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ABSTRACT: Enabling long cyclability of high-voltage
oxide cathodes is a persistent challenge for all-solid-
state batteries, largely because of their poor
interfacial stabilities against sulfide solid electrolytes.
While protective oxide coating layers such as LiNbO;
(LNO) have been proposed, its precise working
mechanisms are still not fully understood. Existing
literature attributes reductions in interfacial
impedance growth to the coating’s ability to prevent
interfacial reactions. However, its true nature is more
complex, with cathode interfacial reactions and
electrolyte electrochemical decomposition occurring
simultaneously, making it difficult to decouple each
effect. Herein, we utilized various advanced
characterization tools and first-principles calculations
to probe the interfacial phenomenon between solid
electrolyte LigPSsCl (LPSCI) and high-voltage cathode
LiNios5C00.1Al005s02 (NCA). We segregated the effects
of spontaneous reaction between LPSCI and

NCA at the interface and quantified the intrinsic electrochemical decomposition of LPSCI during
cell cycling. Both experimental and computational results demonstrated improved
thermodynamic stability between NCA and LPSCI after incorporation of the LNO coating.
Additionally, we revealed the in situ passivation effect of LPSCI electrochemical decomposition.
When combined, both these phenomena occurring at the first charge cycle result in a stabilized
interface, enabling long cyclability of all-solid-state batteries.

KEYWORDS: solid electrolyte, interface, interfacial engineering, LisPSsCl (LPSCI), LiNios5C00.1Al00s02 (NCA),
?olid-sSate battery, Density functional theory (DFT) calculations, ab initio molecular dynamics
AIMD,

NCA

lithium anode.! While various oxide and sulfide
solid-state electrolytes (SSEs) with high Li*

. INTRODUCTION

All-solid-state batteries (ASSBs) have attracted
much attention

in recent years, owing to their many
advantages over liquid counterparts. These
include enhanced safety, absence of
electrolyte leakage, and improved energy
densities from enabling the use of metallic

conductivities have been reported over the
years,’ sulfide- based superionic conductors are
considered more practical as they have higher
ionic conductivities, facile room-temperature
synthesis, and favorable mechanical properties
that allow intimate contact with electrodes.**
However, the electro- chemical performance of
these sulfide superionic conductors are still not



comparable with the conventional liquid
electrolytes, mainly as a result of severe
interfacial problems

between electrodes and sulfide SSEs.>™’
Moreover, the narrow electrochemical
stability windows of sulfide SSEs induce

decomposition during charging, forming a
highly resistive solid electrolyte interphase
(SEl).”=° Although such phenom- ena have been
commonly reported in the literature using
routine  electrochemical tools,'°™** these
methods alone

cannot provide detailed spatial and chemical
information at the interface as well as the
identity of its products. As such the coupled
effects of interfacial reactions,
electrochemical decomposition and its
resulting interface passivation are still not fully
investigated. Understanding the consequences
of the decomposition process and its
progression over extended cycling is essential
toward designing stable interfaces to enable
practical ASSBs.
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Figure 1. Schematic of interfacial study in this work. The chemical reactions at NCA|LPSCI interface and
electrochemical decomposition of LPSCI were segregated and their reaction products explored with both
experimental tools and computation. The oLPSCI refers to the oxidized LPSCI.
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Figure 2. Comparisons between bare and LNO-coated NCA. (a) Voltage profile of the first cycle and (b)
overpotential curves after the first charge cycle, inset compares their corresponding impedance growths. (c)
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To understand these effects, the various
reactions are first decoupled by controlling the
electrochemical state of each material
according to the schematic illustrated in Figure
1. First-principles calculations are used to
identify thermodynami- cally favored
decomposition products along with atomic-
scale visualization of interfacial reactions,
followed by experimental tools such as X-ray
diffraction (XRD), X-ray absorption
spectroscopy  (XAS), cryogenic electron
microscopy, X-ray photoelectron spectroscopy
(XPS), and Raman to determine their presence
and spatial distributions. The results show that
LiNio.g5C00.1Alp.05s02 (NCA) is intrinsically unstable
with LisPSsCl (LPSCI), and this instability is
further aggravated at the higher charge states.
We demonstrate that such unwanted reactions

can be avoided by using a 5 nm thick LiNbO;
(LNO) coating at the cathode. We also show that
electro- chemical oxidation of LPSCI occurs at
the first charge, forming a stable self-
passivating layer that enables long cyclability of
the ASSB.



