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All-solid-state Li-ion batteries based on ceramic solid electrolyte materials are a promising next-generation
energy storage technology with high energy density and enhanced cycle life. The poor interfacial
conductance is one of the key limitations in enabling all-solid-state Li-ion batteries. However, the origin
of this poor conductance has not been understood, and there is limited knowledge about the solid
electrolyte—electrode interfaces in all-solid-state Li-ion batteries. In this study, we performed first
principles calculations to evaluate the thermodynamics of the interfaces between solid electrolyte and
electrode materials and to identify the chemical and electrochemical stabilities of these interfaces. Our
computation results reveal that many solid electrolyte—electrode interfaces have limited chemical and
electrochemical stability, and that the formation of interphase layers is thermodynamically favorable at
these interfaces. These formed interphase layers with different properties significantly affect the
electrochemical performance of all-solid-state Li-ion batteries. The mechanisms of applying interfacial
coating layers to stabilize the interface and to reduce interfacial resistance are illustrated by our
computation. This study demonstrates a computational scheme to evaluate the chemical and
electrochemical stability of heterogeneous solid interfaces. The enhanced understanding of the
interfacial phenomena provides the strategies of interface engineering to improve performances of all-
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1. Introduction

All-solid-state Li-ion batteries (ASLiBs) are a promising
advancement of the Li-ion battery technology. Using a ceramic
solid electrolyte (SE) to replace the organic, flammable polymer
electrolyte, which causes notorious safety issues in Li-ion
batteries,"” the ASLiBs benefit from extra safety provided by
intrinsically non-flammable ceramic SE materials. In addition,
the claimed good stability of SEs may enable Li metal anodes
and high voltage cathodes to provide higher energy density, and
may suppress the degradation during cycling to achieve good
cycle life. For example, a thin-film ASLiB with a Li metal anode
and a high-voltage LiNi, sMn; 50, cathode was demonstrated
for over 10 000 cycles.® Recent interest in ASLiBs is promoted by
the discovery of novel Li ionic conductor materials, such as
Li;oGeP,S;, (LGPS)' and lithium garnet Li,LazZr,0,, (LLZO),*
with a high Li ionic conductivity of ~1 to 10 mS cm ™", which are
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comparable to current organic liquid electrolytes. Despite the
high bulk ionic conductivity achieved in the SE materials, the
power densities of ASLiBs are still not comparable to those of
the ones assembled with organic liquid electrolytes. The high
interfacial resistance at the electrolyte-electrode interface is
a crucial problem in ASLiBs, limiting the power and rate
performances of ASLiBs.> The high interfacial resistance is
attributed to poor interfacial contact,® the mechanical failure of
the contacts,® interfacial degradation due to mutual diffusion,’
or the formation of a lithium-depleted space-charge layer.” The
lithium-depleted space-charge layer formed at the interface due
to the large chemical potential differences between the sulfide
SE and the oxide cathode materials is often blamed as the cause
of high interfacial resistance.” The possibility of decomposition
at the interfaces is often overlooked since the SEs are claimed to
have excellent stability.

However, multiple experimental studies presented the
evidence for the interfacial decomposition and the formation of
interphase layers at the SE-electrode interfaces. Transmission
electron microscopy (TEM) and energy dispersive X-ray (EDX)
spectroscopy studies identified interphase layers of tens to
a hundred nanometers at the LiCoO,, electrode-electrolyte inter-
faces with Li,S-P,S;s (ref. 8) or LLZO.” These interphase layers were
attributed to the structural disordering and the mutual diffusion
of non-Li elements, such as Co and S, across the interface.
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Recently, the reactions of Li metal and the SE materials, such as
LiPON,’ LLTO," and NASICON-type™ SEs, have been demon-
strated in in situ X-ray photoelectron spectroscopy (XPS) experi-
ments. In addition, recent studies also challenged the claimed
wide electrochemical window of the SE materials. The reduction
and oxidation of the SE, such as LGPS, have been demonstrated in
the cyclic voltammetry (CV) experiments by Han et al.*> and in first
principles calculations.”*** The limited electrochemical window
of the SEs may also lead to the formation of an interphase layer
at the SE-electrode interfaces.' These interphase layers have
significant effects on the interfacial resistance and the overall
performance of the ASLiBs. For example, continued decomposi-
tions may lead to interfacial degradation and poor coulombic effi-
ciency of the ASLiBs. In addition, the interphase layers may be poor
ionic conductors, which would result in high interfacial resistance.

However, the formation mechanisms of such interphase
layers and their effects on the performance of ASLiBs have rarely
been discussed. Currently, there is limited knowledge about the
formation mechanisms of the interphase layers at the buried
SE-electrode interfaces in ASLiBs. The formation of interphase
layers in ASLiBs may be caused by three mechanisms:

(1) The reduction or oxidation of SEs under an applied
potential due to the limited electrochemical window of the SE
materials;

(2) The chemical reactions between the SE and the electrode
materials caused by the chemical incompatibility between the
SE and the electrodes;

(3) The electrochemical reactions of the SE-electrode inter-
faces during the voltage cycling of the ASLiBs.

The thermodynamics of these three mechanisms, which
correspond to the chemical and electrochemical stability of the
interfaces, are well defined. To the best of our knowledge, such
thermodynamics information has not been available for the SE
and electrode materials in the context of ASLiBs. Understanding
the origin of the interfacial decomposition and the formation
mechanisms of interphase layers is critical for resolving the
issue of high interfacial resistance in ASLiBs and for guiding the
development of ASLiBs.

In this study, we employed a computational scheme based
on first principles calculations to obtain the thermodynamics of
the interfaces between commonly used SEs and electrodes in
ASLiBs. Our results confirmed the strong thermodynamic
driving force for the decomposition at interfaces in ASLiBs due
to the limited electrochemical window of the SE materials and
the poor chemical compatibility between the SE and the elec-
trodes. In addition, some of the formed interphases and the
applied coating layers were demonstrated to improve the
interface stability and the performance of the ASLiBs. The
interfaces based on different SEs and interphases were classi-
fied into different types, and the strategies to address the
interfacial problems were proposed and demonstrated.

2. Methods

All density functional theory (DFT) calculations were performed
using the Vienna Ab initio Simulation Package (VASP) within
the projector augmented-wave approach. The Perdew-Burke-
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Ernzerhof (PBE) generalized gradient approximation (GGA)
functional was used. All parameters of DFT calculations, such as
the plane wave energy cut-off and k-points density, were
consistent with the parameters used in the Materials Project
(MP).** The energy correction schemes for oxides, transition
metal oxides, and gas molecules such as O,, N,, and F, were
included in the MP.**"

2.1. Materials systems

The energies for most materials used in our study were obtained
from the Materials Project (MP) database.>® DFT calculations
were only performed for the materials that were not available in
the MP database. In this study, we considered five classes of SE
materials, which are of great interest to the application of
ASLiBs. These SE materials are summarized as follows (Table 1).

(1) Li;oGeP,S;, (LGPS). The ground state structure of the
LGPS material from the MP was ordered from the experimental
structure." This LGPS structure has an energy above the hull of
21 meV per atom with the phase equilibria of Li,GeS, and
LizPS,."* We also considered LizPS, in comparison with LGPS.
The calculated ground state of the Li;PS, phase based on the
Pmn2, y-phase' was added into the Li-P-S composition space.

(2) Lithium garnet Li-ion conductor materials. We investigated
the cubic phase of the composition Li;LazZr,0O;, (LLZO). The
computational results based on the cubic phase are likely to be
applicable to the tetragonal phase, which has similar energies.

(3) Lithium lanthanum titanate perovskite. We investigated
the composition Lij 33La9 56TiO3 (LLTO), which has a high Li
ionic conductivity of 1 mS cm ™.

