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Sciences, Beijing 100190, China; 2. School of Energy Science and Engineering, University of
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Abstract : The rapidly expanding application of lithium ion batteries stimulates research interest in energy storage devices with
higher energy density, better safety and faster charge/discharge speed. All-solid-state lithium batteries have been considered as
promising candidates because of their fewer side reactions and better safety compared with conventional lithium-ion batteries using
organic liquid electrolytes. Looking for well-matched electrode/electrolyte interfaces is one of the keys to ensuring good compre-
hensive performance of solid-state lithium batteries. In this report, with the aid of first-principles simulations, the local structures,
lithium ions transportation properties of electrolyte surfaces and cathode/electrolyte interfaces are investigated. The 8-Li;sPS,(010)
/LiC0o0,(104) and Li,GeS,(010)/LiCo0O,(104) interfaces are adopted as model systems to understand the bonding interaction and Li*
migration barriers at interfaces. The ability of Li" motion is improved in partial delithiated state for both systems, due to that Co
atoms at the interface in high oxidized state oxidize the S atoms nearby and weaken the P/Ge-S bond, resulting in less constrains on
Li ions in neighbor and promoting the exchange of Li ions across the interface. It provides information for cathode/electrolyte inter-

face optimization, and may assist to discover appropriate techniques for solid-state lithium batteries.
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Advanced cell technology is the world’s leading
competition in the next decades. Lithium ion batteries
(LIBs) are the key to the success of portable electronic
products', electrical vehicles® and the best choice for
the energy storage devices of wind and solar power!!
because of their high voltage, high specific energy
density, rapid recharge capability, and wide working
temperature range. However, the liquid electrolytes
used in current LIBs contain flammable organic sol-
vents, leading to such problems as leakage, vaporiza-
tion, decomposition and safety™. One type of proposed
next generation batteries is all-solid-state batteries,
which are composed of both solid electrodes and sol-
id electrolytes™. Different from the traditional LIBs
with liquid electrolytes, the electrode/electrolyte in-
terface in all-solid-state batteries is between solid and

solid, thus the discovery of well-matched electrode

and electrolyte is of great importance to ensure the
good comprehensive performance of the batteries .
The electrode/electrolyte interface with high chemi-
cal stability, mechanical stability and fast lithium ion-
ic conduction is the prerequisite for developing
all-solid-state lithium secondary batteries”. So far, the
highest lithium ion conduction achieved in solid inor-
ganics has been found in sulfide materials, which
have been established as a promising family of solid
electrolytes’. Recently, a series of discoveries in Li
super ionic conductors Li;,;MX,S;, (M = Ge, Sn,. . .; X
= P, Si,. . .) with lithium ion conductivity values in
the order of 102 S -cm™ at room temperature have
been reported®'?. These structures can be regarded as
solid solutions of the pseudo binary Li;PS,-Li,GeS,
system, which is part of the thio-LISICON family".
As the typical ternary compounds in Li-Ge-P-S sys-
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tem, Li;PS, and Li,GeS, also show good ionic con-
ductivities!”". For the cathodes, LiCoO, is the most
widely used material for commercial lithium batteries
due to its excellent electrochemical cycling stability!.
To understand the interactions between electrolyte
and positive electrode, we studied the interfaces of
LisPS, and Li,GeS, against LiCoO,. In this report,
with the aid of first-principles density function theory
(DFT) computations, the local structures, and ionic
transport properties of Li;PS,/LiCo0O, and Li,GeS,/Li-
CoO, interfaces are investigated. The bonding be-
tween Co and S is found at the interface, and the in-
terfacial resistivity varies during the lithiation/delithi-
ation cycling because of the varied lithium concentra-
tion near the interface. The studies will deepen the
understanding on the cathode/electrolyte interfaces
from the point of view of local structures, and may
assist to discover appropriate techniques for elec-

trode/electrolyte interface optimization.

