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Abstract

All-solid-state Li-ion battery based on the ceramic solid electrolyte materials is 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 the all-solid-state Li-ion battery.
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
the 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-solid-

state Li-ion batteries.
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1. Introduction

The all-solid-state Li-ion battery (ASLiB) is a promising advancement of the Li-ion
battery technology. Using 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 anode and high voltage cathodes
to provide higher energy density, and may suppress the degradations during cycling to achieve
good cycle life. For example, thin-film ASLiB with Li metal anode and high-voltage
LiNig sMn; 504 cathode was demonstrated for over 10,000 cycles.3 Recent interests in ASLiBs
are promoted by the discovery of novel Li ionic conductor materials, such as Li;0GeP,Si»
(LGPS)' and lithium garnet Li;LasZr,01, (LLZO),* with high Li ionic conductivity of ~1 to 10
mS/cm, which are 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 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 the ASLiBs.” The high interfacial resistance is attributed to poor interfacial
contact,” the mechanical failure of the contacts,6 interfacial degradation due to mutual diffusion,7
or the formation of 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 the decomposition at the interfaces is often overlooked since the SEs are
claimed to have excellent stability.

However, multiple experimental studies presented the evidences 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) studies identified
interphase layers of tens to a hundred nanometers at the LiCoO, electrode-electrolyte interfaces
with Li,S-P,Ss ® 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. Recently, the
reactions of Li metal and the SE materials, such as LiPON,’ LLTO,'® and NASICON-type'' SEs,
have been demonstrated in in-situ X-ray photoelectron spectroscopy (XPS) experiments. In

addition, recent studies also challenged the claimed wide electrochemical window of the SE
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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 decompositions
may lead to interfacial degradation and poor coulombic efficiency of the ASLiBs. In addition,
the interphase layers may be poor ionic conductor, which would result in high interfacial
resistance.

However, the formation mechanisms of such interphase layers and the 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; and

3) The electrochemical reactions of the SE-electrode interfaces during the cycling of the
ASLiBs.

The thermodynamics for 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 are 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 electrodes. 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 SE and interphases were
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classified 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 4b

initio Simulation Package (VASP) within the projector augmented-wave approach. The Perdew—

Burke—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 as in the MP.'® 7

2.1. Materials systems

Table 1. Summary of the SE and electrode materials investigated in this study.

Experimental
Acronym Composition ionic Crystal E above hull Phase equilibria
conductivity structure (meV/atom)
(mS/cm)
LGPS Li]oG@PzS]z 12 []] mp- 21 Li3PS4, Li4GeS4
696138,
LPS LisPS, ~1x10° "% | 0 Li;PS,
LLZO Li;La;Zr,01» 5101 | ¥ 7 Li,0, La,03, LisZr,07
LLTO Lio33Lag.s6Ti03 ~1 " = 68 TiO,, LisTisO12,
LazTi207
LATP Lii3Alo3Ti; 72(POs)s | ~1 [7] - 29 LiTiy(POy)3, LizPOs,
AlPO,
LiPONy.14s | Lis.ssPO373No.14 2x10° ] | - 0 Li,PO,N, Li;PO,,
Li,O
LiPONg46 | Liz0sPO33No.46 3.3x10* 7] | - 0 Li;PO,N, LisPOs,
Li,O
LCO LiCoO, - mp-24850 0 LiCoO,
LosCO Lip5Co0O; (layered) - mp- 33 LiCo0,04 (spinel)
762036

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 from the MP database. In this study, we considered five classes of SE materials, which
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are of great interests to the application of ASLiBs. These SE materials are summarized as
follows (Table 1).

1) Li;0GeP2S12 (LGPS). The ground state structure of LGPS material from the MP was
ordered from the experimental structure.’ This LGPS structure has an energy above the hull of 21
meV/atom with the phase equilibria of LisGeS4 and LizPS4."> We also considered LisPSy in
comparison with LGPS. The calculated ground state of Li3PS4 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;La3Zr,0;, (LLZO). The computation results based on the cubic phase are likely
applicable to the tetragonal phase, which has similar energies.

3) Lithium lanthanum titanate perovskite. We investigated the composition
Lio33Lag s¢TiO3 (LLTO), which has a high Li ionic conductivity of ~I mS/cm.*’

4) NASICON-type Li ionic conductor. We investigated the composition
Li; 3Alo3Ti; 72(PO4)s (LATP), which has a high Li ionic conductivity of ~1 mS/cm.”

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
Li; 8sPO3.73Np.14 (L1IPONy 14) and Li; 9sPO33Ng 46 (L1IPONy 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 LiysC00O; (Lo sCO) as the discharged and charged
states of the cathode material, respectively. We used the layered structure of Ly sCO composition
with the lowest energy (Table 1) to represent delithiated LCO, while the thermodynamic stable
phase is the spinel LiC0,04.

