, high energy density, good structural stability during
cycling, and favorable interfacial compatibility with Li;PS, electrolyte in all-solid-state lithium ion batteries.
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B INTRODUCTION

The huge demands of the large-scale energy storage system
with high energy density, for applications in electric vehicles
and electrical grid energy storage, raise safety concerns for the
commercial rechargeable lithium ion batteries with organic
liquid electrolytes, due to the instability of electrolyte and the
hazard of electrolyte leakage.' In recent years, solid-state
electrolytes (SSEs) with several natural advantages, including
nontoxicity, free of leakage, high thermal stability, as well as
wide electrochemical window,” have attracted significant
attention. These advantages can potentially result in
substantially enhanced safety and energy density for batteries
employing SSEs in lieu of the liquid counterpart (i.e., solid-
state batteries).>

The research of SSE materials mainly focus on the organic
polymer and oxide- and sulfide-type inorganic lithium
superionic conductors. Inorganic sulfide-type lithium ionic
conductors are of particular interest because these materials
often show higher ionic conductivities than the inorganic oxide
and organic polymer and possess excellent mechanical
strength, good mechanical flexibility, negligible grain-boundary
resistance, and convenience of synthesizing under low
temperature.” Among the reported sulfide-type lithium ion
conductors, Li;PS, (LPS)® and Li;,GeP,S,, (LGPS)° superi-
onic conductors with high ionic conductivities comparable to
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that of the commercial organic liquid electrolytes are the most
promising inorganic SSEs to meet the requirements of all solid-
state lithium ion batteries (ASSLIBs). LPS has been regarded
as one of the superionic conductors with a room temperature
ionic conductivity of 1.64 X 10™* S cm™.” In 2011, Kamaya et
al.® reported another fast-ion conductor material of LGPS
applied as SSE in lithium ion batteries, which exhibits an
excellent lithium ion conductivity of 1.2 X 107> S cm™ at
room temperature and a very wide electrochemical window of
S V. However, the significant difference of the electronegativity
between oxygen and sulfur element makes sulfide-type SSEs
show poor chemical compatibility with the high voltage oxide
cathode [e.g, LiCoO, (LCO)].”" For now, the electrode—
electrolyte interfacial compatibility is still one of the biggest
challenges for applying sulfide inorganic SSEs in ASSLIBs."'
People have done much research to improve the interfacial
compatibility of LCO cathode—sulfide-type SSE interface,
falling into two categories: coating LCO cathode and replacing
oxide-type cathode with sulfide-type. Coating LCO cathode
with the electron-insulating but ion-conducting oxide materials
(buffer layers), such as LiNbO;'* and Li,Ti;O,"" could
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effectively suppress the formation of a space charge layer and
ease the interfacial chemical reactions and mutual diffusion,™*
dramatically decreasing the interfacial resistance of LCO—LPS
interface. However, the lithium ionic conductivities at room
temperature of some coating layer oxides, such as LiNbO;"
from 107° to 10™° S/cm and Li,Tis0,,"° of ~1077 S/cm, are
much smaller than that of the LCO cathode (1075-107* S/
cm)'” and sulfide-type SSE (from 107* to 107> S/cm),"” so
developing more coating layer oxides with higher ionic
conductivity is the key to further improve the electrochemical
performance of ASSLIBs. On the other hand, recently, the
transition-metal sulfide-type cathodes have been reexamined
and widely studied to alleviate the problem of interfacial
incompatibility with sulfide SSEs, which shows remarkably
small interfacial resistances."®'” The intercalation compound
titanjum disulfide (P3m1-Li, TiS,) cathode with high theoreti-
cal capacity, high electronic conductivity, as well as excellent
lithium diffusion exhibits high energy and power density in
lithium ion batteries.”” The ASSLIB system of TiS,/Li,S—
P,Ss/Li with the nanosized TiS, cathode demonstrates high
power density over 1000 W kg™ and extremely high rate
capability performance.'” The nanostructured NiS cathode in
ASSLIBs exhibits excellent rate capability and cycling stability,
whose reversible discharge capacities can be as high as 299
mAh g_1 at current densities of 500 mA g_l, and reversible
discharge capacities are up to 243 mAh g™" after 100 cycles at
current densities of 500 mA g~'.*' The layered VS, nanosheet
cathode in ASSLIBs shows a high reversible capacity of 532.2
mAh g~ at SO mA g~ ! after 30 cycles, and the stable discharge
capacities are well-maintained at 436.8 and 270.4 mAh g™' at
100 and 500 mA g~ after 100 cycles, respectively.”” Are the
aforementioned transition metal sulfide cathodes best for
ASSLIBs with sulfide-type SSEs? No, the lithium ion migration
activation energy of them are more than 200 meV, and there
may be some room to further reduce the activation energy to
~100 meV and dramatically enhance the ionic conductivity by
over 2 orders of magnitude by the refined design of crystal
structure.

In this work, we proposed a series of chalcopyrite-structured
sulfide-type LiMS, (M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni)
materials and systematically assessed their performances as
cathode materials in ASSLIBs by first-principles calculation,
which is a powerful tool for material research prior to
experiments.”” Some of them are mixed electron—ion
conductors with both enhanced electronic and ionic
conductivities compared with most reported transition metal
sulfide-type cathodes. On the basis of density functional theory
(DFT) calculations, we first performed phonon spectrum,
elastic constant, and ab-initio molecular dynamics (AIMD)
calculations to confirm their thermodynamic and dynamic
stabilities. Then, electronic structures and activation barriers of
lithium ion migration for LiMS, materials were calculated to
evaluate their electronic and lithium ionic conductivities as the
high-performance cathodes shall display excellent rate perform-
ances, which have been successfully applied for battery material
calculations.”** Voltage and volume variations during cycling
of the LiMS, (M = Cr, Mn, Fe, Co, and Ni) mixed conductors
were calculated to assess their energy densities and structural
stabilities during cycling as cathode materials in LIBs. Lastly,
the LiMS, (M = Cr and Mn) cathode—LPS electrolyte
interfaces were studied to examine the interfacial compatibil-
ities between LiMS, and sulfide SSEs from a new perspective
of charge transfer and redistribution at the cathode—SSE

interface for the first time. This new insight of the origin of
interfacial lithium transport resistance may shed light on the
rational design of ASSLIBs. Our investigations demonstrate
that metallic LiCrS, and LiMnS, lithium superionic conductors
would possess excellent rate performance, good structural
stability during cycling, and favorable interfacial compatibility
with sulfide SSEs in ASSLIBs.