. RESULTS AND DISCUSSION

Electrochemical Performance of Li—In|

LPSCI|NCA
Cell. LPSCI was synthesized via mechanical
ball milling,
achieving pure phase as determined by XRD
(Figure Sla) and high ionic conductivity of
1.03 mS cm™ (Figure S1b) as measured by
electrochemical impedance  spectroscopy
(EIS). The ASSBs were fabricated with a
NCA—-LPSCI-C cathode composite in the
weight ratio of 11:16:1, respectively. LPSCI
was used as the electrolyte, and LigsIn (0.62 V
vs Li/Li*) alloy was used as the anode. The
assembled cell was cycled at room
temperature at a rate of 0.1 C. Figure 2a
depicts the voltage profiles of the ASSBs with
and without LNO coating on the cathode. The

cell using funcoatedhbar? N(kI]AI\ deAiversIIa low

capacity of 71_mA ~1, while the cell usin

LN%—cogted NCA deIivgers a h?gh capacity o%
147 mA h g~! and a low

polarization, close to that of a conventional
liquid cell (Figures S2 and S3). The LNO-coated
NCA shows a much better rate performance
than the uncoated one (Figure S4). The
low
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Figure 3. Chemical reaction characterization between LPSCI and NCA. (a) Potential curve of NCA charged to 4.3
Vin a liquid cell. Similar profiles are seen for LNO—NCA. (b) Schematic of sample mixture preparation used for
(c) XRD and (d) Raman spectra of each mixture at different states of charge.

capacity and high polarization of bare NCA was
likely caused by parasitic reactions at the
electrode/electrolyte interface, which increases
the interfacial resistance (Figure 2b) and
reduces the reaction kinetics (Figure S5). The
presence of 2 wt

% LNO on the surface of NCA helps to mitigate
this interfacial resistance growth, evident from
dramatic reductions of the low-frequency
semicircle in Figure 2b. The coating was
characterized by transmission  electron
microscopy (TEM) and XPS. The TEM mapping
(Figure 2c) and high-resolution TEM images
(Figure S6) show a conformal amorphous LNO
coating layer on the NCA cathode and its
average thickness was determined to be 5 nm.
Strong signals from Nb was found in the XPS
spectra (Figure 2d), with the peak position of
3ds, at 207.55 eV, indicative of its +5
oxidation. The cell performance and impedance
measurements validated the effectiveness of
LNO coating to improve the electrochemical
performance of high-voltage NCA cathode.
However, to investigate the fundamental
reasons for these improvements, the chemical
and electrochemical reaction components at
the interface were separated, and their
reaction products probed with both bulk and
surface-sensitive characterization tools.
Additionally, computational calculations were
used to support these findings, which will be
discussed in later sections.

Chemical Reactions between LPSCI and NCA.
The spontaneous chemical reactions between
NCA and LPSCl were examined by physically
mixing LPSCI with bare NCA or
LNO—NCA (Figure 3b) at both the pristine
(Figure S7) and

charged state respectively
Charged NCA was

harvested from a cell using liquid electrolyte
charged to 4.3 V (Figure 3a). From XRD analysis
of pristine NCA and LPSCI, new diffraction peaks
were observed (Figure S8) upon mixing of both
powders. The presence of these peaks is
indicative of new phases formed from chemical
reactions between the electrode and electrolyte.
Such a chemical reaction becomes more severe
when the charged NCA was used (to 4.3 V vs Li/

(Figure 3).