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
corresponding to the energy minimum E¢4(C) were identified by comparing the energy of all

relevant phases in its compositional space. The phase stability of the investigated phase was
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evaluated using the decomposition energy AEp,
AEp(phase) = E.q(C) — E(phase), Eq. 1

of a given phase to its phase equilibria. AEp 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 Ceq(C, um) of a given phase with the composition C in equilibrium with the
chemical potential i of element M. The given phase is stable within a certain range of .
Outside the uy stable range of the phase, the composition of the phase equilibria Ceq(C, £om)
have 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 1s
calculated as

AEgpen(phase, tm) = Eeq (Ceq(C, ,uM)) — E(phase) — Any - ty. Eq.2
Using the same scheme in previous studies, the electrode potential ¢ was considered as a part
of the Li chemical potential x4,

i(9) = pi; — e, Eq. 3
where pf; was the chemical potential of Li metal. In this study, uy was referenced to the
elementary state uly, 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

AESP*" (phase, §) = AES (phase, i (). b

2.4. Evaluate 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 (Csg» CElectrodes X) = X * Csg + (1 — X) * Cglectrode Eq.5
where Csg and Cgectrode are the compositions (normalized to one atom per formula) of SE and
electrode materials, respectively, and x is the molar fraction of SE which varies from 0 to 1. The

energy of the interface pseudo-binary,
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Elnterface (SE, Electrode, x) = x - E(SE) + (1 — x) - E(Electrode) Eq. 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 Eq. 1 as

AEp (SE, Electrode, x) = Eoq(Cinterface (Csg» Cetectroder X)) — Ennterface (SE, Electrode, x). Eq. 7
AER(SE, Electrode, x) includes the decomposition energy AEp from Eq. 1 if the SE or the
electrode are not thermodynamically stable. We defined AEp mutal as the reaction energy between

phase equilibria of SE and electrode materials,

AEp mutual (SE, Electrode, x) =
AEp (SE, Electrode, x) — x - AEp (SE) — (1 — x) - AEp (Electrode). Eq. 8
The AEp muwar describes the mutual reaction between SE and electrode materials excluding the
decomposition energy AEp (Eq. 1) of the SE and electrode themselves. Since the phase equilibria
and the reaction energies vary with the pseudo-binary composition, we identified the minimum
of the mutual reaction energy,

AED minmutual (SE, Electrode) = Minye(o,1) [AED,mutual(SE, Electrode, x)], Eq. 9
which reaches the minimum at x = x,,. At the same interface pseudo-binary composition x,, we
calculated the total decomposition energy as

AED min total (SE, Electrode) = AER, (SE, Electrode, xyy,). Eq. 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 thermodynamic
phase equilibria and may have a distribution of elemental profile and materials compositions

across the interfaces (Supplementary Information).

2.5. Evaluate electrochemical stability of interfaces
The electrochemical stability of the interface was evaluated for the interface pseudo-
binary (Eq. 5) using the grand potential phase diagram described in section 2.3 and the previous
open

study’'. The decomposition reaction energy AE,"" (SE, Electrode, x, ¢) at applied voltage ¢ was

calculated as
AQ?WSEHaUMaL¢)
=Em(Qq@hwmmi%BCmunwwxl#MD“ﬂmmhw@EEwaﬂﬁ%x)—Anm1hﬂ¢) Eq. 11
The decomposition reaction energy AED(’pen was normalized to the number of non-Li atoms

because the number of Li changes with the phase equilibria at different applied voltage. Similar
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open

to section 2.4, we defined the mutual reaction energy AE" - . . as

E°P"  (SE, Electrode, x, ¢)

D,mutual

open open open E . 12
= AEY"*"(SE, Electrode, x, ) — x - AE)’*"(SE, ¢) — (1 — x) - AE)*"(Electrode, ¢). q

to evaluate the reaction energy of the “mutual” reaction between electrolyte and electrode
excluding the decomposition energy AEpP*" (SE, ¢) and AEp " (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 mutual reaction
energy at a given applied voltage ¢ as

AE2P? (SE, Electrode, ¢) = min [AESPY  (SE, Electrode, x,¢)]  Eq. 13

D,min,mutual x€(0,1) D,mutual
for the mutual reaction between the SE and electrode materials under the applied voltage ¢,

similar to the previous study3 L IfAESPSY (SE, Electrode, ¢) # 0, we calculated the total

D,min,mutual

decomposition reaction energy as
AEph s oral (SE, Electrode, ¢) = AEpP*" (SE, Electrode, X, (¢), ¢), Eq. 14

open

D,min,mutual identified in

where xp(¢) is at the minimum point of the mutual reaction energy AE

Eq. 13.If AECPe" |(SE, Electrode, ¢) = 0, the minimum point xn, of AEp minmutwal in Eq. 9

D,min,mutua
is used in Eq. 14. For the SE-LCO interfaces, we considered the voltage range of ¢ from 2 V to 5

V 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
thermodynamically 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 x;; should be equal at
the contact points between solid electrolyte and electrode materials. This criterion is equivalent
to the equilibrium of the materials (i.e., the electrochemical stability) against different potential ¢
(Eq. 3). The equilibration of y1; and ¢ are facilitated by the good mobility of Li ions in the SE
and electrode materials. This equilibrium 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
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equilibrium of Li, the equilibrium of any non-Li element M at the interface requires the
equivalence 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 \ between the SE and the LCO
material.