B COMPUTATIONAL METHODOLOGY

All atomic and electronic structure calculations were carried out by
using the projector augmented wave (PAW) method in the
framework of DFT,*® as implemented in the Vienna ab-initio
Simulation Package (VASP). The generalized gradient approximation
(GGA) and Perdew—Burke—Ernzerhof (PBE) exchange functional*®
was used. Structural relaxation and electronic structure calculations
were performed by using the spin-polarized GGA method.””
Meanwhile, for more accurate descriptions of band structure and
density of electron states (DOS) of LiMS,, the hybrid functional of
HSE06™® was employed. After convergence tests, the plane-wave
energy cutoff was set to 500 eV, and the Monkhorst—Pack method?’
with § X 5 X 3 and denser 11 X 11 X 5 k-points mesh were employed
for the Brillouin zone sampling for structural relaxations and
electronic structure calculations of LiMS, materials, respectively. In
addition, the cathode—SSE interfacial supercell calculations used the
same k-point mesh density as those of structural relaxations. The
convergence criterions of energy and force calculations were set to
107 eV/atom and 0.01 eV A7, respectively. Energy barriers of
lithium ion migration were calculated based on a 2 X 2 X 1 supercell
model with one lithium vacancy by the climbing image nudged elastic
band (CI-NEB) method.*® Phonon calculations were performed with
2 X 2 X 1 supercells based on the density functional perturbation
theory (DFPT),>" as implemented in the PHONOPY code.”” In
addition, ab-initio molecular dynamics (AIMD) simulations were
performed at room temperature of 300 K in a statistical ensemble with
fixed particle number, volume, and temperature (NVT) by using 2 X
2 X 1 supercells of LiMS, crystals. Time step was set to 3 fs, and
supercell systems were simulated for 10000 steps, with a total time of
30 ps. A plane-wave energy cutoff of 400 eV, gamma-centered k-point
mesh, and periodic boundary conditions were also used for AIMD
simulations.

B RESULTS AND DISCUSSION

Crystal Structure and Stability. Our proposed LiMS, (M
= Sc, Ti, V, Cr, Mn, Fe, Co, and Ni) materials belong to the
body-centered tetragonal chalcopyrite lattice structure (I42d
group), as depicted in Figure la, which can be derived from
the sphalerite structure (cubic -ZnS structure). Double the
unit cell of f-ZnS along the Z direction and then replace the
eight zinc atoms with four lithium atoms and four transition
metal atoms (see Figure S1). Except for the I42d structure,
some other derivative structures (see Figure S2) at different
space groups were also obtained, but we found that the I42d
structure is the most stable configuration. Each lithium or
transition metal atom in the chalcopyrite-structured LiMS,
materials is bonded to four sulfur atoms forming a tetrahedron,
and each sulfur atom is tetrahedrally coordinated to two
lithium atoms and two transition metal atoms. Charge density
plots (see Figure S3) show the M-S tetrahedral coordination is
mainly covalent bonding, while Li—S tetrahedral coordination
is mainly ionic bonding. The optimized lattice constants g, b,
and ¢ of LiMS, by DFT calculations are summarized in Table
S1. The lattice constants a and b of LiMS, crystals basically
decrease with the increase of atomic number of transition
metals. The sulfur atom sublattice in LiMS, materials is
approximately matched to a body centered cubic-like (bcc)
anion framework (Figure 1b), minimizing the root-mean-

DOI: 10.1021/acsami.8b12026
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b12026

ACS Applied Materials & Interfaces

Research Article

(@ . / (b)

()

Initial site
Li vacancy

Figure 1. 3D Structural plot of (a) the unit cell of the chalcopyrite-structured LiMS, crystals, (b) body centered cubic-like (bec) sulfur anion
framework (S3—S2—S4—S6 and S1—S2—S4—S7) in LiMS, materials, and (c) lithium ion migration between two adjacent LiS, tetrahedrons. The

crystal structure plots are displayed by the VESTA software.*

square distance for the centered lithium ion migration and
eventually leading to high ionic conductivities.”” This bcc
sulfur framework is comparable with those of some reported
lithium superionic conductors, such as LGPS,? L.P,S, o and
Li1+2xznl—xPS4‘35

To confirm the dynamical stability of LiMS, crystals, their
phonon dispersions were first calculated. All vibrational modes
of our predicted LiMS, materials in Figure S4 show positive
frequencies, indicating LiMS, materials are dynamically stable.
Elastic constants of LiMS, (M = Sc, Ti, V, Cr, Mn, Fe, Co, and
Ni) materials were calculated to verify their mechanical
stabilities.”® In accordance with the Born elastic theory,”
elastic constant constitutes a symmetric 6 X 6 tensor matrix in
the linear elastic range. Due to symmetry, the independent
elastic constants are reduced to 9 values for the orthorhombic
LiMS, crystals. The calculated elastic constants are summar-
ized in Table S2. All these elastic constants well comply with
the Born criteria for the mechanically stable orthorhombic
crystal,” which are C;y(i=j)>0,Cj+Cy, —2C;,>0,Cyy +
Cy3—2C153>0,Cpy + C53—2Cy3>0,and Cj; + Cpy + Cy3 +
2Cj, + 2Cy3 + 2Cy; > 0, confirming the mechanical stabilities
of LiMS, materials at DFT level (0 K). In addition, the elastic
properties of electrode materials are crucial parameters for
designing high performance LIBs.”® Bulk modulus of crystal
material is associated with elastic opposition to atomic bond
stretching, and shear modulus represents resistance to plastic
deformations under exterior stress. Therefore, the ratio of B/G
is regarded as an important parameter measuring the dominant
elasticity or plasticity of crystal material.”> Ductile materials
usually have a high B/G ratio value (more than 1.75), whereas
a small value (less than 1.75) is representative of the brittle
material.** From our elastic property calculations and
comparisons in Table S1, B/G ratios of LiMS, materials are
in the range from 2.29 to 7.21, suggesting that I42d-LiMS,
materials investigated in this work shall have good ductility.
Thus, when applying I42d-LiMS, materials as cathodes in
ASSLIBs, they can achieve good mechanical contacts at the
electrode—SSE interface, leading to smaller interfacial electrical
resistances.