1 Methods

The DFT calculations performed in this study
are conducted with the Vienna ab initio simulation
package (VASP)!™ within the projector augmented-
wave (PAW) approach!®. The generalized gradient
approximation is adopted in the parameterization of
Perdew, Burke, and Ernzerhof (PBE)!'” to describe the
exchange-correlation function. For all calculations the
cutoffs of wave function and charge density are 500
and 756 eV, respectively. The k-mesh used to sample
the Brillouin zone is in the density of one point per
0.05 A*. Both ions and cells are relaxed in the opti-
mization with the energy and force convergence cri-
terion of 107 eV and 0.01 eV - A", respectively. The
models used for the simulation of surface structure
consist of slabs cut out of crystalline structure along
the surface of interests and an extra 20 A thick vacu-
um to exclude interactions between periodic slab im-
ages. The model for the simulation of interface struc-
ture is built by periodically arranging electrolyte and
electrode slabs. The slabs used in surface and inter
face simulations contain 12 formula units (f.u.) of
LisPS,, 12 fu. of Li,GeS; and 11 fu. of LiCoO, re-
spectively. The BV method™*” is employed to obtain

a direct visualization of the Li migration pathways
and provides reference on throughout activation ener-
gies for Li ions moving.

2 Results and Discussion

2.1 Crystal Structure and Li Transport in

Bulk

To establish a well-defined cathode/electrolyte
interface model, it is vital to acquire well optimized
crystal structures and understand the ionic transport
features in the bulk region in first place. We conduct
the DFT-based first principles relaxation for the crys-
tal structures of B-LisPS,, Li,GeS, and LiCoQO,. The
resulting lattice parameters are listed in Table 1 to-
gether with the previously measured values from the
experiments ). As can be seen from Table 1, the
optimized lattice constants a, b and ¢ fit well with the
ones from experiments with differences no bigger
than 2%. The shapes and symmetry of the cells stay
unchanged as described by the same space group
characterized by experimental methods.

The transportation of Li ions is the other issue of
the most interests. To get an intuitive impression of the
migration channels, we adopt a semi-empirical BV-
based force-field method code package, BV path ™,
to evaluate the transport feature of Li ions in different
materials. This method has been proved to be effi-
cient in predicting ionic transportation pathways !
and offering a valuable reference on throughout acti-
vation energies in highly consistence with the ones
from accurate DFT calculations®. The migration paths
of Li ions simulated by BV path code for crystalline
B-Li;PS,, Li,GeS, and LiCoO, are shown in Fig. 1.
The continuous pathways for Li ion (Li") migration are
indicated by the enclosed yellow isosurfaces. The iso-
values for getting these enclosed isosurfaces are 0.85
eV, 1.255 eV and 1.81 eV for B-LisPS,, Li,GeS, and
LiCoO, respectively, giving the trend in the ability of
Li" motion consistent with quantum mechanical sim
ulations™?, For solid electrolyte materials 3-Li;PS,
and Li,GeS,, the views along b and ¢ axes are provid
ed and for LiCoQO, the views along [210] direction and
b axis are shown. The resemblance between the Li"

migration paths in 8-Li;PS, and that in Li,GeS, are
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Tab. 1 Calculated lattice parameters for 8-Li;PS,, Li,GeS, and LiCoO,. Experimental data are listed for comparison.

B-LisPS, Li,GeS, LiCoO,
Space group Cal. Exp.[1] Cal. Exp.[2] Cal. Exp.[3]
Pnma Pnma Pnma Pnma R-3mH R-3mH

a[A] 13.0980 12.8190 14.1464 14.0340 2.8586 2.8155
b [A] 8.1328 8.2195 7.8344 7.7548 2.8586 2.8155
c[A] 6.2567 6.1236 6.2138 6.1502 14.0393 14.0497
a ] 90 90 90 90 90 90
BIl°] 90 90 90 90 90 90
v[°] 90 90 90 90 120 120