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 reaction would not exist if two materials were chemically stable against each other, where
the phase equilibria would be equivalent to 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 electrochemical 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 equilibria of the interface pseudo-binary (section 2.5) as a function of the
applied potential. Similar to criterion 3, an exothermic reaction to from other phases at the
applied potential suggests thermodynamically favorable decomposition reaction. The
electrochemical stability of the SE-LCO interfaces was evaluated using the grand potential phase

diagram in section 3.4.
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3. Results

3.1. Electrochemical stability of the solid electrolyte materials

Li Chemical potential 4 (eV)

LisPSaf
LiPONo.1aF
LiPONo.sf

LLZO

LLTO

LATP

o 1 2 3 4 5
Potential ¢ vs Li/Li" (V)

(a)
£ Li Chemical Potential 4 ; (eV)
2 0 -1 -2 -3 -4 -5
S 0.0 T T T T ]
[}
2,05
?ﬂ ] / Li2S
> ——LGPS
S -1.0- LisPSa
G LiPONo.14
c —— LiPONo.s
S -1.5- ——LLZO
2 ——LLTO
S LATP
€ -2.0-
3 0 1 2 3 . 4 5
Potential ¢ vs LilLi" (V)
(b)

Figure 1. Electrochemical window (a) and the decomposition energy AESpen (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.
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Table 2. Electrochemical window and phase equilibria at different potential ¢ of the SE

original composition.

materials. The decomposition energy AESY"

is normalized to the number of atoms in the

Voltage ¢ | Corresponding Phase equilibria at the ¢ AEQPE"
(V) /-uri | environment (eV/atom)
(eV)
Li,S 0 Li metal Li,S (stable) 0
2.01 Oxidation onset S 0
5 Charged at 5V S -1.99
LGPS 0 Li metal Li15Gey, LisP, Li,S -1.25
1.71 Reduction onset P, Li4GeS4, LiS -0.02
2.15 Oxidation onset Li;PS4, GeS,, S -0.02
5 Charged at 5V GeS,, PS5, S -1.12
LizPS, 0 Li metal LisP, Li,S -1.42
1.71 Reduction onset P, Li,S 0
2.31 Oxidation onset S, P,Ss 0
5 Charged at 5V S, P»Ss -1.01
LiPONg14 |0 Li metal LisP, LisN, Li,O -0.68
0.69 Reduction onset LisP, Li,PO,N, Li,O 0
1.07 Oxidation onset Li,PO,N, Li3POy4, LiN3 0
5 Charged at 5V N,0s, P,Os, O, -0.31
LiPON().46 0 Li metal Li3P, Li3N, leO -0.62
0.69 Reduction onset LisP, Li,PO,N, Li,O 0
1.07 Oxidation onset Li,PO,N, Li3POy4, LiN3 0
5 Charged at 5V NO,, P,0Os, N, -0.66
LLZO 0 Li metal Zr, La,Os3, L1,0 -0.02
0.05 Reduction onset 7150, Lay03, Li,0 -0.01
2.91 Oxidation onset Li,0,, La,03, LigZr,05 -0.01
5 Charged at 5V 0O,, La,03, LayZr,04 -0.53
LLTO 0 Li metal Ti60, LayO3, Li,O -0.34
1.75 Reduction onset Li7T1;1024, TiO,, La;Ti,07 -0.07
3.71 Oxidation onset 0O,, TiO,, La,Ti,05 -0.07
5 Charged at 5V 0O,, TiO,, La,;T1,05 -0.15
LATP 0 Li metal Ti3P, TiAl, LisP, Li,O -1.56
2.16 Reduction onset P, LiTiPOs, AIPOy, Li3PO4 -0.03
431 Oxidation onset O,, LiTi(PO,)s, LisP,07, AIPO4 | -0.03
5 Charged at 5V 0,, TiP,07, Tis(PO4)4, AIPO4 -0.06

The equilibrium of the SE materials against Li or the applied potential revealed the
electrochemical stability of the SE materials 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,

11
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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 Li3;P, Li,S, and Li;5Ges, which were observed in the
experiments.'? Li;PS4 has similar electrochemical window and phase equilibria (Table 2). These
phase equilibria at 0 V correspond to the products of lithiation reaction with Li metal, which are
thermodynamic favorable with the reaction energies of -1.23 and -1.42 eV/atom for LGPS and
Li3PS,, respectively (Fig. 1b and Table 2). The reduction potential of 1.75 and 2.16 V for oxide
SE materials, LLTO and LATP, respectively, are 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 LisN, Li,0, and Li3P, which have been experimentally 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 decomposition reaction energy of
only -0.02 eV/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.’* 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 favorable 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
(0\Y experiments.12 The other sulfide SE Li;PS4 exhibits a similar oxidation potential at 2.31 V,
and a recent experimental study reported the oxidation potential at 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 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 O, gas
release (Table 2 and dashed line in Fig. 1a). The oxidation phase equilibria of LLZO at 5 V

include La,Zr,07, which has been observed as one of the decomposition products of LLZO in Li-