(4) NASICON-type Li ionic conductor. We investigated the
composition Li; 3Al, 3Ti; 5(PO,); (LATP), which has a high Li
ionic conductivity of 1 mS em .2

(5) LiPON, a class of materials based on the chemical
formula of Li,PO,N, (x = 2y + 3z — 5). The N content is usually in
a range from 0.1 to 1.3.”” We studied LiPON compositions
Lip gsPO3.73Ng.14 (LiPONg 14) and Li, gPO;33Ng46 (LiPONg 46),
which are similar to the compositions in the experiments.”>**
The crystalline structure Li,PO,N,** a phase missing from the
MP database, was added into the Li-P-O-N composition space.

We considered LiCoO, (LCO) and Li 5C00, (Lo sCO) as the
discharged and charged states of the cathode material, respec-
tively. We used the layered structure of the Ly sCO composition
with the lowest energy (Table 1) to represent delithiated LCO,
while the thermodynamically stable phase is the spinel LiC0,0,.

2.2. Compositional phase diagram

The compositional phase diagrams were constructed using the
pymatgen package to evaluate the phase equilibria of a given
solid electrolyte or electrode phase with the composition C. The
phase equilibria were determined by constructing the convex
energy hull of all relevant phases in the compositional phase
diagram.** The phase equilibria at the composition C corre-
sponding to the energy minimum E.q(C) were identified by
comparing the energy of all relevant phases in their composi-
tional space. The phase stability of the investigated phase was
evaluated using the decomposition energy AEp,

This journal is © The Royal Society of Chemistry 2016
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Table 1 Summary of the SE and electrode materials investigated in this study®

Experimental ionic conductivity

E above hull

Acronym Composition at room temperature (mS cm™ ") Crystal structure (meV per atom) Phase equilibria

LGPS Li;oGeP,S1» 12 (ref. 1) MP - 696138 (ref. 1) 21 Li;PS,, Li,GeS,

LPS LizPS, 0.16 (ref. 69) Ref. 18 0 LizPS,

LLZO Li,La;Zr,04, 0.5 (ref. 19) Ref. 20 7 Li,0, La,0;, LicZr,0-
LLTO Lig 35La0.56TiO3 1 (ref. 21) Ref. 22 68 TiO,, Li,Tis0;5, La,Ti,O,
LATP Li; 3Alo 5Ti; (PO,)s 1 (ref. 23) Ref. 24 29 LiTiy(PO,)3, Li;POy, AIPO,
LiPONg14  Lis ggPO3.73Ng 14 2 x 1072 (ref. 25) — 0 Li,PO,N, Li;PO,, Li,O
LiPONy4s  Lis.0sPO33No.u6 3.3 x 1072 (ref. 25) — 0 Li,PO,N, LizPO,, Li,O
LCO LiCoO, — MP - 24850 0 LiCoO,

Lo.sCO Liy.5Co0, (layered) — MP - 762036 33 LiCo,0, (spinel)

“ The ionic conductivity is based on the nanoporous B-Li;PS, by Liu et al.*

AEp(phase) = E.q(C) — E(phase), (1)

of a given phase to its phase equilibria. AEy, is the negative of
energy above hull.

2.3. Grand potential phase diagram

Grand potential phase diagrams were constructed to evaluate
the stability of a material in equilibrium with an external
environment.”** The grand potential phase diagram identifies
the phase equilibria Cq(C, um) of a given phase with the
composition C in equilibrium with the chemical potential uy, of
element M. The given phase is stable within a certain range of
uy. Outside the uy stable range of the phase, the composition
of the phase equilibria Cey(C, un) has a different number of
element M from the original composition C, where the number
of element M is changed by Any,. The decomposition reaction
energy at the chemical potential uy is calculated as

AEF*"(phase, um) = Ecq(Ceq(C, um)) — E(phase) — Anng- um (2)

Using the same scheme as in previous studies," the elec-
trode potential ¢ was considered as a part of the Li chemical
potential py;,

(@) = i — ed, 3)

where uf; is the chemical potential of Li metal. In this study, wy
was referenced to the elementary state ug;, and the applied
potential ¢ was referenced to Li metal. The electrochemical
window of the phase was estimated as the range of ¢, where the
phase is neither oxidized nor reduced. The decomposition
reaction energy at applied voltage ¢ was calculated as

AEY(phase, ¢) = AEF"(phase, uLi(¢))- 4)

2.4. Evaluation of chemical stability of interfaces

In this study, we considered the interface as a pseudo-binary** of
the solid electrolyte and the electrode, which has a composition

Cinteface(CSEs Celeclrodea X) =X CSE + (1 - x)' Celectrode (5)

This journal is © The Royal Society of Chemistry 2016

where Cgg and Cejectrode are the compositions (normalized to
one atom per formula) of SE and electrode materials, respec-
tively, and x is the molar fraction of the SE which varies from
0 to 1. The energy of the interface pseudo-binary

Einterrace(SE, electrode, x) = x- E(SE) + (1 — x)- E(electrode) (6)

was set to a linear combination of the electrolyte and electrode
energies. The decomposition energy of the interface pseudo-
binary was calculated similar to eqn (1) as

AEpR(SE, electrode, x) = Eeq(Cinterface(CSEa Celectrodes X))
— Einterace(SE, electrode, x). (7)

AEp(SE, electrode, x) includes the decomposition energy AEp
from eqn (1) if the SE or the electrode is not thermodynamically
stable. We defined AEp muwal as the reaction energy between
phase equilibria of SE and electrode materials,

AED mutal(SE, electrode, x) =
AEpR(SE, electrode, x) — x-AEpR(SE) — (1 — x)-AEp(electrode).
(8)

The AEp mutual describes the mutual reaction between SE and
electrode materials excluding the decomposition energy AEp
(eqn (1)) of the SE and electrode. Since the phase equilibria and
the reaction energies vary with the pseudo-binary composition,
we identified the minimum of the mutual reaction energy,

AED,min,mulual(SE’ electrode) =
min. o, [AEp mutual(SE, electrode, x)],  (9)

which reaches the minimum at x = x,,,. At the same interface
pseudo-binary composition x,,, we calculated the total decom-
position energy as

AED min total(SE, electrode) = AER(SE, electrode, x,,,).  (10)

It is worth noting that the identified x,, corresponds to the
most exothermic decomposition reactions, while the actual
interphase layer may differ from the most favorable thermody-
namic phase equilibria and may have a distribution of elemental
profile and material compositions across the interfaces (ESIT).

J. Mater. Chem. A
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2.5. Evaluation of electrochemical stability of interfaces

The electrochemical stability of the interface was evaluated
for the interface pseudo-binary (eqn (5)) using the grand
potential phase diagram described in Section 2.3 and the
previous study.*® The decomposition reaction energy
AEZP"(SE, electrode, x, ¢) at applied voltage ¢ was calculated as

AEF"(SE, electrode, x, ¢) =

Eeq(Ceq(Cinterface(CSEa Celectrode’ X), IU'M))
- Einlerface(SE» electrode, X) - AnLi',uLi(qs)' (11)

The decomposition reaction energy AER®" was normalized
to the number of non-Li atoms because the number of Li
changes with the phase equilibria at different applied voltages.
Similar to Section 2.4, we defined the mutual reaction energy
AE(I))I,);lr}.xtual as

AE‘])Derl?ulual(SE> electrode, x, ¢) =
AEF"(SE, electrode, x, ¢) — x-AEF"(SE, ¢)
— (1 — x)-AEF"(electrode, ¢). (12)

to evaluate the reaction energy of the “mutual” reaction between
the electrolyte and electrode excluding the decomposition
energy AEYP(SE, ¢) and AER"(electrode, ¢) of the SE and
electrode themselves, respectively. Since the phase equilibria
and reaction energies are dependent on the pseudo-binary
composition, we identified the minimum of the mutual reac-
tion energy at a given applied voltage ¢ as

A P (SE, electrode, ¢) =

D,min,mutual

: open
min AE‘D.mulual
xe(0,1)

(SE, electrode, x, d))} (13)

for the mutual reaction between the SE and electrode materials
under the applied voltage ¢, similar to the previous study.** If
AER min mutual(SE, electrode, ¢) # 0, we calculated the total
decomposition reaction energy as

AEXm ol SE, electrode, ¢) =
AEY(SE, electrode, x,(¢), ¢),  (14)

where x,(¢) is at the minimum point of the mutual reaction
energy  AEDminmutwal  identified in  eqn  (13). If
AER min mutual(SE, electrode, ¢) = 0, the minimum point x,, of
AEp min,mutual from eqn (9) is used in eqn (14). For the SE-LCO
interfaces, we considered the voltage range of ¢ from2Vto5V
for Li-ion batteries.