Moreover, the room temperature AIMD simulations were
performed to further confirm the thermal stabilities of I42d-
LiMS, (M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni) materials.
During the whole AIMD simulation process, total potential
energy of each LiMS, material vibrate around a constant, as

shown in Figure SS. Crystal structures of LiMS, materials
during the entire AIMD simulation processes at 300 K nearly
maintain the initial tetrahedral bonding structures, although
some structural deformations by thermal vibration are
observed from atomic trajectories of AIMD simulations (see
details in Figure S6). Further, it is found that the thermal
vibration amplitudes of lithium and sulfur atoms significantly
enhance with the increase of atomic number of transition metal
in LiMS, materials, due to the reduction of Li—S and M-S
interatomic interactions. The DFT calculated phase diagram is
an effective tool for evaluating the possibility of preparing new
materials.”’ Thus, we have also calculated the DFT phase
diagrams of [42d-LiMS, materials. It is found that I42d-LiMS,
materials are metastable in their corresponding DFT phase
diagrams. But we found that partially replacing the light
transition metals in LiMS, materials with heavy transition
metals, such as copper and zinc, can further stabilize the
tetrahedral frameworks without sacrificing much excellent
lithium diffusion. Above analyses of the mechanical and
thermal properties indicate these eight I42d-LiMS, (M = S,
Ti, V, Cr, Mn, Fe, Co, and Ni) materials are likely to be stable
or at least metastable under ambient environment.

Electronic Structure. Excellent electron transfers between
electrode material and current collector and also between its
redox sites are vital for high rate of electrode materials.
Therefore, better understanding electronic structures of the
I42d-LiMS, (M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni) materials
is indispensable to design the sulfide-type cathodes for
ASSLIBs. Herein, the spin-polarized band structures and
total density of electron states (TDOS) of LiMS, materials
were calculated by using the HSEO06 hybrid functional, as
shown in Figure 2. It can be seen that even with the same
framework of crystal structure, transition metals play a critical
role in the electronic structures of these eight LiMS, materials.
Overall, the electronic conductivities of LiMS, materials
increase with the increase of atomic number of transition
metal. More interestingly, the transition from insulator,
semiconductor, to conductor can be achieved by tuning
transition metals in LiMS,.

A closer look at the individual material shows that LiScS,
exhibits completely the same electron states of the spin-up and
-down channels with a large indirect band gap of 3.75 eV
(Figure 2a) and hence is an insulator without spin polarization.
For LiTiS, material, the electron states of the spin-up and

DOI: 10.1021/acsami.8b12026
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b12026

ACS Applied Materials & Interfaces

Research Article

(@ 6 - - (b) 4
spin-up 6
= 4 —— spin-down/ — 2
J ~ 3 3
> < =
> 2 > 0 > =
5 3 5 3
I 53 & g3
= 56 VW g
25 O o
Z G XP N G , 4 2 0 2 4 6 L 6 4 -2 0 2 4 6
2 Energy (eV @ Energy (eV
© 4 5 gy (eV) @ 4 8 ay (eV)
] w5 6 - » 6
s’ z s s’ z 2
= = G @
3 0 20 > 0 L S 0
5 e : < / a
s == -3 o >= 3 :
w — 5 2
6 -6
%6 XP N G 64203246 ‘76 XPN G 6 4 20 2 4 6
Energy (eV) Energy (eV)
(e) 4 6 ) 4 AN
: = 6
> 8 s 2 N 3 :
L 2
3 30 ‘ 5 0 TR § ° ;
@ @ (7] o N 5 :
i § 3 g -2 S g 3
8 | g ° |
o 4 Ko}
G % e—4 - 0 2 4 Z G XP N G <& 4 =2 0 2 4
ko) Energy (eV) 8 Energy (eV)
@ 4 5 ") 2 g .
I _/ 7
—~ o o — —
s 2 ° 3 S 1 —ay 5 4 ,
) i e =
123
3 o NI & 0 ‘ 30 % . S 0
2 ° 2 o
w o 3 : wo_q ~ -3
-4 5 ' PAV/aV% 6
Z G XP N G 4 -2 0 2 4 Z G XP N G 6 -3 0 3 6
Energy (eV) Energy (eV)

Figure 2. Band structures and spin polarized density of electron states of LiMS, materials: (a—h) for M = Sc, Ti, V, Cr, Mn, Fe, Co, and Nij,

respectively. The Fermi levels are set to 0 eV.

-down channels are very different, and the band gaps of the
spin-up and -down channels are 1.50 and 3.95 eV, respectively
(Figure 2b). Thus, LiTiS, is a spin-polarized semiconductor.
Similarly, LiVS, is also a semiconductor with a band gap of
1.48 eV and 100% spin polarization near the Fermi energy level
(Figure 2c). On the basis of the poor electronic conductivity of
LiScS,, LiTiS,, and LiVS,, if their lithium ion migrations are
relatively fast, they might be promising to be used as the SSE
materials in ASSLIBs. In addition, LiCrS, material also shows
different electronic conductivities of the spin-up and -down
channels (Figure 2d). The spin-down channel shows a very
large direct band gap of 4.12 eV with an insulator feature,
whereas the spin-up channel exhibits metallic characteristics
due to the considerable occupied electron states cross the
Fermi level. Hence, LiCrS, material is intrinsically half-metallic
and has 100% spin polarization near the Fermi level. Similarly,
LiMnS,, LiFeS,, and LiCoS, materials are all intrinsically half-
metallic and ferromagnetic with 100% spin polarization near
the Fermi level (Figure 2, panels e, f, and g). These half-
metallic LiMS, materials with high electronic conductivities are
not only likely to be used as cathode materials in combination
with sulfide SSEs in ASSLIBs but also applied in spintronic
devices. LiNiS, is metallic without magnetism (Figure
2h) and is also promising to be used as cathode material.
Lithium lon Migration. In rechargeable lithium ion
batteries, excellent lithium ion transport in electrode is another
important factor in determining good rate capability of LIBs.
Lithium ion migration from one atomic site to another site in

LiMS, materials is an activated process with a migration
barrier. Lithium ions in LiMS, materials mainly migrate
through the vacancy hopping because lithium defect chemistry
(Table S3) indicates the lithium vacancy concentration is
much higher than that of the lithium interstitial, and lithium
vacancies dominate the defect chemistry in I42d-LiMS,
materials. For electrode applications in LIBs, three-dimensional
(3D) percolating paths with low ionic migration barriers are
needed. The dimensionality of ion diffusion has important
influence on the macroscopic ionic conductivity of electrode
material. All lithium ion diffusion paths in LiMS, (M = Sc, Tj,
V, Cr, Mn, Fe, Co, and Ni) are three-dimensional (Figure 1a).
The calculated activation energy barriers of lithium vacancy
migration (Figure 1c) in these eight LiMS, materials are shown
in Figure 3. Surprisingly, the transition metal element also has
an important effect on the activation energy barrier of Li
diffusion in LiMS, materials, which significantly decreases
across the 3d series of the periodic table from Sc through Ni.