12
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deficient environment.”” 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 decomposition energy of -65 meV/atom at 5 V,
indicating better electrochemical stability than other SE materials at high voltages. Though the
oxidation of LiPON started at 1.07 V, the decomposition energy is limited to only a few tens of
meV/atom until voltages higher than 3.8 V and 2.8 V for LiPONj 14 and LiPON 46, respectively
(Fig. 1b). The oxidation reactions at high voltage involve N, or O, gas release (Table 2 and
Supporting Information) depending on the N and O content in the LiPON composition. Yu ef
al.® observed the formation of bubbles in the LiPON materials after applying high voltage in
experiments. In summary, our calculations found that the thermodynamically intrinsic
electrochemical window of most SE materials is significantly narrower than previously expected
and that the reduction and oxidation reactions of some SE materials are highly energetically

favorable at low or high potentials.

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

Er et T
- e P ] T T
ocoNdZIIZIvPoo 00
cCeTee 22 z z

Figure 2. The stable window of SE and LCO electrode with respect to the chemical potential of

(a) O, (b) S, and (c) Co.
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Table 3. Phase equilibria of the SE and LCO materials at different chemical potential of O and

S, respectively.

Open clement Corresponding environment Decomposition products AEgpen
u(eV) (eV/atom)
LGPS o =-0.73 O-poor limit of Ly;CO GeP,04, SO;, Li,SO, -3.68
o =-2.64 O-poor limit of LCO Li;POy, S, GeS,, Li,SO4 | -0.46
o= -3.66 Oxidation onset Li4GeSy, S, LisPOy -0.02
LisPS, o =-0.73 O-poor limit of Ly;CO LiPOs;, SO3, Li,SOy4 -3.73
o =-2.64 O-poor limit of LCO Li;POy4, S -0.51
o= -3.66 Oxidation onset Li;POy, S 0
LiPONy.14 | uo=-0.73 O-poor limit of LysCO LiNOs, Li3POy, Li4P,0- -0.09
Uo=-2.64 O-poor limit of LCO N,, Li3POy, Li4P,0- -0.02
Ho=-3.21 Oxidation onset Li,PO,N, Li3POy, LiN3 0
LiPONg46 | pto=-0.73 O-poor limit of Ly5CO LiNOs, Li3POy, Li4P,0- -0.36
Uo=-2.64 O-poor limit of LCO N,, Li3POy4, Li4P,0, -0.11
Ho=-3.21 Oxidation onset Li,PO,N, Li3POy, LiN3 0
LCO us=-0.59 S-poor limit of LGPS Co9Sg, L1,S0, -0.28
us=-2.06 Decomposition onset of LCO Co0, LisCo00y, Li,SO,4 0
LosCO us=-0.59 S-poor limit of LGPS Co09Sg, CoSOy, Li,SO4 -0.39
Us=-6.69 Decomposition onset of LysCO | Li,SO,, Co3;0,4, LiCoO, -0.03

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 chemical stability instead of the

electrochemical stability, although the same scheme is used to evaluate electrochemical stability

in section 3.1. The uo stability window of LCO and L, sCO 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 sCO (Fig. 2a). This overlapping of the uo

window suggests that a common value of uo could be achieved across the interface of SE and

LCO/Ly sCO materials where the equilibrium o is in the stable window for both materials.
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In contrast, the 4o windows of the sulfide SEs, LGPS and Li3PS,, have a significant gap
with those of LCO and L sCO (Fig. 2a). Therefore, no common value of o at the interface can
simultaneously satisfy the uo equilibrium criterion between sulfide SEs and LCO materials. The

equilibrium o would be beyond the stability window of one or both materials, which would
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decompose as a result. The us stability window of the sulfide SEs does not overlap with that of
LCO/LysCO either (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 uo of the LCO/LsCO tends to oxidize LGPS and LisPS, into
phases including Li;sPO4 and Li,SO4, and the high us of sulfide SEs tends to reduce LCO into
phases including cobalt sulfides (Fig. 2 and Table 3). The reactions between sulfide electrolytes
and LCO cathode material are highly thermodynamically favorable (Table 3), and the formation
of 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 the formation of cobalt sulfides interphase layer. Similar to
sulfides, LiPON also has a 1o window gap with LCO (Fig. 2a), but its decomposition energy is
significantly smaller than sulfide SEs (Table 3).

The pc, 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
Uco window of the SE or LCO materials. This result suggests that the incompatibility between
sulfide SE and LCO are mostly originated 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 likely due to the formation of decomposition interphases

such as cobalt sulfides.