Li*), with intense peaks from new phases
forming as seen in Figure 3c. This is expected
as the charged NCA is more reactive than
pristine NCA due to its higher oxidation state.
These new peaks can be assigned to LiCl,
NisS4, and LisPO, along with the formation of
additional other unknown phases (Figures 3c
and S9). By contrast, no new peaks were
found in
the XRD pattern of the LNO—-NCA/LPSCI
mixture,
indicating that the LNO coating can suppress
the chemical
reactions that occur between bare NCA and
LPSCI. To corroborate these observations, XPS
was conducted to confirm the three major
interfacial products formed at the interface.
Binding energies measured in the Ni 2psz
region of bare NCA showed a red shift from
857.3 to 853.7 eV (Figure S7a) after mixing
with LPSCI, suggesting the reduction of Ni to
form NisS, or NiS,.** Additionally, both S and P
regions show partial oxidation, reflected as
new peaks at higher binding energies (Figure
S7). The new peak in the S 2p region
corresponds  to NisS, or NiS; and
phosphorus polysulfide
(P;Sy), whereas those in the P 2p region
originate from the P,S, and formed P-O
bonds.’*'* These observations agree with
computational phase equilibria  at the
NCA/LPSCI
interface, which will be discussed later.
Formation of such compounds results in the
formation of a highly resistive interfacial layer
that impedes Li* transport. However, these
can be avoided when the LNO coating is used.
From the XRD patterns, none of the

previously mentioned byproducts are

found _in the mixtures of charged LNO—NCA
and LPSCI (Figure 3c). This demonstrates the
coating’s ability to prevent

parasitic reactions between the cathode and
electrolyte at both the pristine and charged
states.

Raman spectroscopy was also performed to
examine the short-range structural changes
at the cathode/electrolyte
interface. As shown in Figure 3d, LPSCI
exhibits t;; symmetric stretching mode (PS 37)
centered at 425 cm™ while NCA shows
vibrational modes at wavenumbers 470, 550,
and 1100
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cm™! which relate to vibrational modes
between transition metals and oxygen.'” When
LPSCI was mixed with either pristine or charged
NCA, no visible new peaks are seen. Low
concentrations of interfacial products buried
under unreacted

NCA and LPSCI likely drowned the signals from
the interfacial products. To enhance signals
from these products, excess LPSCl in the
mixture was washed away with ethanol,
revealing

two new peaks at 284 and 940 cm™, alttrlbuted

to NisS, and LisPO,, respectively.t These
findings are consistent with the

XRD results. However, these were once again
not observed in the charged LNO—NCA/LPSCI
mixture, further confirming the effectiveness
of the LNO coating to prevent electrode/

electrolyte interfacial reactions.

First-Principles Calculations. Figure 4a shows
the density functional theory (DFT)-computed
reaction diagrams between NCA and LPSCI and
LNO and LPSCI at various mixing compositions.
The highly exothermic (negative) reaction
energies for NCA and LPSCI means that NCA
and LPSCI are chemically unstable with each
other. Upon contact, among the major products
formed include LiCl, LisPO4, and NisS,/

NiS,, especially closer to the LPSCI (reactions
1-3 labeled in

Figure 4a and Table S1). These predictions
agree with our

characterization study (using XRD, XPS,
Raman, and TEM) discussed in the previous

section. While additional products such as Li,S
and Li.SO, are expected, they could not be
detected experimentally, possibly due to further
exchange reactions with LPSCI to form LisPO, or
LiCl. Conversely, the LNO coating is predicted to
have an order of magnitude less exothermic
reaction energy with LPSCI (Figures 4a and
S10,

Tables S1-S3) leading to greater improvements
in interfacial

stability and reduced
undesirable products.