2.6. Equilibrium criteria at the interfaces

In this study, we evaluated the stability of the interfaces on the
basis of the following equilibrium criteria. These equilibrium
criteria must be satisfied for the interfaces to be thermody-
namically stable.

(1) The equilibrium of neutral Li and applied potential across
the interfaces and with the external environment. Through this
equilibrium, the Li chemical potential u;; should be equal at the
contact points between solid electrolyte and electrode materials.
This criterion is equivalent to the equilibrium of the materials
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(i.e., the electrochemical stability) against different potentials ¢
(eqn (3)). The equilibration of u; and ¢ is facilitated by the good
mobility of Li ions in the SE and electrode materials. This equi-
librium criterion was investigated in our previous study,* and the
results are reviewed in Section 3.1.

(2) The equilibrium of neutral non-Li elements across the
interfaces. Similar to the equilibrium of Li, the equilibrium
of any non-Li element M at the interface requires the equiva-
lence of chemical potential uy, at the contact points between the
SE and electrode materials, though non-Li elements such as
Co and S are usually not as mobile as Li. In Section 3.2, the
analyses were performed regarding the equilibrium of uy,
between the SE and LCO.

(3) The full thermodynamic equilibrium of the two materials
in contact. This criterion is to evaluate the chemical stability
of the interface, which is determined by whether the two
materials mixed by a certain ratio (i.e., the interface pseudo-
binary defined in Section 2.4) can have an exothermic reaction
to form other phases, such as the phase equilibria at the same
composition. Such a reaction would not exist if two materials
were chemically stable against each other, where the phase
equilibria would be equivalent to the two original materials. If
the phase equilibria were different from the original interface
pseudo-binary, the decomposition energy defined in Section 2.4
was calculated. This criterion considered the full equilibrium
of all elements, while only one element is allowed to equilibrate
in criteria 1 and 2. We investigated the chemical stability of
SE-LCO interfaces in Section 3.3, and the interfaces of the
interfacial coating layers were studied in Section 3.5.

(4) The equilibrium of the two materials in contact under an
applied potential. This criterion is to evaluate the electro-
chemical stability of the interface, which is different from the
chemical stability in the absence of an applied potential as in
criterion 3. We determined the thermodynamic phase equi-
libria of the interface pseudo-binary (Section 2.5) as a function
of the applied potential. Similar to criterion 3, an exothermic
reaction to form other phases at the applied potential suggests
a thermodynamically favorable decomposition reaction. The
electrochemical stability of the SE-LCO interfaces was evalu-
ated using the grand potential phase diagram in Section 3.4.

3. Results

3.1. Electrochemical stability of the solid electrolyte
materials

The equilibrium of the SE materials against Li or the applied
potential revealed the electrochemical stability of the SE mate-
rials and the voltage range where the SE material is stable. For
example, Li,S is stable in the range of 0 to 2.01 V, suggesting its
stability against Li metal and the oxidation onset at lower 2 V.
However, the sulfide solid electrolyte, such as LGPS, starts to be
lithiated and reduced at 1.71 V, which is in agreement with
recent CV experiments."”” The phase equilibria of LGPS at 0 V
include LizP, Li,S, and Li;sGe4, which were observed in the
experiments." Li;PS, has a similar electrochemical window and
phase equilibria (Table 2). These phase equilibria at 0 V corre-
spond to the products of the lithiation reaction with Li metal,

This journal is © The Royal Society of Chemistry 2016
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which are thermodynamically favorable with reaction energies
of —1.23 and —1.42 eV per atom for LGPS and Li;PS,, respec-
tively (Fig. 1b and Table 2). The reduction potential of 1.75 and
2.16 V for oxide SE materials, LLTO and LATP, respectively, is in
good agreement with previous CV experiments, which reported
the reduction potential of 1.7 V and 2.4 V, respectively.?**
LiPON compounds show a significantly lower reduction
potential at 0.69 V. The phase equilibria at 0 V or against Li
metal include LizN, Li,O, and LizP, which have been experi-
mentally observed in in situ XPS experiments.” Among all the SE
materials examined, garnet LLZO shows the lowest reduction
potential of as low as 0.05 V and the least favorable decompo-
sition reaction energy of only —0.02 eV per atom at 0 V (Table 2).
The low reduction potential and small decomposition energy
suggest that LLZO may be kinetically stabilized against Li metal,
which is consistent with no reduction at 0 V in many CV
experiments.®* A recent report on the reaction of garnet LLZO
against Li metal at elevated temperatures may be explained by
the thermodynamically favorable reactions between garnet
LLZO and Li metal.*® In general, our calculations revealed that
most SEs are not intrinsically stable against Li metal and that
the reduction of the SE materials is thermodynamically favor-
able at low potentials.

The SE materials are not thermodynamically stable under
high potentials either. Our calculations indicate that the
oxidation of LGPS starts at 2.15 V, which is in agreement with
the CV experiments.”” The other sulfide SE Li;PS, exhibits
a similar oxidation potential of 2.31 V, and a recent experi-
mental study reported an oxidation potential of 2.6 V.*® The
calculated oxidation potential of Li,S is 2.01 V, which is the
voltage for the cathode reaction in lithium-sulfur batteries. The
sulfide SEs are oxidized at a similar potential of ~2 to 2.5 V. The
final phase equilibria of LGPS formed at a voltage higher than
2.31 V (dashed line in Fig. 1a) contain S, P,Ss, and GeS, (Table
2). The oxide SE materials show a higher oxidation potential
than sulfides. The oxidation of LLZO and LLTO starts at 2.91 V
and 3.71 V, respectively, and LATP has the highest anodic limit
of 4.31 V. The oxidation of all oxide SEs at high voltages involves
0, gas release (Table 2 and dashed line in Fig. 1a). The oxidation
phase equilibria of LLZO at 5 V include La,Zr,0, which has
been observed as one of the decomposition products of LLZO in
Li-deficient environments.*” Given the poor kinetics of solid
diffusion and gas evolution reaction, significant overpotential is
expected for the oxidation reactions of the oxide SE materials.
LATP has the highest oxidation potential and a small decom-
position energy of —65 meV per atom at 5 V, indicating its better
electrochemical stability than other SE materials at high volt-
ages. Though the oxidation of LiPON started at 1.07 V, the
decomposition energy is limited to only a few tens of meV per
atom until voltages are higher than 3.8 Vand 2.8 V for LiPON 1,4
and LiPON, 46, respectively (Fig. 1b). The oxidation reactions at
high voltage involve N, or O, gas release (Table 2 and ESIt)
depending on the N and O content in the LiPON composition.
Yu et al.*® observed the formation of bubbles in the LiPON
materials after applying high voltage in experiments. In
summary, our calculations found that the thermodynamic
intrinsic electrochemical window of most SE materials is

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Electrochemical window (a) and the decomposition energy
AERPe" (b) of the SE materials. The dashed line in (a) marks the highest
equilibrium potential to fully delithiate the material and to form the
phase equilibria in Table 2.

significantly narrower than that previously expected and that
the reduction and oxidation reactions of some SE materials are
highly energetically favorable at low and high potentials,
respectively.