3.3. Chemical stability of the SE-L.CO interfaces
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Figure 3. Calculated mutual reaction energy AEp muwai 0f SE-LCO (solid lines) and SE-LsCO
(dashed lines) interfaces. The mutual reaction energy of LLZO-LCO, LLTO-LCO, LLTO-
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LosCO, and LATP-LsCO have zero or near-zero values (minimum values provided in Table 4),

which overlap at AEp mutual = 0.

Table 4. The phase equilibria and decomposition energies of the SE-LCO and SE-L(sCO

interfaces.
Csg CElectrode | Xm Phase equilibria at xp, AED,min,mutual AED,min,total
(meV/atom) | (meV/atom)
LGPS LCO 0.42 COgSg, Lizs, LizSO4, Li3PO4, Li4G€O4 -340 -349
L0_5CO 0.40 COgSg, Lizs, LizSO4, Li3PO4, Li4G€O4 -499 -527
Li;PS, LCO 0.41 CooSs, Li,S, Li,SOy, Li3PO4 -405 -405
LysCO 0.39 | CooSs, Li,S, Li,SOy, LizPO4 -564 -584
LiPONO']4 LCO 0.93 CON, Li3PO4, Li6C004, N, -35 -35
L0_5CO 0.59 CO304, LCO, L1N03, L13PO4 -65 -65
LiPONy4 | LCO 0.81 | CoN, Li,0, Li;PO4 -99 -99
L0_5CO 0.62 COO, LCO, Li3PO4, N2 -154 -154
LLZO LCO 0.96 L8203, LiéZI'207, Li5COO4 -1 -8
L0_5CO 0.47 L8203, LaZZr207, Li7CO50|2, 02 -39 -60
LLTO LCO 0.64 CO304, LazTi207, LiQTiO3, L0‘5C0 -0.5 -44
LysCO - LLTO, LysCO (stable) 0 -
LATP LCO 0.32 | LysCO, Co;04, LisPO4, LiAlsOg, TiO, | -53 -63
LysCO - LATP, L5CO (stable) 0 -

The equilibria with respect to only one element evaluated in section 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 calculations found that the interfaces
between sulfide SEs and LCO/L sCO are not thermodynamically stable (Table 4), in consistency
with the results based on the equilibrium of O or S from section 3.2. The mutual reactions of
LGPS with LCO and Lo sCO have favorable decomposition energies AEp min mutual ©f -340 and -
499 meV/atom, respectively. Similarly, the decomposition energies of Li;PS4 with LCO and
LosCO are -405 and -564 meV/atom, respectively. The phase equilibria of both interfaces
include the formation of Co¢Sg, Li,SO4, and LisPO4. The formation of cobalt sulfides at the

interface between LCO and Li,S-P,S; electrolyte was reported in the experiments.® This reaction
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corresponds 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
interfaces.'* In addition, the mutual reaction energies for both LGPS and Li;PS, with Ly sCO are
lower than those with LCO, indicating larger thermodynamic driving force for the interfacial
decomposition reactions at the charged state of the battery.

The interfaces between LCO cathode and oxide SEs have significantly better chemical
stability with AED 1in mutual Of Zero to tens of meV/atom compared to the sulfide electrolytes
(Table 4). For example, the minimum reaction energy AEp minmutal Of garnet LLZO with LCO
and Ly sCO are only -1 and -39 meV/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 minmuwal Of only -1 and -53 meV/atom,
respectively. The interfacial decomposition 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 temperature may enhance the formation of the interphase
layers.‘” The main decomposition products of LLZO-LsCO interface include La;0O3, La,Zr,07,
O, (Table 4), which are similar to the delithiation products of garnet LLZO at high voltage
(Table 2). The decomposition of the LLZO-L sCO interface is mainly due to the delithiation of
the LLZO by L sCO. Our predicted phase equilibria at the LATP-LCO interface includes Co3O4,
which is also observed as a reaction product at LCO-LATP interface in an experimental study.*
The formation of Co3O4 and L, sCO corresponds to the Co valence increase from 3+ to 4+. The
increase of Co valence at oxide SE interfaces is opposite from that at the sulfide SE interfaces,
indicating the different nature of interfacial decompositions and the resulting properties between
oxide and sulfide SEs. In addition, the decomposition interphase layers including Li;:PO4 and
LiAlsOg can potentially passivate the interface and provide decent Li 1onic 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 low N content of 0.14, the mutual reaction energy AEp nin mutual ©f LIPON is
only -35 and -65 meV/atom against LCO and L sCO, respectively. At higher N content of 0.46,

the minimum mutual reaction energies with LCO and L sCO of -106 and -153 meV/atom,
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respectively, indicate more favorable decompositions. The LCO chemical compatibility of

LiPON is better than sulfide SEs but worse than oxide SEs. The formation of an interphase layer

and the change of chemical structures at the LIPON/LiCoQO; interfaces were observed by in sifu

XPS experiments.* The good compatibility of the LiPON with the LCO cathode material

observed in the experiments

including Li3PO4, which is a well-known coating material for cathode

45-48

decomposition product at the LiPON interfaces.