quite obvious for that both channels are running
throughout the lattice in two-dimensional (2D) bc
plane, suggesting a 2D-like transport behavior of Li
ions in these materials, which is consistent with the
results from previous studies™?. Actually, the crystal
structures of B-Li;,PS, and Li,GeS, are indeed very
much alike as both consist of mobile Li ions and a
steady host framework formed by P/GeS, tetrahe-
drons in the same positional arrangement. However,
slight differences between these two structures still
exist rooted in the fact that P and Ge are in different
valence states having different ionic radii. These dif-
ferences cause little shrinkages of b and ¢, and elon-
gation of @ in Li,GeS, as compared to 8-Li;PS, which
results in compressed space inside a GeS, tetrahedron
layer and more free space between the layer. There-
fore, compared with the situation in 8-Li;PS, the mi-
gration channels of Li ions in Li,GeS, are less con-
strained to a 2D layer, while have a tendency to form
an interlayer connection showing a bit 3D transporta-
tion feature. On the other hand, the migration paths of
Li ions in LiCoO, show a significant 2D feature only
existing inside the LiOg layer and the hopping path
between one octahedron center and another passes a
tetrahedron center suggested by the interstitial hollow
sphere at the tetrahedron center connecting two adja-
cent octahedron sites. These features of the migration
channel fit well with conclusions of many studies on
layered transition metal oxides™?!. The much dis-
persed potential isosurface and much smaller isoval-

ue of it in solid electrolyte materials (SEs) than those

in electrode reflects the fact that ionic conductivity in
SEs is better than in electrode. However, the 2D-like
transportation behavior in all three materials poses
another requirement on assembling these materials
that the interface should intersect with these trans-
porting planes to lower the interface ionic resistance.
Taking this into consideration we conduct the relax-
ation of these three surfaces described in detail in
section 2.2.
2.2 Surface Structure

Out of the consideration of exposing the ionic
transportation channel to the surface we chose slabs
with the B-Li;PS,(010), Li,GeS,(010) and LiCoO,
(104) surfaces as three modelling systems. The (104)
surface of LiCoO, was also observed existing in ex-
periment®. An extra 20 A vacuum layer is added on
each of the slabs to avoid unnecessary interactions
between periodical slab images and the relaxed slab
structures are shown in Fig. 2. As can be seen from
the figures, in the middle layer of all three slabs the
structure stays identical to the crystalline structure
which indicates a well recovered bulk region in the
slab models we adopt. For the surface region a slight
distortion of host tetrahedrons is observed in two
electrolyte materials, while no obvious distortion of
polyhedrons is seen in the situation of LiCoQO, in spite
of the incomplete CoO, octahedron with one O atom
missing on the (104) surface. In general no significant
surface reconstruction is found on these three sur-
faces.

2.3 Interface Property
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Fig. 1 The lithium migration pathways revealed by BV-based
method for B-Li;PS, (A) viewed along ¢ axis, 3-Li;PS,
viewed along b axis (B), Li,GeS, viewed along ¢ axis
(C), Li,GeS, viewed along b axis (D), LiCoO, viewed
along [210] direction (E) and LiCoO, viewed along b
axis (F). The isosurfaces used to present the paths are
obtained with the isovalues of 0.85 eV, 1.255 eV and
1.81 eV for B-Li;PS,, Li,GeS, and LiCoO, respective-
ly. The white, red and yellow bullets represent Li, O
and S, respectively, while grey, green and blue poly-
hedrons represent PS,, GeS, and CoOy units, respec-

tively.

To build the proper interface model the compat-
ibility between two surfaces is carefully considered in

our studies. A 2D supercell in LiCoO,(104) surface is

constructed to minimize the deviation between the
lattice parameters of cathode material and electrolyte
material. All atomic configurations with inequivalent
relative positions of two surfaces are generated by
translating and rotating slabs with LiCoO, (104)
surface in the plane parallel to the interface and 41
different configurations are considered in total. The
configuration with lowest total energy is chosen as
the ground state structure and further optimization is
conducted upon it. In both B-Li;PS,(010)/LiCo0O,
(104) and Li,GeS,(010)/LiCo0O,(104) systems, the sit-
uations where LiCoOQ, is delithiated are also evaluat-
ed. The Li ions in the two layers closest to the inter-
face are removed to simulate the condition when the
cell is partially charged. The atomic structures and
the ionic transportation features at these interfaces are
discussed in detail in the following paragraphs.