3.2. Chemical stability of the solid electrolyte against non-Li
elements

In addition to the equilibrium of Li (and ¢) evaluated in Section
3.1, the equilibrium of non-Li elements such as Co, O and S
should also be achieved between the SE and the electrode,
though non-Li elements are usually less mobile than Li/Li" in
the SE and electrode materials. The equilibria evaluated in this
section correspond to the chemical stability instead of the
electrochemical stability, although the same scheme is used to
evaluate the electrochemical stability in Section 3.1. The uo
stability window of LCO and L, 5CO electrode materials (Fig. 2a)
corresponds to the range of possible uo values in the cathode
material at the discharged and charged states, respectively. The
oxide SEs, such as LLZO, LLTO, and LATP, have the uo window
overlapping with those of LCO and L, 5CO (Fig. 2a). This over-
lapping of the uo window suggests that a common value of uo
can be achieved across the interface of SE and LCO/L,;CO
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Table 2 Electrochemical window and phase equilibria at different potentials ¢ of the SE materials. The decomposition energy AEZP" is
normalized to the number of atoms in the original composition

Voltage ¢ (V)/—puy; (eV)

Corresponding environment

(eV per atom)

Li,S 0
2.01

LGPS 0
1.71
2.15

LisPS, 0
1.71
2.31

LiPON 14 0
0.69
1.07

LiPON 46 0
0.69
1.07

LLZO 0
0.05
2.91

LLTO 0
1.75
3.71

LATP 0
2.16
4.31

materials where the equilibrium puo is in the stable window for

both materials.

In contrast, the uo windows of the sulfide SEs, LGPS and
LizPS, have a significant gap with those of LCO and L, sCO
(Fig. 2a). Therefore, no common value of ug at the interface can
simultaneously satisfy the uo equilibrium criterion between
sulfide SEs and LCO materials. The equilibrium uo would be
beyond the stability window of one or both materials, which

Li metal
Oxidation onset
Charged at 5V
Li metal
Reduction onset
Oxidation onset
Charged at 5V
Li metal
Reduction onset
Oxidation onset
Charged at 5V
Li metal
Reduction onset
Oxidation onset
Charged at 5V
Li metal
Reduction onset
Oxidation onset
Charged at 5V
Li metal
Reduction onset
Oxidation onset
Charged at 5V
Li metal
Reduction onset
Oxidation onset
Charged at 5V
Li metal
Reduction onset
Oxidation onset
Charged at 5V

A E%pen
Phase equilibria at ¢

Li,S (stable) 0

S 0

S -1.99
Li,5sGey, LisP, Li,S —1.25
P, Li,GeS,, Li,S —0.02
Li;PS4, GeS,, S —0.02
GeS,, P,Ss, S ~1.12
Li;P, Li,S —1.42
P, Li,S 0

S, P,Ss 0

S, P,Ss —-1.01
Li;P, Li;N, Li,O —0.68
LizP, Li,PO,N, Li,O 0
Li,PO,N, Li;PO,, LiN, 0
N,Os, P,0s, O, —0.31
Li;P, Li;N, Li,O —0.62
LisP, Li,PO,N, Li,O 0
Li,PO,N, Li;PO,, LiN; 0
NO,, P,Os, N, —0.66
Zr, La,03, Li,O —0.02
Zr;0, La,03, Li,O —0.01
Li,0,, La,03, LigZr,05 —0.01
0O,, La,03, La,Zr,0, —0.53
TisO, La,03, Li,O —0.34
Li;Ti;;044, TiO,, La,Ti,05 —0.07
0,, TiO,, La,Ti,0, —0.07
0,, TiO,, La,Ti,0, —0.15
TisP, TiAl, Li;P, Li,O —~1.56
P, LiTiPOs, AlPO,, Li;PO, —0.03
0,, LiTiy(PO,)s, LisP,05, AIPO, —0.03
0,, TiP,05, Ti5(POy)4, AIPO, —0.06

would decompose as a result. The ug stability window of the

sulfide SEs does not overlap with that of LCO/L,sCO either
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Fig. 2 The stable window of the SE and LCO electrode with respect to the chemical potential of (a) O, (b) S, and (c) Co.
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(Fig. 2b). These gaps of uo and us windows suggest that the
sulfide SE-LCO interfaces cannot satisfy the criteria (criterion
2 in Section 2.6) for the equilibrium of S and O across the
interface. The high ue of the LCO/L, 5CO tends to oxidize LGPS
and LizPS, into phases including Liz;PO, and Li,SO,, and the
high us of sulfide SEs tends to reduce LCO/L, 5CO into phases
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lines) and SE-Ly5CO (dashed lines) interfaces. The mutual reaction
energies of LLZO-LCO, LLTO-LCO, LLTO-Lo5CO, and LATP-Ly5CO
have zero or near-zero values (minimum values provided in Table 4),
which overlap at AEp mutual = O.

including cobalt sulfides (Fig. 2 and Table 3). The reactions
between sulfide electrolytes and LCO cathode materials are
highly thermodynamically favorable (Table 3), and the
formation of an interphase layer has been reported in several
experimental studies.®*® The observed distribution of Co and S
across the interface, which was previously interpreted as the
mutual diffusion of S and Co,? is likely due to the formation of
a cobalt sulfide interphase layer. Similar to sulfides, LiPON
also has a uo window gap with LCO (Fig. 2a), but its decom-
position energy is significantly smaller than that of sulfide SEs
(Table 3).

The uc, stability windows of LCO and L, sCO overlap with all
SEs investigated, suggesting that the equilibrium of Co can be
achieved at the interface without going beyond the uc, window
of the SE or LCO materials. This result suggests that the
incompatibility between sulfide SEs and LCO mostly originates
from the discrepancy of O and S anion chemistries rather than
that of Co. The distribution and mutual diffusion of Co across
the interfaces observed in the previous EDX experiments® are
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likely due to the formation of decomposition interphases such
as cobalt sulfides.

3.3. Chemical stability of the SE-LCO interfaces

The equilibria with respect to only one element evaluated in
Sections 3.1 and 3.2 correspond to physical situations where only
one mobile element reaches equilibrium. Full thermodynamic
equilibria (criterion 3 in Section 2.6) evaluated in this section,
using the method described in Section 2.4, allow the simultaneous
equilibria with respect to all elements and describe the chemical
stability of the SE-electrode interfaces. The chemical stability of
the interface evaluated in this section is about whether two
materials would react exothermically without any applied voltage.
This chemical stability of the interface is important for the heat
treatment and sintering during the cell preparation. Our calcula-
tions found that the interfaces between sulfide SEs and LCO/
LysCO are not thermodynamically stable (Fig. 3 and Table 4), in
agreement with the results based on the equilibrium of O or S from
Section 3.2. The mutual reactions of LGPS with LCO and L, sCO
have favorable decomposition energies AEp min mutual Of —340 and
—499 meV per atom, respectively. Similarly, the decomposition
energies of Li;PS, with LCO and L, sCO are —405 and —564 meV
per atom, respectively. The phase equilibria of both interfaces
include the formation of Co,Sg, Li,SO,, and Li;PO,. The formation
of cobalt sulfides at the interface between LCO and the Li,S-P,S;
electrolyte was reported in the experiments.® This reaction corre-
sponds to a valence change of Co from 3+ to 2+. The cobalt sulfide
phases with lower valences are known to be electronically
conductive,* which are detrimental to the stability of the inter-
faces.™ In addition, the mutual reaction energies of both LGPS and
Li;PS; with LysCO are lower than those with LCO, indicating
a larger thermodynamic driving force for the interfacial decom-
position reactions at the charged state of the battery.