For these eight ionic LiMS, (M = Sc, Ti, V, Cr, Mn, Fe, Co,
and Ni) materials with the same crystal structure, the lithium
ion migration is likely to be mainly affected by the Columbic
interaction (ionic bond energy) between lithium cation and its
adjacent sulfur anions, specifically depending on the Li—S
bond length and the charge of lithium cation and sulfur anion.
It is found that Li—S bond lengths in LiMS, materials are
approximately the same (see Figure S7), which fall in the range
from 2.47 to 2.50 A. In addition, Bader charges of lithium ions
in these eight LiMS, materials are almost the same ~0.87 e
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different transition metal elements.

(Figure 3c), whereas the Bader charges (absolute value) of
sulfur anions become smaller with the increase of atomic
number of transition metal, which is consistent with the
variation trend of activation energy barrier (Figure 3b).
Therefore, Bader charge of sulfur anion may be an important
factor for lithium ion migration in LiMS, by varying
Coulumbic interaction between Li cations and S anions. In
LiMS, materials, the MS, tetrahedron and its adjacent LiS,
tetrahedron are directly connected by a sulfur atom in the form
of M-S-Li. Thus, the charge of sulfur anion could be
contributed by its adjacent transition metal and lithium
atom. Because lithium ions in these eight LiMS, materials
have approximately the same charge, the electronegativity of
transition metal element mainly regulates the charge difference
of sulfur anion in LiMS, materials. As shown in Figure 3
(panels ¢ and d), the variations of Bader charges of sulfur
anions are in good accordance with Bader charge variations of
transition metals in LiMS, materials and have strong negative
correlations with the first ionization energies of electron in 3d
and 4s orbitals for different transition metals. When proceeding
from Sc to Ni, the electronegativity of transition metal is
increasing as the 3d band fills. In other words, the smaller
electronegativity difference between transition metal and
sulfur, the lower the activation energy barrier for lithium
migration due to the more positively charged sulfur anion and
smaller Columbic interaction between sulfur anion and lithium
cation.

Figure 3b shows that seven LiMS, (M = Tj, V, Cr, Mn, Fe,
Co, and Ni) materials are extreme superionic conductors,
except for LiScS,. The activation barriers of lithium migration
in these electronic conductive LiMS, (M = Cr, Mn, Fe, Co,
and Ni) materials are in the range from 43 to 99 meV, superior
to any known commercial LiCoO, (390 meV),” Li-
(Ni,Co,Mn,)O, (357—545 meV),** and LiFePO, (510

meV) cathodes,* even P3ml-Li,TiS, (190*° and 200
meV*). These ultralow migration barriers mean that lithium
ion migrations in LiMS, (M = Cr, Mn, Fe, Co, and Ni)
materials are much faster than those of oxide and P3ml-
Li, TiS, cathodes. Low lithium migration barriers in these
chalcopyrite-structured sulfides are likely results of the smaller
electronegativity of sulfur atoms, lowering Li—S bond energy.
Furthermore, the central mobilizable ion in the tetrahedron
with a lower coordination number usually has super ionic
conductivity than that of six- or eight-coordinated central ion;
for example, the ionic conductivity of four-coordinated silver
ions is much larger than that of six-coordinated silver in silver
halide, such as AgF, AgCl, and AgBr.48 Finally, the polarizable
sulfur anions can deform and stabilize the transition state
structures, benefiting lithium ion diffusion.

Note that these calculations of lithium migration activation
barrier are based on DFT calculation at 0 K, while the atom
thermal vibrations in LiMS, materials are prominent at the
working temperature. Hence, the diffusion coefficients derived
from the Arrhenius equation are considered to estimate the
temperature-dependent transition state®’ (see details in the
Supporting Information). In accordance with the transition
state theory,” lithium ion diffusion coefficients at 300 K for
these eight LIMS, (M = Sc, Ti, V, Cr, Mn, Fe, Co, and Ni)
materials are calculated to be 1.35 X 107! cm?/s, 2.80 x 1078
cm?/s, 5.96 X 107¢ cm?/s, 3.16 X 1075 cm?/s, 4.60 X 107°
cm’/s, 1.03 X 107* cm?/s, 2.58 X 10~* em*/s, and 1.53 x 10~
cm?/s, respectively. As the atom trajectories of LiMS,
supercells from AIMD simulations at 300 K in Figure S8
clearly show the ultrafast lithium diffusion ability at room
temperature, it is significantly enhanced across the 3d series of
the periodic table from Sc through Ni. The Nernst—Einstein
equation® is used to obtain lithium ionic conductivity from
the diffusion coefficient, and the corresponding calculated

DOI: 10.1021/acsami.8b12026
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.8b12026/suppl_file/am8b12026_si_001.pdf
http://dx.doi.org/10.1021/acsami.8b12026

ACS Applied Materials & Interfaces

Research Article

(@) 40
3.5 3.25
3.12
5 ] 2.93
5 3.0 2.82 2.80
4
>
T 25
jo)}
S 2.07
[<]
>
o 204
o
©
]
>
< 154
1.0 .
RIS C LIRSS - R R
AN AN N ,\? ,\0 AN
AT T e oM e s
(c) 25
——cCr
o Mn
20 f=——Fe
Co
[=——Ni Fe and Co
15

AV%

10—I

Fe and Co :'7

T
0.25

T T
0.50 0.75

LiMs,

0.00 1.00

(b) 45
——P3m1-Li,Tis,—— 142d-Li CrS,
4.0 ~==142d-Li MnS, =——142d-Li FeS,
142d-Li CoS, 142d-Li NiS,
5 351
ﬁ:
2
S 3.0 f————y
ro L
o
s
S 254
>
2.0 T
1.5 T T T
0.00 0.25 0.50 0.75 1.00
LiMms,
(d) 2.0 ‘\‘\4\4—\4
15
A A - T—
1.0
= 05| |HCrinLicrs,  -e-SinLiCrs,
2 4—Mn in LiMnS, v -SinLiMnS,
S 50 |—€—TiinP3m1-LiTiS,- »-S in P3m1-LiTiS,
3
@
0.5
‘ -z ‘ —_—
-1.04 }--__’___::i;;:‘;;;;'
i
-
-1.5 T T T T T
0.00 0.25 0.50 0.75 1.00
LiMs,

Figure 4. Calculated intercalation voltages: (a) average voltages and (b) voltage profiles against lithium metal at HSE06 level of the P3mI-LiTiS,
and 142d-LiMS, (M = Cr, Mn, Fe, Co, and Ni) materials, (c) volume variations of LIMS, (M = Cr, Mn, Fe, Co, and Ni), and (d) Bader charge (in
¢) variations of transition metal and sulfur atom of LiCrS,, LiMnS,, and P3mI-LiTiS, materials during the cycling process.