1) B-Li;PS4(010)/LiCo0O,(104) Interface

The relaxed structure and the Li ionic trans-
portation channel simulated by BV path code for in-
terface of Li;PS,(010) slab with pristine LiCoO, and
delithiated LiCoO,(104) slab are shown in Fig. 3 and
Fig. 4, respectively. The atomic configuration of gro-
und state is found to be (104) surface of LiCoO, ro-
tating a certain angle relative to the (010) surface of
B-Li;PS,. As can be seen from the picture, LiCoO, be-
ing delithiated or not, the middle region of the slab
preserves the crystalline structure, while distortion of
polyhedrons happens mostly at the interface region.
When no lithium is removed from LiCoO, only one
Co atom on the (104) surface in the supercell bonds
with sulfur from B-Li;PS,, while in the delithiated
state every Co atom on the (104) surface bonds with
the sulfur atom on the surface of 8-Li;PS, causing se-
vere distortion of PS, tetrahedrons. This difference
can be understood since the Co atoms on surface are
in higher oxidation state when some Li ions are re-
moved and have stronger interactions with anions in
electrolyte. However, this interaction between Co and
S at the interface benefits the Li ion transportation
through the interface. The minimal energy needed to
connect the migration channel in delithiated LiCoO,
and B-Li;PS, is 1.43 eV, smaller than 1.75 eV in the
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Fig. 2 The relaxed structures for 8-Li;PS,(010) (A), Li,GeS,(010) (B) and LiCoO,(104) (C) surfaces. The white, red and yellow
bullets represent Li, O and S, respectively, while grey, green and blue polyhedrons represent PS,, GeS, and CoOj units, re-

spectively.

Fig. 3 The relaxed atomic structure for 8-Li;PS,(010)/LiCoO,(104) interface (A), and the lithium migration pathways at the inter-
face revealed by BV-based method (B). The isosurfaces used to present the paths are obtained with the isovalues of 1.75 eV.
The white, red and yellow bullets represent Li, O and S, respectively. Grey and blue polyhedrons represent PS, and CoOq

units, respectively.

situation without Li ions removed. It can be speculat- third of Li ions pulled out from LiCoO, the Li ions

ed that at this level of delithiation with about one travel easier between cathode and electrolyte. Actual-
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Fig. 4 The relaxed atomic structure for 8-Li;PS,(010)/Li,,C00,(104) interface (A), and the lithium migration pathways at the in-

terface revealed by BV-based method (B). The isosurfaces used to present the paths are obtained with the isovalues of

1.43 eV. The white, red and yellow bullets represent Li, O and S, respectively. Grey and blue polyhedrons represent PS,

and CoOg units, respectively.

ly, this kind of Co-S bonds formed at the interface
between LiCoO, and B-Li;PS, has been found by first
principles simulation before®>"! only where the situa-
tion was with LiCoO,(110) surface. Slight Li ions ac-
cumulation at the interface was also found together
with Co-S bond in the previous study which is partly
in accordance with our results that the ionic migra-
tion channel is more enlarged at the interface com-
pared with that in the bulk region of LiCoO,. Howev-
er, since the BV method only takes static interaction
potential into account in simulating ionic pathways
the effects of space charge layer mentioned in the
previous study do not reflect on our results. If we in-
spect the bonds formed at the interface it would be
found that P-S bond is stretched after S bonding with
Co. When no Li is extracted the P-S bond is stretched
a little bit to 2.067 A compared to 2.055 A in bulk re-
gion. However, when some Li ions are removed from
LiCoO,, the P-S bond in the distorted tetrahedron is
stretched a lot to 2.281 A, and this means that Co in
the near neighbor weakens the P-S bond and partially
oxidize the S* ion which would weaken the con-
strains on Li ions nearby as a by-product.
2) L1,GeS,(010)/LiCoOy(104) Interface

The relaxed structure and transportation channel
for Li,GeS,4(010)/LiCo0O,(104) interface are shown in
Fig. 5 and Fig. 6. Different from the situation with
B-Li;PS,, no rotation of LiCoO, (104) surface is found
in the atomic configuration with lowest total energy.
This may have something to do with the different lat-
tice parameters of Li,GeS,. Still the middle region of
the slab preserves the crystalline structure and distor-
tion happens mostly at the interface region. One ma-
jor difference in the interface structure compared to
B-Li;PS,(010)/LiCo0O,(104) is that the newly formed
Co-S bonds do not change much when LiCoO, is
partially delithiated, which should be credited by the
positional arrangement of LiCoO,(104) surface on
Li,GeS, being different from condition with 3-Li;PS..
In the ground structure of Li,GeS,(010)/LiCoO,(104)
interface the Co atom on the outermost locates right
on top of S atom and bond is easily formed between
them even when LiCoO, is fully lithiated. Therefore,
the interface structure stays almost the same after Li
ions being removed from LiCoO, except for some in-
terface Li ions changing positions. As a consequence
the migration channel of Li ions through the interface