The interfaces between the LCO cathode and oxide SEs have
significantly better chemical stability with AEp min mutual Of Z€ro
to tens of meV per atom compared to the sulfide electrolytes
(Table 4). For example, the minimum reaction energy

Table 3 Phase equilibria of the SE and LCO materials at different chemical potentials of O and S, respectively

Open element uy (€V)

Corresponding environment

Phase equilibria at uy,

AEYP"™ (eV per atom)

LGPS o = —0.73 0-Poor limit of Ly sCO GeP,0,, SO;, Li,SO, —3.68
Mo = —2.64 O-Poor limit of LCO LizPOy, S, GeS,, Li,SO, —0.46
o = —3.66 Oxidation onset Li,GeS,, S, LizPO, —0.02
Li;PS, po = —0.73 O-Poor limit of L, sCO LiPO;, SO;, Li,SO, —3.73
Ho = —2.64 O-Poor limit of LCO LizPOy, S —0.51
to = —3.66 Oxidation onset LizPOy, S 0
LiPONy 14 to = —0.73 O-Poor limit of L, 5sCO LiNOj, LizPO,, Li,P,0, —0.09
po = —2.64 O-Poor limit of LCO N,, Li;PO,, Li,P,0, —0.02
Ho = —4.08 Oxidation onset Li,PO,N, Li;PO,, LiN; 0
LiPONy 46 po = —0.73 O-poor limit of L, sCO LiNO;, Li;PO,, Li,P,0, —0.36
Ho = —2.64 O-poor limit of LCO N,, LizPO,, Li,P,0, —0.11
to = —4.08 Oxidation onset Li,PO,N, LizPO,, LiN; 0
LCO ns = —0.59 S-Poor limit of LGPS Co0oSg, Li,SO, —0.28
us = —2.06 Decomposition onset of LCO Co0, LigCo0y, Li,SO, 0
LysCO us = —0.59 S-Poor limit of LGPS C0oSg, CoSOy, Li,SO4 —0.39
ug = —6.69 Decomposition onset of Ly 5CO Li,SO,, Co30,, LiCoO, —0.03
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Table 4 The phase equilibria and decomposition energies of the SE-LCO and SE-L sCO interfaces

AE‘D,min,mutual AED,min,total

Csk Celectrode Xm Phase equilibria at x;, (meV per atom) (meV per atom)
LGPS LCO 0.42 C0oSg, Li,S, Li,SO,, Li;PO,, Li,GeO, —340 —349
Lo.sCO 0.40 C0oSg, Li,S, Li,SO,, LizPOy, Li,GeO, —499 —527
LisPS, LCO 0.41 C0oSg, Li,S, Li,SO,, Li;PO, —405 —405
Lo.sCO 0.39 C0oSg, Li,S, Li,SO,, Li;PO, —564 —584
LiPON 14 LCO 0.93 CON, Li;PO,, LisCoO,, N, -35 -35
Lo.sCO 0.59 C0;0,, LCO, LiNO;, Li;PO, —65 —65
LiPON, 46 LCO 0.81 CoN, Li,0, Li;PO, —99 —99
Lo.sCO 0.62 Co0, LCO, LizPO,, N, —154 —154
LLZO LCO 0.96 La,03, LigZr,0,, LisCoO, -1 -8
Lo.sCO 0.47 La,03, La,yZr,05, Li,C050;,, O, -39 —60
LLTO LCO 0.64 C030,, La,Tiy05, Li,TiOs, Lo sCO —0.5 —44
Lo.sCO — LLTO, L, 5CO (stable) 0 —
LATP LCO 0.32 Lo.sCO, C0504, Li;PO,, LiAl;0g, TiO, —53 —63
L.sCO — LATP, L, 5CO (stable) 0 —

AED min,mutual Of garnet LLZO with LCO and L, 5CO is only —1
and —39 meV per atom, respectively. In addition, LLTO and
LATP (Table 4) are thermodynamically stable against the
charged state cathode L, sCO, and their interfaces with LCO
have small decomposition energies AEp minmutual Of Only —1
and —53 meV per atom, respectively. The interfacial decompo-
sition reactions may be kinetically inhibited. The good stability
of LLTO and LLZO against LCO has been observed in the
experiments.>*® However, the sintering of the interfaces at high
temperatures may enhance the formation of the interphase
layers.** The main decomposition phase equilibria of the LLZO-
Lo5CO interface include La,O; and La,Zr,0,, O, (Table 4),
which are similar to the delithiation phase equilibria of garnet
LLZO at high voltage (Table 2). The decomposition of the LLZO-
Lo.5CO interface is mainly due to the delithiation of the LLZO by
Lo.5CO. Our predicted phase equilibria at the LATP-LCO inter-
face include Co3;0,, which is also observed as a reaction product
at the LCO-LATP interface in an experimental study.*” The
formation of Li,Cos50,, and L, sCO corresponds to the Co
valence increase from 3 + to 4+. The increase of Co valence at
oxide SE interfaces is opposite to that at the sulfide SE inter-
faces, indicating the different nature of interfacial decomposi-
tions and the resulting properties between oxide and sulfide
SEs. In addition, the decomposition interphase layers including
LizPO, and LiAl;0;4 can potentially passivate the interface and
provide decent Li ionic conductivity across the interface.*® In
summary, the oxide SE materials, LLZO, LLTO, and LATP, have
significantly better chemical compatibility with the LCO
cathode materials compared to sulfide SEs.

LiPON also shows thermodynamically favorable reactions
with LCO and L,sCO (Table 4). The phase equilibria and
decomposition energy are highly dependent on the LiPON
composition. At a low N content of 0.14, the mutual reaction
energy AEp min,mutual Of LIPON is only —35 and —65 meV per
atom against LCO and L,sCO, respectively. At a higher N
content of 0.46, the minimum mutual reaction energies with
LCO and Ly 5sCO of —106 and —153 meV per atom, respectively,
indicate more favorable decompositions. The LCO chemical
compatibility of LiPON is better than that of sulfide SEs but

J. Mater. Chem. A

worse than that of oxide SEs. The formation of an interphase
layer and the change of chemical structures at the LiPON/LCO
interfaces were observed in in situ XPS experiments.** The good
compatibility of the LiPON with the LCO cathode material
observed in the experiments**™*® may be explained by the effect
of the interphase layers, including Li;PO,, which is a well-
known coating material for cathodes** and is the dominant
decomposition product at the LiPON interfaces.

3.4. Electrochemical stability of the SE-LCO interfaces

In this section, we evaluated the phase equilibria of the SE-LCO
interfaces at the applied potential ¢ on the basis of the equi-
librium criterion 4 (Section 2.6). These phase equilibria corre-
spond to the interphase evolution, such as lithiation or
delithiation, in response to the applied potential, and the
interfacial decomposition as described by the reaction energies
may become more favorable at certain applied potentials. The
interface between LCO and Li;PS, was found to have poor
stability over the entire range of the applied voltage from 2 to
5 V. The interfacial mutual reaction energy AEYmin,mutual iS i
the range of [—737, —594] meV per atom for LPS from 2 to 5V
(Fig. 4 and Table 5). The total decomposition energy
AED min total Of LGPS or LizPS, reaches —1.27 eV per atom at 5 V
(Fig. 4), suggesting highly favorable decompositions at high
voltages. Previous experimental studies also reported the
formation of interphases of tens of nanometers including
cobalt sulfides between LCO and Li,S-P,Ss SE after charging.®
The growing differences between AEDminmutua and
AEDmintotal at higher voltages (Fig. 4) are mainly due to the
increasing contribution from the delithiation of the SEs to the
total decomposition energy AER min total-

The oxide SE-LCO interfaces generally have significantly
better stability than the sulfide SEs over the whole voltage range.
For example, the LLZO-LCO interface has the minimum interfa-
cial mutual reaction energy AEY minmutual Of Only —33 meV per
atom (Table 5). At high voltage above 4 V, the reaction products,
La,Zr,0, and LaCoOs;, are likely to be poor Li ionic conductor
materials. The predicted phase LaCoO; was observed