values of lithium ionic conductivities at 300 K for these eight
LiMS, materials are 9.03 X 1077 S/cm, 2.01 X 1073 S/cm, 0.45
S/cm, 2.42 S/cm, 3.47 S/cm, 8.72 S/cm, 21.80 S/cm, and
12.73 S/cm, respectively (see the details in the Supporting
Information). To further benchmark our computational
method, we have carefully calculated lithium ionic conductivity
of LGPS with an experimental lithium migration barrier of 0.24
eV,>" based on which its lithium ionic conductivity at 300 K
was calculated to be 1.21 X 107 S/cm, in a%reement with the
experimental result of 1.2 X 1072 S/cm,> validating our
methodology. On the basis of ionic conductivity evaluation
above, semiconducting LiTiS, and LiVS, superionic con-
ductors can be prospectively used as SSE materials, which are
comparable to 1.2 X 107> S/cm of the representative
superionic conductor LGPS with a lithium migration barrier
of 0.21-0.25 €V, and these five LiMS, (M = Cr, Mn, Fe, Co,
and Ni) materials with extremely excellent electronic and ionic
conductivities are promising to be applied as cathodes in
combination with sulfide SSEs in ASSLIBs with high-rate
performance.

Voltage and Volume Variation during Cycling. High
output voltage is the key to achieve high energy density of
rechargeable LIBs. Thus, the theoretical intercalation voltages
of LiMS, (M = Cr, Mn, Fe, Co, and Ni) mixed conductor
materials were calculated by HSE06 hybridization functional
method based on the basic electrochemical reaction (see the
details in the Supporting Information). Generally, the HSE06
hybrid functional calculated formation energies of the
transition metal oxides with localized 3d electrons are more

accurate than that calculated by the standard GGA method.>
Therefore, in this work we used the HSE06 hybrid functional
to calculate the voltage and formation energy of LiMS,
cathodes. However, due to the tremendous consumption of
computational resource for the HSE06 calculations, we
considered the unit cell with the least atoms for the
intermediate delithiated compounds. There are four lithium
ions in the unit cell of the fully discharged LiMS, phase, so the
lithium intercalation processes of LiMS, cathodes were divided
into four stages with three intermediate delithiated compounds
and one fully delithiated compound, including Liy,sMS,,
Liy sMS,, Liy,sMS,, and MS,, as shown in Figure S9. Then, we
got the DFT-calculated formation energies (with HSEO06
hybrid functional) of the intermediate delithiated compounds
of Li,MS, (M = Cr, Mn, Fe, Co, and Ni) materials, as shown in
Figure S10a. The HSE06 formation energies for each of the
intermediate delithiated compounds Li,MS, (M = Cr, Fe, Co,
and Ni) cathode materials are negative, indicating during the
charge—discharge processes the solid-solution reaction mech-
anism is likely to happen for LiMS, (M = Cr, Fe, Co, and Ni)
cathodes. On the other hand, the HSE06 formation energies of
the Li,MnS, intermediate delithiated compounds are positive,
indicating the intermediate delithiated Li MnS, compound is
likely to decompose to the fully discharged LiMnS, and fully
charged MnS, phases, which is similar to the case of
LiFePO,.>* However, we note that limited configurations
were considered within HSE calculations and more compli-
cated Li configurations using larger supercells may further
reduce the formation energies, which seems especially
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important for LiMnS, to determine whether it will adopt two-
phase reaction during charge and discharge. Thus, we
determined the GGA formation energy for intermediate
delithiated Li,MnS, with larger supercells and more complex
configurations in Figure S10b, which turns out to be positive
still. Therefore, we expect that LiMnS, cathode material obeys
the two-phase reaction mechanism like LiFePO,, which has
been proved to be a mixture of the Fe**/Fe** mixed-valent
intermediate LiyosFePO, and LijgFePO, phases with the
same olivine group (Pnma).>®

The calculated average intercalation voltage and voltage
profiles corresponding to each lithium intercalation/extraction
stage are depicted in Figure 4 (panels a and b, respectively).
We have also calculated the average intercalation voltage and
voltage profiles of P3mI-LiTiS, cathode. It can be seen from
Figure 4a that our calculated average intercalation voltage of
2.07 V for P3mI-LiTiS, cathode is in good accordance with the
reported experimental and theoretical results of ~2.1 V,"*'*
indicating the accuracy and rationality of our calculation
methods of voltage based on the HSE06 hybrid functional.
The average intercalation voltages of LiMS, (M = Ti, V, Cr,
Mn, Fe, Co, and Ni) materials fall in the range from 2.80 to
3.25 V, which are smaller than those of the corresponding
oxide cathodes, such as LiCoO, and LiNi,Co,Mn,O,, but are
about 1.5 times that of P3mI-LiTiS, cathode (2.1 V). We
believe that the electrochemical potential of LiMS, materials
can be further enhanced by element substitutions, which are
similar to those cases of cation doping in oxide cathode
materials.*® Voltage profiles in Figure 4b show that LiMnS,
cathode shows very long voltage plateaus around 3 V during
the whole lithium insertion/extraction process, and it is a
typical feature of the two-phase reaction mechanism, which is
consistent with the positive formation energies of the Li,MnS,
intermediate delithiated compounds. For LiMS, (M = Cr, Fe,
and Co) cathode materials, all their voltage curves show both
plateaus and significant drops, and they may obey the two-
phase reaction and solid-solution reaction mechanism at the
different charge—discharge stages. In addition, LiNiS, cathode
material has significantly large voltage drops at different
lithium intercalation/extraction stages, and its voltage sharply
reduces from 4.18 to 1.75 V upon lithium extraction. Thus,
LiNiS, cathode is much likely to fully obey the solid-solution
reaction mechanism. It is of interest to note that when much
more intermediate delithiated compounds are considered, the
voltage plateaus will shorten and voltage profiles of cathodes
obeying the solid-solution mechanism will get steeper,
especially for LiNiS,. Therefore, some calculated voltage
plateaus of the Li,MS, (M = Ti, Cr, Fe, Co, and Ni) cathode
materials can not completely represent the typical feature of
the two-phase reaction, and it is just related to the relatively
unfavorable formation energies (negative but close to zero) of
the intermediate delithiated compounds (Figure S10a).