do not change much either. The minimal energy
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Fig. 5 The relaxed atomic structure for Li;GeS,(010)/LiCoO,(104) interface (A), and the lithium migration pathways at the inter-
face revealed by BV-based method (B). The isosurfaces used to present the paths are obtained with the isovalues of 2.13 eV.
The white, red and yellow bullets represent Li, O and S, respectively. Green and blue polyhedrons represent GeS, and

b

CoOg units, respectively.
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Fig. 6 The relaxed atomic structure for Li,GeS,(010)/Li;C00,(104) interface (A), and the lithium migration pathways at the in-
terface revealed by BV-based method (B). The isosurfaces used to present the paths are obtained with the isovalues

of 2.01 eV. The white, red and yellow bullets represent Li, O and S, respectively. Green and blue polyhedrons represent

GeS, and CoO, units, respectively.

needed to connect the migration channel in delithiat- easier for Li ions travelling between LiCoO, and
ed LiCoO, and Li,GeS, is 2.01 eV, while 2.13 eV for Li,GeS, in delithiated state though not that much as
situation with all Li ions presented. It still gets a little Li;PS,. We also inspect the bond at the interface. The
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Ge-S bond in the tetrahedron sharing S atom with Co
is also stretched a little compared to that in the bulk
region. The averaged lengths of Ge-S bond at inter-
face are 2.247 A and 2.273 A for lithiated and delithi-
ated situations, respectively, compared to 2.244 A in
bulk region. At the same time the averaged lengths of
Co-S bond at interface are 2.305 A and 2.241 A for
lithiated and delithiated situations, respectively. These
changes suggest that when some Li ions are extracted
from LiCoO,, Co-S bond gets stronger weakening
Ge-S bond, and this competence between Co and Ge
makes S* oxidized to some extent loosening the con-
strains on Li ions nearby and promotes the traveling
abilities of them. Unlike the situation with 8-Li;PS,,
this change in bond length is not that significant
which may explain that the enhancement is not as big

as that in condition with Li;PS,.

3 Conclusions

With the aid of DFT based structure optimiza-
tion and semi-empirical BV-based ionic transport
simulations, the features of Li ions migration through
cathode/electrolyte interface are studied, specifically
exemplified by the investigations of B-Li;PS,(010)
/LiC00,(104) and Li,GeS,(010)/LiCo0O,(104) inter-
face systems. Through the simulations of crystalline
material, the 2D-like Li ionic transportation behav-
iors in B-Li;PS, and LiCoO, are reproduced. Surface
structure optimization shows no obvious reconstruct
ions of B-Li;PS,(010), Li,GeS,(010) and LiCoO,(104)
surfaces. By comparing the Li ions migration across
the interface of electrolyte with fully lithiated and
partially delithiated cathode, the change of Li ions
mobility as Li ions being extracted from LiCoQO, is
revealed. In general it gets easier for Li ions to travel
through the electrolyte/LiCoO,(104) interface when
LiCoQ, is partially delithiated due to that Co atoms
at the interface in high oxidized state oxidize the S
atoms nearby and weaken the P/Ge-S bond, resulting
in less constrains on Li ions in neighbor and promot-
ing the exchange of Li ions across the interface.
However, what must be addressed is that the results
shown here are all based on simulation of static struc-
ture. In a dynamic process like the charging process

of battery, extra side reactions may occur due to the
presence of very chemically active Co atoms in high
oxidized state. When new interphases are formed in a
practical battery the transportation behavior of Li ions
across the interface may deviate from the results pro-
vided in this work. But still these results provide in-
formation for cathode/electrolyte interface optimiza-
tion, and will be conducive to build well-matched
cathode/electrolyte interfaces in solid-state lithium
batteries.
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