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 The mutual reaction energy AERNi mutual (Solid lines) and the
total reaction energy AERSein total (dashed lines) at the SE-LCO inter-
faces under applied potential ¢ in a 2-5V range.

experimentally for the LLZO-LCO interface after the heat treat-
ment of over 1000 °C,** which causes Li loss similar to the deli-
thiation at high voltage. In addition, LaCoO; may be electronically
conductive,* leading to the formation of thick interphase layers
and potential degradation at the interface. However, the final
phase equilibria of the interface at high voltage involve O, gas
release, which is likely to have poor kinetics as in the oxygen
evolution reactions in Li-air batteries. A significant amount of
overpotential, yielding high oxidation potential observed in many
CV experiments, is expected for such oxidation reactions. Simi-
larly, the LCO interfaces with LLTO and LATP show good stability
with zero mutual reaction energy AEp min mutual at voltage higher
than 3.34 V and 4.53 V, respectively (Fig. 4 and ESI}). The good
electrochemical stability of the interfaces between LLTO/LATP
and LCO at high voltages may partly be due to high oxidation
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potential (anodic limit) of these SEs (Section 3.1) and the good
chemical stability between the SEs and LCO (Sections 3.2 and 3.3).

The mutual reaction energy of the LiPON, ;,~LCO interface
is comparable to that of oxide SEs, though LiPON,,, reacts
favorably with LCO in the whole 2-5 V range (Fig. 4 and Table 5).
The formation of a Li;PO, interphase and the small decompo-
sition energy may explain the widely observed stability of LIPON
with LCO.**™*® The interfacial reaction between LiPON and LCO
also involves N, and O, gas release. The void formation at the
LiPON- LiCoO, interface after battery cycling was reported in an
in situ TEM experimental study.*’

Our results show that the stability of the interface and the
formed phase equilibria are dependent on the applied poten-
tial, as the delithiation at high voltages provides an additional
thermodynamic driving force for the interfacial decomposi-
tions. Among the SE-LCO interfaces investigated, the interfaces
of the SEs (such as oxides) that have a good electrochemical
window and good chemical stability with the electrode in
general show better stability during electrochemical cycling.
Therefore, a SE with a wide electrochemical window and good
chemical stability with electrodes is desired to achieve intrinsic
interface stability during electrochemical cycling. For those SEs
(such as sulfides) and interfaces that cannot satisfy the above
criteria, an interfacial coating layer material can be applied to
resolve the stability problems at the interface.

3.5. Enhanced stability provided by interfacial coating layer
materials

The application of coating layer materials to the interfaces
between the SEs and cathode materials in ASLiBs has been
demonstrated to decrease the interfacial resistance.>* Using
the same computational method as in Section 3.1, we evaluated
the electrochemical window of commonly used coating layer
materials, such as Li,Ti;O;,,°*** LiTa03,*® LiNbOj3,*”*® Li,Si03,*

Table 5 Phase equilibria and decomposition energies of SE-LCO interfaces under applied potential ¢

Phase equilibria at x = x,(¢)

pen open
A]-;:(I)),mm,mutual AED,mm,total

Interface Applied potential ¢ (V) under ¢ (meV per atom) (meV per atom)
LizPS,-LCO 2.00-2.91 C03S,, Li,SO,, LisPO, [—641, —596] [—737, —596]
2.91-2.99 C053S4, Li,SO,, Li,P,0, [—596, —594] [-750, —737]
2.99-3.20 C05S4, Li,SO,, LiCoPO, [~607, —594] [—-779, —730]
3.20-3.26 C0;S4, Li,SO,, Co5(PO,), [-613, —608] [—785, —773]
3.26-5.00 C0538,, CoSO,, Co3(PO,), [-737, —616] [-1273, —763]
LLZO-LCO 2.00-2.57 La,0s, LigZr,05, Li;CoO, [—2, —2] [—9, —9]
2.57-2.81 La,03, LisZr,05, Li,Co50:, [-7, —2] [-13, —8]
2.81-3.50 La,0;, La,yZr,0,, Li;Cos04, [-33, —2] [-72, —11]
3.50-3.99 La,0;, La,Zr,0,, Oy, Ly sCO 0 [—137, —53]
3.99-5.00 LaCo0s, La,Zr,0,, O, [-5, 0] [—-656, —284]
LiPON,14-LCO 2.00-2.12 CoN, N,, Li;PO, [~53, —53] [-55, —55]
2.12-2.70 Co0, N,, Li;PO, [—64, —53] [-70, —55]
2.70-3.01 C050,, Ny, Li;PO, [~59, —53] [—84, —70]
3.01-3.89 C0;0,, LiNO;, Li;PO, [-67, —35] [—139, —77]
3.89-4.16 LiCoPO,, LiNO;, Li;PO, [-33, —11] [—190, —165]
4.16-4.18 LiCoPO,, LiNO;, Li,P,0, [-9, —9] [—221, —221]
4.19-4.23 CoPO,, LiNO;, Li,P,0, [-9, —8] [—221, —215]
4.23-4.54 CoPO,, LiNO;, O, [-53, —9] [—288, —169]
4.54-5.00 CoPO,, Co(NO;),, O, [—116, —56] [—482, —294]
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and LizPO,4.* The calculations indicate that these coating layer
materials have a wide electrochemical window (Fig. 5a) from
areduction potential of less than 2 V to an oxidation potential of
~4 V.* The highest oxidation potential of the coating layer
(dashed line in Fig. 5a) corresponds to the O, gas evolution
reaction, which is known to yield a high overpotential due to the
slow kinetics or poor electron transfer as observed in the
oxidation of Li,O/Li,O, in Li-oxygen batteries.* Therefore,
nominal oxidation potential of the coating layer is likely to be
significantly higher than the equilibrium potential. The wide
electrochemical windows suggest that these coating layer
materials are likely to be stable at the cathode interfaces during
the electrochemical cycling. In addition, the coating layer
between the SE-cathode interfaces can achieve the equilibra-
tion of uy; (the equilibrium criteria 1 in Section 2.6) with both
the SEs and the cathode. Therefore, the coating layer plays
a critical role of passivating and stabilizing the interface by
bridging the significant gap of u;; between the sulfide SE and
LCO.*
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The coating layer material lying between the original SE-LCO
interfaces forms two interfaces with the SE and LCO, respec-
tively. By applying the same computational scheme as in Section
3.3, we investigated the interfacial chemical compatibility of
these two interfaces with the coating layer. The previously
demonstrated coating layer materials, such as Li Ti;Oq,,
LiTaO;, LiNbO;, Li,SiO;, and Li;PO,, have excellent chemical
stability with the LCO and L,;CO with zero or negligible
decomposition energy AEp min mutual (Table 6). In addition, all
coating layer materials show better stability with the sulfide SE
compared to the original sulfide SE-LCO interfaces, which have
an interfacial reaction energy AEp min mutual Of ~—500 meV per
atom. As a result, the interface with the coating layer has
significantly improved stability, which suppresses the forma-
tion of a thick interphase layer. This result of the coating layer
was observed as reduced mutual diffusion across the interface
in the experiments.>****° In addition to stabilizing the interface,
the coating layer of only a few nanometers is significantly
thinner than the decomposition interphase layer of ~10 to 100
nm. The small thickness of the coating layer may significantly
reduce the high interfacial resistance caused by the thick
decomposition interphase layer.