The minor structural variations upon lithium insertion/
extraction are beneficial for maintaining good cycling stability.
In this work, we calculated the crystal volume differences
between the different delithiated configurations to evaluate
their structural variations of LiMS, (M = Cr, Mn, Fe, Co, and
Ni) cathode materials during the whole charge—discharge
processes, as shown in Figure 4c. The maximum volume
expansion rates of LiCrS, and LiMnS, materials during the
whole lithium insertion/extraction process are 6.5% and 7.5%,
respectively, smaller than ~10% of the P3mI-LiTiS,
cathode.””*® These volume variations of 6.5—7.5% are

acceptable, due to the good mechanical flexibility (softness)
of LiMS, sulfides (see the Bulk modulus, Young’s modulus,
and Shear modulus in Table S1). In addition, the TMS,
tetrahedral structures of the intermediate delithiated and fully
delithiated compounds are well-preserved. However, the
maximum volume expansion rates of LiMS, (M = Fe, Co,
and Ni) materials are 16%, 16%, and 22.6%, respectively,
resulting in structural pulverization and electrical disconnec-
tion between active materials and current collector and finally
fast capacity fading. In accordance with the partial densities of
states (PDOS) of LiMS, (M = Cr, Mn, Fe, Co, and Ni)
materials in Figure S11, the S atom participates in redox
reactions along with transition metal atoms because of the
abundant 3p electron states near Fermi level, and S atoms in
P3m1-LiTiS, show the same behaviors (Figure S11f). To
further figure out the element redox reactions of the most
promising LiCrS, and LiMnS, cathode during cycling, Bader
charge variations of the transition metal and sulfur atom in the
intermediate delithiated and fully delithiated compounds were
calculated, as shown in Figure 4d. During the whole cycling
process, charge variation of sulfur atoms is more remarkable
than that of transition metal, both for LiCrS, and LiMnS,,
indicating S atoms actively participate in the redox reactions
and contribute to voltage output during cycling, which is highly
consistent with that of P3mI-LiTiS, cathode materials. Hence,
S atoms in LiMS, will be inevitably oxidized to the S
elementary substance at the end of the charge. Different from
the oxygen gas release of the full-charged LiCoO, cathode, the
formed solid-state sulfur does not escape from the sulfide
cathodes. In addition, the stabilities of the fully charged CrS,
and MnS, compounds are further confirmed by 300 K AIMD
simulations and phonon spectra (see the details in Figure S12).
Thus, sulfide cathode materials would be structurally stable
and have better reversibility.

Moreover, the ionic and electronic conductivities for a
cathode material will be significantly affected by the state of
charge during cycling. Besides the key factor of Li—S attractive
electrostatic interaction, Li diffusion in cathodes at different
charge states during cycling is also affected by the Li—Li
repulsive electrostatic interactions. The previous work
indicates that the Li diffusion energy barrier of the fully
discharged phase is usually to be a maximum, and it decreases
with more Li delithiated from cathodes during the charging
process.’”*” In this work, we only calculated the Li diffusion
energy barrier of the fully discharged LiMS, phases, which can
be lowered in the intermediate delithiated compounds of
Li,MS, due to the reduced Li—Li repulsive and Li—S attractive
electrostatic interaction (Figure 4d). Therefore, the excellent
ion diffusion of the fully discharged LiMS, phase is sufficient to
evaluate whether LiMS, cathodes will show the good ionic
conductivities during the whole charge—discharge processes.
Furthermore, we have calculated the TDOS of the
intermediate delithiated compounds of the metallic Li MS,
materials (M = Cr, Mn, Fe, Co, and Ni, where x = 0, 0.25, 0.5,
0.75, and 1.0), as shown in Figure S13. They show the metallic
characteristics of the charged LiMS, phases are fully
maintained during the continual delithiation process, indicat-
ing that the LiMS, (M = Cr, Mn, Fe, Co, and Ni) cathodes
also exhibit excellent electronic conductivities during the whole
charge—discharge processes. With this, we expect that both the
metallic LiCrS, and LiMnS, superionic conductors are
promising to be used as cathode materials, constituting
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ASSLIBs along with sulfide SSEs to obtain higher rate and
better cycling stability than the P3mI-LiTiS, cathode.

Interfacial Compatibility with Li;PS, Electrolyte.
Experiments have verified that LPS electrolyte shows poor
chemical compatibility against the high voltage LCO cathode
with a high interfacial ion transport resistance.'”*° On one
hand, it is because the large difference of the lithium chemical
potentials between the sulfide SSE and oxide electrode makes
lithium ions at the electrolyte side badly depleted, causing the
significant decrease of the interstitial lithium ion carriers at the
sulfide SSE side.’”*” On the other hand, the interfacial layer
with 10 nm thickness and the mutual diffusions of Co and S
during cycling was observed between LCO cathode and Li,S—
P,S; electrolyte by the transmission electron microscopy
(TEM) and energy dispersive X-ray spectroscopy technology,
and the interfacial degradations caused by the chemical or
electrochemical reactions are inferred as another reason for the
large interfacial resistance at the cathode—SSE interface.”

In this work, we chose -LPS superionic conductor (with
much higher ionic conductivity than 7-LPS®) to construct the
LiMS, (M = Cr and Mn) cathodes—LPS electrolyte interfaces
and examined their interfacial compatibilities. Many exper-
imental electrochemical impedance spectroscopies show the
interfacial resistance of the sulfide cathode/sulfide SSE system
is significantly smaller than that of the oxide-type cathode/
sulfide SSE.'»*%¢064 Moreover, both the element mutual
diffusion of Cr <> P and Mn < P at LiCrS,—LPS and
LiMnS,—LPS interface, respectively, are thermodynamically
unfavorable with very positive element exchange energies of
2.59 and 1.37 eV, respectively, suggesting the structural
degradations originating from the mutual diffusion of elements
and chemical reaction at the interface are much gentler than
that of the LCO/LPS case with negative Co <> P exchange
energies in the range of —3.80 ~ —2.80 eV and favorable Co
< P mutual diffusions at the interface. Therefore, our
calculation models for the sulfide-type cathode—SSE interface
do not consider the weak interfacial chemical and electro-
chemical reactions. LGPS is another important sulfide-type
SSE, but considering the unit cell of LGPS has 40 atoms, the
interface calculations based on the supercell structure of LGPS
will be a challenge and hence are not considered in this work.