3.4. Electrochemical stability of the SE-L.CO interfaces

49-51

may be explained by the effect of the interphase layers,

and is the dominant

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

potential ¢.

Interface Applied Phase equilibria at x = xm(¢) AESE;’;’mutual AEDO,Fr)r(leinn,total
i)\(;‘;ential ¢ | under¢ (meV/atom) | (meV/atom)
Li;sPS4-LCO | 2.00-2.91 Co3S4, L12SOy4, Li3PO4 [-641, -596] [-737, -596]
2.91-2.99 | Co3S4, Li1,SO4, Li4P,0; [-596, -594] [-750, -737]
2.99-3.20 | Co3S4, Li1,SO4, LiCoPO4 [-607, -594] [-779, -730]
3.20-3.26 | Co3S4, L12SOy4, Co3(PO4), [-613, -608] [-785, -773]
3.26 - 5.00 | Co3S4, CoSOy4, Co3(POy4), [-737, -616] [-1273, -763]
LLZO-LCO |2.00-2.57 | La:Os, LigZr:07, LisCoOs (-2, -2] [-9, O]
257-2.81 | LaxOs, LigZr:07, LizCosO1 [-7, -2] [-13, -8]
281-3.50 | LaxOs, LaxZraO-, LiZCosOra [-33, -2] (72, -11]
3.50-3.99 | La;0s, LayZr,07, Oy, LisCO 0 [-137,-53]
3.99-5.00 | LaCoOs, La,Zr,07, O, [-5, 0] [-656, -284]
LiPONp.14- 2.00-2.12 | CoN, N,, Li;PO4 [-53, -53] [-55, -55]
LCO 2.12-2.70 | CoO, N,, Li3PO4 [-64, -53] [-70, -55]
270-3.01 | Cos04 No, LisPO; [-59, -53] [-84, -70]
3.01-3.89 | CosOs, LiNOs, LisPO, [-67, -35] [-139, -77]
3.80-4.16 | LiCoPOy, LiNOs;, Li3PO4 [-33, -11] [-190, -165]
416 -4.18 | LiCoPOy, LINO3, Li,P,0; [-9, -0 [-221, 221]
419-423 | CoPOs, LiNO3, LiP,0; -0, -8] [-221, -215]
423 -4.54 | CoPQy4, LINO3, O, [-53, -9] [-288, -169]
454-5.00 | CoPOs, Co(NO3)s, Os [-116,-56] | [-482, -294]
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Figure 4. The mutual reaction energy AE 0

(solid lines) and the total reaction energy

AEXP! (dashed lines) at the SE-LCO interfaces under applied potential ¢ ina 2V - 5V

D,min,total

range.

In this section, we evaluated the phase equilibria of the SE-LCO interfaces at the applied
potential ¢ on the basis of the equilibrium criterion 4 (section 2.6). These phase equilibria
correspond to the interphase evolution, such as lithiation or delithation, in response to the applied
potential, and the interfacial decomposition described by the reaction energies may become more
favorable at certain applied potentials. The interface between LCO and Li;PS4 was found to have
poor stability over the entire range of the applied voltage from 2 to 5 V. The interfacial mutual

reaction energy AE <. is in the range of [-737, -594] meV/atom for LPS from 2 to 5 V

D,min,mutual

(Fig. 4 and Table 5). The total decomposition energy AEq -+  of LGPS or Li3PS, reaches -

D,min,tota
1.25 eV/atom at 5 V (Fig. 4), suggesting highly favorable decompositions at high voltages.
Previous experimental studies also reported the formation of interphases of tens nanometers

including cobalt sulfides between LCO and Li,S-P,Ss SE after charging.® The growing

differences between AEgﬁfn’mutual and AESEE;;‘total at higher voltages (Fig. 4) are mainly due to

the increasing contribution from the delithiation of the SEs to the total decomposition energy

AECPen

D,min,total"
The oxide SEs-LCO interfaces generally have significantly better stability than the
sulfide SEs during the whole voltage range. For example, the LLZO-LCO interface has the
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minimum interfacial mutual reaction energy AE](;,I;:leinn,mutual of only -33 meV/atom (Table 5). At
high voltage above 4 V, the reaction products, La,Zr,0; and LaCoOs, are likely poor Li ionic
conductor materials. The predicted phase LaCoO3 was observed experimentally for the LLZO-
LCO interface after the heat treatment of over 1000 °C,’ 2 which causes Li loss similar to the
delithiation at high voltage. In addition, LaCoOs may be electronic 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. Similarly, the LCO interfaces with LLTO and LATP show

open

good stability with zero mutual reaction energy AEL" . .-

| at voltage higher than 3.34 V and

4.53 V, respectively (Fig. 4 and Supporting Information). The good electrochemical stability of
the interfaces between LLTO/LATP and LCO at high voltages may partly due to high oxidation
potential (anodic limit) of these SEs (section 3.1) and the good chemical stability between the SE
and LCO (section 3.2 and 3.3).