formation of the



Using a 50% state of charge provides a
realistic visualization of interfacial phenomena
during the bulk of cell cycling duration
compared to a pristine or fully charged state.
The explicit model of the half-charged
interface is shown in Figure 4c. Details of the
construction of this interface model can be
found in the “Interface Construction” section
in the Supporting Information. The dynamic
changes at 50% state of charge were
simulated through ab initio molecular
dynamics (AIMD) at 300 K, and the variation of
the structure was tracked wusing radial
distribution function g(r) (RDF), which is
similar to previous work by the author.?
The lower part in
Figure 4b shows the evolution of P—O pair
during the first 50
Ps at the half-charged NCA/LPSCI interface;
he upper part plots P—O RDF_of the known
crystalline compounds in Li— Co—Ni—P-S—Cl
chemical system extracted from Materials
Project (MP) database?’??> and the interface
model before
simulation is also provided as a reference
structure labeled as “before MD”. At the very
beginning of the simulation, no P—-O bonds
can be found matching those in [PO,]*~
tetrahedra (~1.5 A) and its initial formation is
at ~2 ps. This oxidation process of PS, is
consistent with the thermodynamic prediction
of forming LisPO, at equilibrium_as well as
experimental characterizations. RDF evolution
of other pairs (Ni—S, Co-S, Li—Cl & S=S) can
be found in Figure S12.

As a summary, Figure 4c shows all of the new

bonds found
after AIMD simulation as well as the model
before AIMD. In addition to the formation of
characteristic P-0O bonds  discussed

reviously, M=S (M = Co, Ni) and Li—CI bonds
ormed within the first 2 ps (Figure S12),
which is also

consistent with both the thermodynamically
predicted reaction products and experimental
observations of LisPO,, M,S, (M = Co, Ni),
and LiCl formation at interface after
reaction.
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Elemental S was also found and it might come
fromm LPSCI electrochemical decomposition,
which agrees with the electro- chemical
product found experimentally and will be
discussed in a later section. From our best
understanding, this is reported for the first time

that AIMD can simulate electrochemical
reaction.
New Interfacial Product oLPSCI.

Although DFT
calculations are a powerful tool to identify
potential reaction products from material
databases, unknown materials may still be
present at the interface. This was found in the
case of NCA/ LPSCI, where a slight blue shift

of the LPSCI Raman peak
(PS 37) was detected when it is mixed with bare
NCA at both



pristine and charged states (Figure 5a). Such a
shift was previously reported in the structure
of the Li,0GeP,S:, after partial substitution of
sulfur with oxygen.??> Note that in AIMD
simulation, the partially oxidized PS,
tetrahedra might be a feature of oLPSCI. Thus,
we hypothesized that the peak shift

arises as a consequence of PS,>” polyhedra in
LPSClI’s reaction

with oxygen within NCA (Figure 5b). To verify
this, pristine LPSCI was oxidized via exposure
to dry oxygen, and the resultant sample
denoted as oLPSCI (Figure S13). Subsequent
Raman analysis revealed similar peak shifts
between those found in the
electrode/electrolyte mixture, and that of
OoLPSCI| (Figure 5a). Further examination of
oLPSCI with XRD showed
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that the majority of its peaks matched the
charged bare NCA/ LPSCI mixture, along with
the products NisS,, LiCl, and LisPO,4 (Figure 5b).
Therefore, both Raman and XRD suggest that
oxygen within NCA does participate in chemical
reactions

with  LPSCI to form oLPSCl. The ionic
conductivity of oLPSC| was also measured and
found to be 107°S/cm, 3 orders lower than that

of LPSCI (Figure 5d). This newly formed
highly
insulate product  contributes  additional

interfacial impedance on top of the existing
phases identified (oLPSCI, NisSs, LiCl, and
LisPO4). However, the use of LNO coating was
able to prevent the above reaction; where no

blue shift was detected
when LPSC| was mixed with LNO—NCA. The
further interfacial reaction was confirmed

with cryo-STEM where

without LNO coating, part of Ni, Co, P, S, and CI
is prone to aggregate on the surface of the NCA
particle (Figure S14).