To build reasonable and stable interface structures, we
should have abundant knowledge of the surface properties of
LiMS, and LPS materials. Surface energies of LiCrS, material
with different crystallographic planes and atom terminations
were calculated, as summarized in Table S4, indicating the Li-
and Cr-terminated (112) [top] and S-terminated (112)
[bottom] surface of the chalcopyrite-structured LiCrS, ma-
terial (see details in Figure S14a) is the most stable one.
Furthermore, the (112) surface of LiCrS, material is polar due
to the asymmetric surface atomic structure. Similarly, the
cation-terminated (112) surface of the Kesterite material
Cu,ZnSnS$, is most stable,”> which shows a preferential growth
orientation of (112) in experiments.66 Therefore, we expect
that the chalcopyrite-structured LiMnS, also exhibits the
similar surface properties. Although the favorable stability of
the (100) surface of fS-LPS is suggested by the previous
theoretical study,”” experimental observations still demonstrate
the appearance of (010) surface in its particles,®® and it
provides important lithium ion migration channels along the
[010] direction.”®” Therefore, in this work, the Li- and S-
terminated LPS (010) surface (see details in Figure S14b) is
selected to construct the cathode—SSE interface systems,

which is consistent with the practices in the previous
computational work of the LCO (110)—LPS (010) inter-
face.”'* Because the (112) surfaces of LiCrS, and LiMnS,
materials are polarized with different surface terminations, both
the Li- and Cr (Mn)-terminated (112) surface and S-
terminated (112) surface are considered for cathode—SSE
interface calculations. Eventually, the asymmetric sulfide-type
cathode/SSE/cathode interface systems are constructed with
supercell lattice mismatches less than 6.45% (see details in
Table SS), as shown in Figure S1S5a, which are S-terminated
LiCrS, (112) cathode/LPS (010) electrolyte/Li- and Cr-
terminated LiCrS, (112) cathode and S-terminated LiMnS,
(112) cathode/LPS (010) electrolyte/Li- and Mn-terminated
LiMnS, (112) cathode, hereafter denoted as LCS/LPS and
LMS/LPS, respectively. Moreover, a representative LCO
(110) cathode/LPS (010) electrolyte interface is also
calculated for the convenience of making comparisons with
our sulfide cathodes (see the details in Figure S15b).

To meet the requirements of good compatibility of the
electrode—SSE interface for high rate capability and cycling
stability performance in ASSLIBs, the stable interfacial
structure with small distortion, as thin as interfacial layer,
and low lithium ion transport resistance are all desired. Both
interface energies of LCS—LPS and LMS—LPS systems are
negative, which are —0.14 and —0.04 eV/A’ respectively.
Figure S16 shows both the optimized LCS—LPS and LMS—
LPS interface structures with small interfacial atom distortions,
at which no highly Li concentrated layer is formed, likely to
reduce the interfacial resistance for Li ion diffusions.”®" While
for the optimized LCO—LPS interface in Figure S17, the
interfacial Li atoms are significantly adsorbed from LPS
electrolyte side to LCO surface side due to the large difference
of electronegativity between oxygen and sulfur, which is
consistent with the reported computational work.” Thus, a
highly Li concentrated layer is formed at the LCO side,
correspondingly making Li at LPS side depleted, which is in
strong contrast to those LCS—LPS and LMS—LPS interfaces
without highly Li concentrated layer, and contribute to the
high interfacial lithium transport resistance.”®’ When combin-
ing with sulfide SSE, LCS and LMS sulfide cathodes can
produce smaller interface structural deformation than LCO
oxide cathode, and they may be more compatible with sulfide
SSE and possess smaller resistances for Li diffusion.

Except for the effect of the interfacial Li concentrated layer
and interfacial degradations, the charge transfer and redis-
tribution among the interfacial atoms also affect the lithium ion
transport across the interface, because lithium ion migration is
greatly affected by the Columbic interactions. Furthermore, the
interfacial electronic structure properties control the electron
transport processes at interfaces.”” When a metallic electrode
contacting with a semiconducting SSE, charges in the
interfacial area will be redistributed. Therefore, it is necessary
to study the interfacial electron transport of these cathode—
SSE interfacial systems. First, the planar averaged electrostatic
potentials normal to the interface were calculated, which are
the driving forces of electron transfer and determine the
transfer direction of electrons.”” The choice of the exchange
correlation functional in DFT calculations has little impact on
the electrostatic potential, so we continued to use the
conventional PBE functional to calculate the planar-averaged
electrostatic potentials of the cathode—SSE interfaces. Figure 5
(panels a and b) shows the calculated planar and macroscopic
average electrostatic potential curves of the optimized LCS—
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Figure S. Planar (x—y) and macroscopic averaged electrostatic potential curves along the Z direction of the optimized (a) LCS—LPS, (b) LMS—
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and (f) LCO—LPS interfaces, where positive and negative values represent electron gain and loss, respectively. The colorful dotted line boxes
represent the interface area (two atoms thick) with remarkable atom structure deformations and charge redistributions.

LPS and LMS—LPS interfaces, respectively. The planar average
electrostatic potential curves oscillate within the entire
supercell structure, and each valley of them can be treated as
the approximated position of an atomic layer. Both for the
metal atom-terminated LCS or LMS cathode—LPS electrolyte
interface area (two atoms thick, the right dotted line box) and
S-terminated LCS or LMS cathode—LPS electrolyte interface
area (two atoms thick, the left dotted line box), there are
significant macroscopic average electrostatic potential drop-
pings from the LPS electrolyte side to the LCS or LMS
cathode side at the interfacial region, driving electrons
transferring from the LPS electrolyte to the LCS or LMS
cathode, increasing the hole concentration in LPS electrolyte
surface and the electron concentration in LCS and LMS
cathode surfaces. While for the oxide-type LCO—LPS interface
in Figure Sc, the same macroscopic average electrostatic
potential droppings from the LPS electrolyte side to the LCO
cathode side are also observed, which impel electrons
transferring from LPS electrolyte to LCO cathode. To further
figure out electron transfer and redistributions at the interface,

the charge density differences between the cathode—SSE two
phases and atomic Bader charges were calculated based on the
fully optimized interface structures. Figure S (panels d and e)
shows the planar-average charge density differences of the
optimized LCS—LPS and LMS—LPS interfaces, respectively,
and the calculated Bader charges of the interfacial S atoms of
LCS—LPS and LMS—LPS interfaces are listed in Table S6 and
S7, respectively. They clearly depict that when the LPS
electrolyte (010) surface contacts the LCS or LMS (112)
cathode surface, electron transfer and redistribution will occur
with the interfacial S atoms in the LPS electrolyte surface
losing some electrons and the interfacial S atoms in LCS or
LMS cathodes surface gaining some electrons, which are in
good accordance with the macroscopic average electrostatic
potential results in Figure S (panels a and b).