The mutual reaction energy of the LiPONj 14-LCO interface is comparable to oxide SEs,
though LiPONj 14 reacts favorably with LCO in the whole 2 V- 5 V range (Fig. 4 and Table 5).
The formation of LisPO4 interphase and the small decomposition 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 at above 4.23 V, respectively. The void formation at 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 potential, as the delithiation at high voltages provides additional
thermodynamic driving force for the interfacial decompositions. Among the SE-LCO interfaces
investigated, the interfaces of the SEs (such as oxides) that have good electrochemical window
and good chemical stability with the electrode in general show better stability during
electrochemical cycling. Therefore, the SE with a wide electrochemical window and the good
chemical stability with electrodes are desired to achieve intrinsic interface stability during
electrochemical cycling. For those SE (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.
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3.5. Enhanced stability provided by interfacial coating layer materials
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Figure 5. Electrochemical window (a) and the decomposition energy AESpen (b) of the proposed

and previously demonstrated coating layer materials applied between SE and cathode materials.

The dashed line in (a) marks the equilibrium voltage to fully delithiate the materials.

The application of coating layer materials for the interfaces of SEs and cathode materials
in ASLiBs has been demonstrated to decrease the interfacial resistance.”**® Using the same
computational method in section 3.1, we evaluated the electrochemical window of commonly
used coating layer materials, such as LisTi50; 2> 4,35 LiTaOs,’ % LiNbOs,”” *® Li,Si03,” and

Li;PO4 % The calculations indicate that these coating layer materials have a wide electrochemical
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window (Fig. 5a) from a reduction 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 stable at cathode interface during the electrochemical cycling. In
addition, the coating layer between the SE-cathode interfaces can achieve the equilibration of py;
(the equilibrium criteria 1 in section 2.6) with both the SEs and the cathode. Therefore, the
coating layer serves a critical role of passivating and stabilizing the interface by bridging the

significant gap of Li chemical potential exists between the sulfide SE and LCO."

Table 6. The mutual reaction energy AEp min mutual (In meV/atom) of the coating layer materials

with the SE or LCO materials.

Li;PS, | LLZO | LCO | LysCO
Li4TiO4 -125 0 0 -30
Li,TiOs -75 -5 0 0
Li4TisO12 -80 -75 -1 0
LigNb,O9 -147 0 0 -20
Li3NbO4 -132 -4 0 0
LiNbO3 -155 -76 0 0
LiNb3;Og -173 -115] -16 0
LigSi10¢ -177 0 -3 -50
Li4S104 -81 -1 0 -12
L1,S10; -19 -29 0 0
Li1,S1,05 -10 -69 -4 0
LisTaOs -117 0 0 -32
Li3TaO4 -64 -3 0 0
LiTaO; -49 -68 0 0
LiTa;04 -64 -105 | -22 0
Li;POy4 0 0 0 0
Li4P,05 -9 -101 -44 -3
LiPO; -32 -201 -76 -19

The coating layer material lying between the original SE-LCO interfaces forms two new
interfaces with the SE and LCO, respectively. By applying the same computational scheme as in

section 3.3, we investigated interfacial chemical compatibility of these two interfaces with the
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coating layer. The previously demonstrated coating layer materials, such as LisTi50,, LiTaOs3,
LiNbOs, Li,S103, and Li3PO4, have excellent chemical stability with the LCO and L sCO with
zero or negligible decomposition energy AEp min mutual (Table 6). In addition, all coating layer
materials show relatively better stability with the sulfide SE comparing to the original sulfide
SE-LCO interfaces, which have the interfacial reaction energy AEp min mutual Of ~ -500
meV/atom. As a result, the interface with the coating layer has significantly improved stability
and suppresses the formation of 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 reduced 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 higher Li content generally show lower reduction potential, and the
compounds with 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 i mutual (Table 6). All these coating layer materials significantly
improve the stability of sulfide SE-LCO interfaces. The chemical stability between LLZO-
coating layer interface varies significantly with the compositions of the coating layer materials.
It is interesting to note that the coating layers that are the most stable with sulfide SE may not
necessarily be the most stable ones with LLZO. For example, LiNbOs3, a demonstrated coating
layer for sulfide SEs, is not as stable as Li;NbO4 and LigNb,Oy 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,Og or
LisNbO,-like phases,™ which stabilize the LLZO-LCO interface and hence reduce the interfacial
resistance. Similarly, the other Li-rich coating layers, such as LisTi04, Li,Ti03, LigS10g¢, Li14S104,
LisTaOs, and Li3TaO4 may work better with LLZO than those previously demonstrated for
sulfide SEs, such as LisTi501,, LiTaOs3, and Li,S10s5..
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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 electrochemical 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 SE 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-electrode interfaces, which have
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 chemistry nature of sulfide and oxide SEs lead to very different interphase properties
for the SE-LCO cathode interfaces and hence require different interfacial engineering strategies.
Following the definitions by Wenzel ez al.,'® we distinguish three different types of interfaces
based on the interface stability and interphase properties.