In addition, we also computationally investigated other
compounds (listed in Fig. 5a and Table 6) based on the same
cations, such as Ti, Nb, Si, Ta, and P, as potential coating layer
materials. All these lithium metal oxide materials have a wide
electrochemical window (Fig. 5a). The compounds with a higher
Li content generally show lower reduction potential, and the
compounds with a lower Li content or higher O content show
higher oxidation potential. Most of these compounds have
excellent chemical stability against LCO and L, sCO cathode
materials with zero or small AEp min,mutual (Table 6). All these
coating layer materials significantly improve the stability of
sulfide SE-LCO interfaces. The chemical stability between
LLZO-coating layer interfaces varies significantly with the
compositions of the coating layer materials. It is interesting to

Table 6 The mutual reaction energy AEp minmutual (iN MeV per atom)
of the coating layer materials with the SE or LCO materials

LisPS, LLZO LCO Lo.sCO
Li,TiO, —125 0 0 —-30
Li,TiO;, -75 -5 0 0
LiTi5015 —80 —75 -1 0
LigNb,0, —147 0 0 —20
Li;NbO, —132 -4 0 0
LiNbO, —155 -76 0 0
LiNb;Oy ~173 ~115 ~16 0
LigSiO —177 0 -3 —50
Li,Sio, —81 -1 0 12
Li,SiO; -19 —29 0 0
Li,Si,05 ~10 —69 —4 0
LisTaOs —117 0 0 —32
Li;Ta0, —64 -3 0 0
LiTaO;, —49 —68 0 0
LiTa;04 —64 ~105 —22 0
Li;PO, 0 0 0 0
Li,P,0, -9 —101 —44 -3
LiPO; —32 —201 -76 -19
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note that the coating layers that are the most stable with sulfide
SEs may not necessarily be the most stable ones with LLZO.
For example, LiNbO;, a demonstrated coating layer for sulfide
SEs, is not as stable as Li;NbO, and LigNb,O, with LLZO
according to the decomposition energy AEp min,mutual (Table 6).
In the previous study, the application of Nb at the LLZO-LCO
interfaces may form amorphous lithium niobates including
LigNb,Oy or Li;NbO,like phases,® which stabilize the
LLZO-LCO interface and hence reduce the interfacial resis-
tance. Similarly, the other Lirich coating layers, such as
Li,TiO,, Li,TiOs, LigSiOg, LisSiO4, LisTaOs, and LizTaO,4, may
work better with LLZO than those previously demonstrated for
sulfide SEs, such as Li TisO;,, LiTaO3, and Li,SiO;.

4. Discussion

Our computational study revealed that the electrochemical and
chemical stabilities of the SE-electrode interfaces in the ASLiBs
are intrinsically limited. Most SE-electrode interfaces are not
thermodynamically stable before, after, and during electro-
chemical cycling. In particular, the sulfide SEs are neither
chemically nor electrochemically stable against the LCO
cathode, due to the anion chemical potential discrepancy
between sulfide SEs and LCO. The oxide SEs have significantly
better chemical and electrochemical stabilities with the LCO
cathode than sulfide SEs. The interfacial reactions between
oxide SEs and LCO, though may be kinetically limited, are also
thermodynamically favorable, suggesting potential interfacial
degradations after thermal processing or during battery cycling.
These results about the interfacial thermodynamics suggest the
ubiquitous formation of the interphase layers at the SE-elec-
trode interfaces, which has significant implications for the
research and development of the ASLiBs. The properties of
these interphase layers would be critical to the performance of
the ASLiBs. In particular, the distinctive chemical nature of
sulfide and oxide SEs leads to very different interphase prop-
erties for the SE-LCO cathode interfaces and hence requires
different interfacial engineering strategies. Following the defi-
nitions by Wenzel et al.,*® we distinguish three different types of
interfaces based on the interface stability and interphase
properties.

Type 1 interface - stable interfaces with no decomposition
interphase layer. Type 1 interfaces are either thermodynami-
cally intrinsically stable or kinetically stabilized over the cycling
voltage range. Type 1 interfaces do not have an interphase layer
between the SE and electrode, and are expected to have decent
interfacial ionic conductivity, because both the SE and the
electrode are good Li ionic conductors. However, our thermo-
dynamic analyses demonstrated that few SE materials have
thermodynamically intrinsic stabilities against Li metal anodes
or high-voltage cathodes, or over the entire range of cycling
voltages. Among five classes of SE materials investigated, LLTO
and LATP have the best electrochemical stability against LCO
cathode materials at high voltages, and LLZO has the best
stability against Li metal. Some oxide SEs may form kinetically
stabilized Type 1 interfaces with the electrode materials,>*°
though these Type 1 interfaces may still degrade and convert to
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other types during sintering or electrochemical cycling due to
the limited thermodynamic stability. Type 1 interfaces require
SEs with a wide electrochemical window and good chemical
compatibility with the electrode materials. Since the electro-
chemical window of the SEs and the chemical compatibility of
the SE-electrode interfaces are limited, it is unrealistic to have
a SE with Type 1 interfaces against both Li metal anodes and
high-voltage cathodes.

Type 2 interface - interfaces formed with interphase layers
that are mixed ionic and electronic conductors (MIECs). The
formation of the interphase layer between the SE and the elec-
trode is expected for most Li-SE and SE-LCO interfaces as
suggested by the interfacial thermodynamics from our
computation. The electronic conductivity of the interphase,
regardless of specific electronic conductive mechanisms,
determines whether the interface is Type 2 or Type 3. If the
formed interphase is a MIEC, the simultaneous transport of Li
ions and electrons would enable continued decomposition
reactions that are thermodynamically favorable. Therefore, the
MIEC interphases cannot provide essential passivation at the
interface. The examples of Type 2 interfaces include the
Li-LGPS and Li-LLTO interfaces, which formed interphases
including the electron-conducting Li-Ge alloys and lithium
titanates, respectively. The formation of Type 2 interfaces
explains the Li reduction of the LGPS and LLTO materials
observed in the experiments."** The continued decomposition
may result in poor coulombic efficiency in ASLiBs. Therefore,
Type 2 interfaces, which may cause continued interfacial
degradation and high interfacial resistance, should be avoided
in the ASLiBs. The application of artificial coating layers can be
used to engineer Type 2 interfaces into Type 3 interfaces.

Type 3 interface - interfaces formed with a stable solid-
electrolyte interphase (SEI). In contrast to Type 2 interfaces, the
interphase layers in Type 3 interfaces are electronically insu-
lating and are stable during the electrochemical cycling, acting
as a stable SEI at the SE-electrode interfaces. Type 3 interfaces
with spontaneously formed SEIs have self-limiting interfacial
degradation. The SEIs passivate the SE materials and stop
the continued decomposition into the bulk of the SE.* The
Li-LiPON interface is Type 3, where the formed interphases
containing Li,O, LizN, and Li;P are electronically insulating.***
In addition, the interphase decomposition layer, including fast
Li-ion conducting Li;N and LizP,**** is likely to yield low inter-
facial resistance. The interfacial resistance of Type 3 interfaces
is highly dependent on the ionic conductivity of the SEIs. The
Li-LiPON interface is an ideal Type 3 interface which has
spontaneously formed SEIs with high ionic conductivity. For
those Type 3 interfaces with poor Li-ion conducting SEIs, the
application of a coating layer with good ionic conductivity as
the artificial SEI may resolve the high resistance problem of
the spontaneously formed SEIs.