To better understand the lithium diffusions across the LMS-
LPS, LCS-LPS and LCO-LPS interfaces, we performed NEB
calculations for the three interface models with only the
diffusion lithium atom allowed to be relaxed. Thus the
calculated absolute values of lithium migration barriers within
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the interface NEB calculations are not accurate but the
variation trends of the lithium diffusion barriers across the
interaces are meaningful. Interestingly, we find out that
electron transfer and redistribution at the LCS—LPS and
LMS—LPS interfaces do not harm the interfacial lithium ion
transport. The activation energy barriers for lithium diffusing
from the cathode bulk to the electrolyte bulk through the
interface area, as shown in Figure S18, show for the LCS—LPS
interface the energy barrier of lithium ion diffusion along path1
(Figure S18b) in LCS cathode is 120 meV (Figure S18a),
which is basically consistent with the calculated value of 99
meV of its bulk in the foregoing Part3.3, while path2 in the
LCS cathode surface shows a high energy barrier of 310 meV,
much larger than that of its bulk. For path3 and path4, we find
their energy barriers are lower than that of the bulk (path$).
Therefore, lithium ions diffuse across the LCS—LPS interface
and need to overcome an energy barrier of 680 meV (path2-
path3-path4), and the main restriction factor is the lithium
migration in LPS electrolyte surface (path3 and path4).
Because the tremendous consumption of computational
resource for the interface NEB calculations, the lithium
diffusion barrier calculations for LMS—LPS are not performed.
But we expect that lithium ion diffusion across the LMS—LPS
interface should show behaviors with similar results as those of
the LCS—LPS interface. Therefore, LCS—LPS and LMS—LPS
interfaces have good compatibility, enabling high rate
capability and cycling stability in ASSLIBs.

Similarly, when the LPS electrolyte (010) surface contacts
with the LCO (110) surface to form the LCO—LPS interface,
the interfacial S atoms in the LPS electrolyte mainly loses
electrons and the interfacial O atoms in LCO cathode surface
gain electrons, as shown in Figure Se and Tables S8 and S9.
However, the electron transfer and redistribution at the LCO—
LPS interface further harms the interfacial lithium ion
transport. The increase of the negative charge of the interfacial
O atoms in the LCO cathode (see details in Table S9) enhance
the Coulumbic interaction between the lithium cation and its
adjacent oxygen anions, which eventually increases the
interfacial lithium transport resistance. The LCO—LPS inter-
face NEB calculations indicate the lithium diffusion energy
barrier in LCO surface (path2 in Figure S18c) is higher than
that of its bulk (pathl), and is also much higher than that of
lithium diffusion in the LPS surface (path3). Moreover, the
energy barriers of lithium ion diffusion along path3 and path4
in the LPS surface are lower than that of the bulk (pathS).
Therefore, lithium ions diffusing across the LCO-LPS
interface should overcome a very high energy barrier of 1.3
eV (path2-path3-path4), and the main restriction factor is
lithium migration in the LCO cathode surface (path2).
Although we note the calculated absolute values of the
interfacial lithium diffusion energy barriers may not be
accurate, the variations of the lithium ion diffusion energy
barrier for the LCS—LPS and LCO—LPS interfaces are con-
sistent with the foregoing analysis of the interfacial electron
transfer and redistributionand convincingly support the new
perspective of charge transfer and redistribution at the
electrode—SSE interface, affecting the interfacial lithium ion
transport resistance. Moreover, the planar-average charge
density difference of the LCO—LPS interface in Figure Sf
demonstrates that much inner atoms of LCO cathode also take
part in the interfacial charge transfer and redistributions,
causing the greater interfacial space charge layer and thicker
interface layer. It should be noted that the direct experimental

measurements of charge transfer and redistribution at the
electrode—SSE tiny interface area have not been done yet.
Moreover, the cause of the experimentally macroscopic
interfacial resistance between SSE and cathode is very
complicated and interlaced by multifactors, such as space
charge layer, interfacial structural disorders induced by the
interfacial chemical reaction or element mutual diffusion, and
lattice mismatch during cycling.” However, the charge transfer
and redistribution at the electrode—SSE interface affecting the
interfacial lithium transport is a universal physics, and it
provides another important point of view for understanding
the origin of interfacial resistance in ASSLIBs, along with the
perspective of interfacial structure disorder and space charge
layer theory.”""

B CONCLUSION

On the basis of density functional theory calculations, the
electrochemical properties and interfacial compatibility with
sulfide SSEs of the chalcopyrite structured LiMS, (M = Sc, Ti,
V, Cr, Mn, Fe, Co, and Ni) materials were theoretically
assessed, aiming to lessen the interface problem in all-solid-
state lithium ion batteries, especially due to the incompatibility
between oxide cathode and sulfide SSE. Phonon spectrum,
elastic constant, ab-initio molecular dynamics simulations, and
DFT calculated phase diagram indicate these eight LiMS,
materials are metastable at room temperature. Four LiMS,
(M= Cr, Mn, Fe, and Co) materials are half-metallic with
100% spin polarization near the Fermi level, which can be
applied in spintronic devices. LiIMS, (M = Cr, Mn, Fe, Co, and
Ni) materials are superionic conductors with extremely small
migration barriers in the range from 43 to 99 meV, which are
much lower than those of oxide cathodes. Voltage and volume
calculations indicate that LiCrS, and LiMnS, cathodes are
structurally stable during cycling with stable voltage platforms
around 3 V, much better than that of P3m1-LiTiS, cathode. Li-
and Cr (Mn)-terminated (112) [top] and S-terminated (112)
[bottom] surface is the most stable surface of LiCrS, and
LiMnS, materials. To the best of our knowledge, it is the first
time for the interfacial resistance to be studied from a new
perspective of the charge transfer and redistribution at the
electrode—SSE interface. Electrons can transfer from Li;PS,
electrolyte to LiCrS, or LiMnS, electrode of the LiCrS, or
LiMnS,—Li;PS, interface system, reducing lithium migration
resistance across the interface. LiCrS, and LiMnS, cathodes
exhibit more favorable interfacial compatibility with Li;PS,
electrolyte than LiCoO, oxide cathode. This new insight of
charge transfer and redistribution at the electrode—SSE
interface affecting interfacial lithium ion transport provides
another important point of view for better understanding the
origin of interfacial resistance in all-solid-state lithium ion
batteries. Our investigations demonstrate that the metallic
LiCrS, and LiMnS, superionic conductors would possess
extremely excellent rate, good structural stability during
cycling, and favorable interfacial compatibility with sulfide
SSEs in all-solid-state lithium ion batteries.
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