Type 1 interface - Stable interfaces with no decomposition or interphase layers. Type 1
interfaces are either thermodynamically intrinsic stable or kinetically stabilized during the
cycling voltage range. Type 1 interfaces do not have interphase layer between the SE and
electrode, and is expected to have decent interfacial ionic conductivity, because both the SE and
the electrode are good Li ionic conductors. However, our thermodynamic analyses demonstrated
that few SE materials have thermodynamically intrinsic stabilities against Li metal anode or
high-voltage cathodes, or during the entire range of cycling voltages. Among five classes of SE
materials investigated, LLTO and LATP have 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 other types during sintering or electrochemical
cycling due to the limited thermodynamic stability. Type 1 interface requires the SEs with wide
electrochemical window and good chemical compatibility with the electrode materials. Since the

electrochemical window of the SEs and the chemical compatibility of the SE-electrode interfaces
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are limited, it is unrealistic to have a SE with both Type 1 interfaces with Li metal anode and
high-voltage cathode.

Type 2 interface - Interfaces formed with interphase layers that are mixed ionic and
electronic conductors (MIEC). The formation of the interphase layer between the SE and the
electrode is expected for most Li-SE and SE-LCO interfaces as suggested by the interfacial
thermodynamics results 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 MIEC, the simultaneous transport of Li ions and
electrons would enable continued decomposition reactions, which 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 in these materials 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 stable solid-electrolyte interphase (SEI). In
contrast to Type 2 interfaces, the interphase layers in Type 3 interfaces are electronic insulating
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, LisN, and LisP are electronic insulating.9’ 14

In addition, the interphase decomposition layer,
including fast Li-ion conducting LisN and LisP,* * is likely to yield low interfacial 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 interfaces which have spontaneously formed
SEIs with excellent ionic conductivity. For those Type 3 interfaces with poor Li-ion conducting
SElIs, 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.
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We summarize the categorization of different combination of SE 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
thermodynamic driving force for Li metal to reduce the SE. The Li-LLZO interface may be Type
1 as a result of kinetically stabilization and small thermodynamic driving force for Li reduction.
The high temperature treatment may facilitate the Li reduction of LLZO and formation of the
interphase.® The Li-LiPON and Li-LisPS, 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 electronic conducting interphase layers at 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 materials design to
simultaneously improve stability and Li ionic conductivity. LiPON is a successful case of using
oxynitride to achieve good stability and Li ionic conductivity. Similar successes have been
demonstrated in the doping of Li;PS4 with halides, such as LiCl and Lil.*> ® Similarly, we
expect some oxysulfide compounds as promising SEs.

The interfaces between the SE and cathode, such as LCO, may be more complicated, due
to a large number of elements involved and a wide range of Li chemical potential at the charged
and discharge 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 Co9Sg or Co3S4, 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 at the direct adjacent of SE
is of 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 (Supplementary Information) and the EDX experiments.** >’

Therefore, the sulfide SE-cathode interface is not strictly Type 2 (as in Li-LLTO) but rather a
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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 as a result of cyclic lithiation and delithation'?, which lead to repetitive volume change
and the failure of the mechanical contact at the interface. Such special interface properties 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 thin thickness and improved 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-LsCO and LATP-LsCO 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 interphases formed at oxides SE-cathode interfaces are mostly electronic
insulating. 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
interphase, such as La,Zr,07, of LLZO-LCO interface are likely poor Li ion conductor. 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 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 categorization of

different types of interfaces is critical to understand the problems at the interfaces and to apply
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corresponding interfacial engineering, which is the key to achieve desired interfacial properties
and to improve electrochemical performance in 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 is 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
interfaces. In addition to the equilibrium of neutral elements, all charged carriers such as Li" and
¢ 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 the space-charge layers and
electrostatic polarizations at the interfaces. Our scheme is based on the equilibrium conditions
that are independent from the interfacial electrostatic polarization, and can be evaluated using 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 materials features may also change the electronic conductivity of the interphase
and the corresponding interface types. Nevertheless, the computation scheme demonstrated in
this study is a good proxy of interface stability and provides valuable thermodynamic
information on the basis of bulk phase thermodynamics about the chemical and electrochemical
stability of interfaces, and achieved good agreement with experiments. This computation 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 computation
scheme are available and accessible from the computation 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 situation is more likely to encounter during the evaluation of previously less studied
compositional space or high-dimensional phase diagrams, where some multi-component phases

may have not been identified. In this study, we added in some known phases, such as Li;PS4 and
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Li,PO;N, into the relevant compositional spaces. In addition, our computation 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 limited electrochemical window, and many SE-electrode interfaces have limited
chemical and electrochemical stability. The computation results suggest thermodynamically
favorable, ubiquitous formation of the interphase layer at SE-electrode interfaces. Different types
of interfaces form interphase 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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