We summarize the categorization of different combinations
of SEs and electrode materials into the defined interface types.
Our discussion focuses on Li metal anode and LCO cathode
materials (similar results are expected for other transition metal
oxide cathodes), which are often desired for the ASLiBs. For
Li-SE interfaces, Type 1 interfaces are rare due to the strong
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thermodynamic driving force for Li metal to reduce the SE. The
Li-LLZO interface may be Type 1 as a result of kinetic stabili-
zation and small thermodynamic driving force for Li reduction.
The high temperature treatment may facilitate the Li reduction
of LLZO.”® The Li-LiPON and Li-Li3PS, are typical Type 3
interfaces, where the passivation layers of high Li ionic
conductivity and poor electronic conductivity are formed. The
Li-LGPS, Li-LLTO, and Li-LATP are typical Type 2 interfaces,
where significant reduction of the SE is observed. Cations, such
as Ti and Ge, in SEs would facilitate the formation of the Type 2
interfaces, because of the formation of the electron conducting
interphase layers after Li reduction. Therefore, the use of these
cations should be avoided in the design of SE materials for Li
metal compatibility. In contrast, anion mixing should be
a viable strategy for the SE material design to simultaneously
improve stability and Li ionic conductivity. LiPON is a success-
ful case of using oxynitride to achieve good stability and Li ionic
conductivity. Similar successes have been demonstrated in the
doping of Li;PS, with halides, such as LiCl and LiI.*>*¢ Similarly,
we expect some oxysulfide compounds as promising SEs.

The interfaces between the SE and cathode, such as LCO, are
more complicated, due to a large number of elements involved
and a wide range of Li chemical potentials from the charged
to the discharged states of the battery. The sulfide SE-LCO
interfaces may also be partially Type 2, because the interphases
include the cobalt sulfide binaries such as CooSg or Co03S,,
which are electronically conductive.**** This formation of MIEC
interphases may explain the large thickness of the interphase
layers of 10-100 nanometers observed at these sulfide-LCO
interfaces.® Thick interphase layers generally result in a high
interfacial resistance. However, the decomposition does not
happen to the entire bulk of SEs due to the limited diffusion of
Co and the drop of the Co content inside the SEs. The part of the
interphase close to SE has a low content of Co sulfides and is
still passivating (Type 3), which stops the further growth of the
interphase layers. The variation of the interphase composition
across the interface has been observed in our computation
(ESIf) and the EDX experiments.*®* Therefore, the sulfide
SE-cathode interface is not purely Type 2 (as in Li-LLTO) but
rather a mixture of Type 2 and Type 3. Having some Type 2
features inside the interphase may have negative impact on the
electrochemical performance of the ASLiBs. The enabled
transport of both Li' and e~ through the MIEC interphase
would facilitate the electrochemical cycling of these interphase
layers during cycling voltages (as predicted in Section 3.4).
Active electrochemical cycling of these interphase layers may
facilitate the growth of the decomposition interphase layers and
may lead to a repetitive volume change and the failure of the
mechanical contact as a result of cyclic lithiation and delithia-
tion.” Such interfacial phenomenon may explain the poor
cyclability of the ASLiBs. Therefore, the key problem of sulfide
SE-LCO interfaces is the poor stability, which leads to thick
interphase layers, high interfacial resistance, and degradation
over cycling. Therefore, the application of the coating layer at
these interfaces is the corresponding strategy to address the
stability issue by turning the interfaces into a desired Type 3
interface with a thin thickness interphase layer and improved
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interfacial conductivity. The coating layers serve as artificial
SEIs to stabilize the interface and to resolve the issue of poor
interfacial conductivity.

In general, we found that the oxide SE and LCO interfaces
may be Type 1 or Type 3. In particular, LLTO-L, sCO and LATP-
L,.sCO are thermodynamically stable as Type 1, and other oxide
SE-LCO interfaces may be kinetically stabilized as Type 1. After
the thermodynamically favorable decomposition between these
materials, some oxide SE-LCO interfaces may turn into Type 3,
because the formed interphases are mostly electronically insu-
lating at high voltages. However, such interphases and formed
SEI layers in some Type 3 oxide SE-cathode interfaces may have
poor Li ionic conductivity, since most of the equilibrium phases
have low or zero Li content as a result of the delithiation. For
example, the spontaneous decomposition interphases, such as
La,Zr,05, of the LLZO-LCO interface are likely to be poor Li ion
conductors. For these Type 3 interfaces, the key issue is not poor
interfacial stability but the low ionic conductivity of the formed
interphase layers. Therefore, interfacial engineering for the
aforementioned Type 3 interfaces is also necessary to improve
interfacial ionic conductivity. The increased interfacial
conductivity after applying a lithium niobate interphase layer in
the previous study®® may be due to the higher ionic conductivity
of the coating layer than that of the spontaneous decomposition
interphase. In addition, the soft and ductile Nb metal may
enhance the wetting and may promote the interfacial contact
between the LLZO and LCO. As illustrated above, the categori-
zation of different types of interfaces is critical to understand
the problems at the interfaces and to apply corresponding
interfacial engineering, which is the key to achieve desired
interfacial properties and to improve electrochemical perfor-
mance of ASLiBs.

Our scheme is only based on the thermodynamics of the two
materials in contact and the applied external environments, so
the kinetics of the equilibrium processes are not considered. It
is possible that some predicted reactions may be kinetically
inhibited and that a metastable equilibrium state may be
reached. Therefore, the actual formed interphase may be
different from the thermodynamic phase equilibria identified
in the computation. In addition, the evaluation of the interfacial
stability is based on the equilibria of neutral elements between
the two materials in contact. These equilibria are necessary
conditions for the equilibrium of two materials at the inter-
faces. In addition to the equilibrium of neutral elements, all
charged carriers such as Li* and e~ also need to reach equilibria
at the interfaces.”” The equilibria of all the charged carriers
redistributing at the interface would result in the formation of
space-charge layers and electrostatic polarizations at the inter-
faces. Our scheme is based on the equilibrium conditions that
are independent of the interfacial electrostatic polarization, and
uses the energies of bulk materials. The structural disordering,
crystallography terminations of the interfaces, and the complex
microstructures, which may also affect the aforementioned
equilibria, are not explicitly considered in our calculation
scheme. These atomistic and microstructural features may also
change the electronic conductivity of the interphase and the
corresponding interface types. Nevertheless, the computational
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scheme demonstrated in this study is a good proxy of interface
stability and provides valuable thermodynamic information
about the chemical and electrochemical stability of interfaces in
good agreement with experiments. This computational scheme
can be generalized to any heterogeneous interface in solid-state
devices, where the interfacial stability is of crucial importance.
The bulk phase thermodynamic data for this computational
scheme are available and accessible from the computational
database infrastructure such as the Materials Project.*® The
scheme relies on such databases to provide comprehensive
phase diagrams to identify the phase equilibria. The phase
diagrams might be incomprehensive if some phases that exist
in nature were missing from the database in the relevant
compositional space. Such a situation is more likely during the
evaluation of previously less studied compositional space or
high-dimensional phase diagrams, where some multi-compo-
nent phases may have not been identified. In this study, we
added in some known phases, such as Li;PS, and Li,PO,N, into
the relevant compositional spaces. In addition, our computa-
tion is limited by the accuracy of the energies provided by the
DFT®*® and the approximations in our proposed scheme. For
example, the energies are based on 0 K DFT calculations, so the
contribution of entropy to the free energy was neglected. This
assumption may have little effect on the conclusions of our
computation, because the entropy differences between solid-
state phases are usually small.

Conclusion

In this study, we applied first principles calculations to evaluate
the thermodynamics of the chemical and electrochemical
stability of the SE-electrode interfaces in ASLiBs. Most SE
materials have a limited electrochemical window, and many SE-
electrode interfaces have limited chemical and electrochemical
stability. The computational results suggest thermodynamically
favorable, ubiquitous formation of the interphase layer at SE-
electrode interfaces. Different types of interfaces form inter-
phase layers with different properties. Some interfaces with
poor stability may cause interfacial degradation and high
interfacial resistance, significantly impacting the performance
of ASLiBs. Interface engineering strategies of applying artificial
coating layers were proposed to improve the interfacial stability
and electrochemical performance of ASLiBs. Our results suggest
the critical roles of electrolyte-electrode interphases in the
electrochemical performance of ASLiBs and the importance of
interface engineering in the design of ASLiBs.
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