Although LNO coating was shown to eliminate
chemical reactions between NCA and LPSCI, the
solid-state cell still shows higher polarization
and lower Coulombic efficiency when compared
to its liquid-based counterpart (Figure 6a).
Moreover, the initial charge plateau starts at 3.3
V compared to



3.6 V in the liquid-based cell. These are
features of LPSCI electrochemical
decomposition at the onset of charging due to
its narrow electrochemical stability window. To
quantify the redox activity of LPSCI, a cell
comprising of only LPSClI and conductive
carbon (70:30 wt %) at the cathode was used.
Upon charging to 4.3 V, LPSCl was oxidized
and found to

deliver a large capacity of ~250 mA h g!
(Figure 6b),

corres_ponding to 50% of its theoretical
capacity (499 mA h g'). The onset of this
charge plateau is similar to that seen in the
above  ASSBs, confirming  the initial
electrolyte decom-

position in a typical cell. However, it is
observed that LPSCI oxidation only occurs in
the first charge cycle. No reversible capacity
was found when the cell is discharged to 2.3
V. As such, it can be inferred that the
decomposed species formed during the first
charge terminates any subsequent electro-
chemical decomposition of LPSCl (Figure
S11). This demonstrates the self-passivating
nature of LPSCI. XRD and in situ XAS was
performed to determine the decomposed
products of LPSCl (Figure 6c¢,d). The XRD
pattern shows that S and LiClI are formed
while some unreacted LPSCI remains.



In the S K-edge X-ray absorption near-edge
spectra, the pre- edge shift to higher energies
and enhancement of the elemental S peak at
247(2J eV,? suggests the continuous oxidation
of S*-

in LPSCI to elemental S during charging.

The self-passivating nature of LPSClI was
further explored with XPS. As shown in Figure
7a,b, new peaks are found in both the S 2p and
P 2p regions after the 1lst charge. These are
assigned to Li,Sx and P,S, species from the
oxidative decomposition of LPSCL?> As
expected, intensities of these peaks do not
change significantly after the 3rd and 50th
cycles, indicating that Ilittle additional
decomposition occurs after the 1st charge. As a
result, the initial charge plateau previous
observed between 2.3 and 3.6 V at the 1st
cycle vanishes at the 2nd cycle (Figure 7c).
This self-terminative electrolyte decomposition
was subsequently found to enable excellent
cycling stability of the ASSB, with a capacity
retention of (93%) at 100 cycles (Figure 7d).

. DISCUSSION

The electrochemical performance of ASSBs is
mainly governed

by the properties of the interface between the
electrode and electrolyte. Solid electrolytes
with higher ionic conductivities but lower
interface stability will ultimately yield low
Coulombic efficiencies and poor cyclic
performance, making it an unfavorable tradeoff
when electrolyte  material factors are
considered. Constructing a stable interface
with a low charge- transfer resistance is
essential for long-term operation of any sulfide-
based ASSB. As such, protective coating
materials such as LNO used in this study are
vital to prevent undesirable side reactions at
the interface. Building, upon this fact, the
properties of other potential coating materials
were screened by the DFT calculations to offer
alternative options in the interfacial design
(Figure 8). Factors considered include reaction
energies with NCA (EN“*) and with LPSCI SE (E°F
) in eV/atom, volume change after reacting
with NCA (AVN“Y) and SE (AVF), diffusion
channel radius (R.) in A as an indicator of ionic
diffusivity, band gap (Ey) in eV, and energy
above hull (Ena) in eV/atom.?®?” Evaluations of
Exn, AV, R, and Emu are illustrated in
Computational Methods section in the
Supporting Information; E4 values were directly
extracted from MP database. A good coating
candidate should be chemically and
electrochemically stable with both cathode
(e.g., NCA) and electrolyte (e.g., LPSCI) and
possess the ability to conduct Li*. Based on
these criteria, LisTisO12, LiIAIO,, LixSiOs, and
Li,La,Tis010 were determined to be promising
alternatives with high oxidative stability and

negligible (electro)chemical reactions with
high-voltage cathodes and sulfide electrolytes.
Poor coating materials include Li,PNO, and
Li;LasZr.0:, which both exhibit limited oxidative
stabilities at 2.9 V.

While protective coating layers prevent
reactions between the cathode and electrolyte,
they cannot prevent intrinsic electrochemical
decomposition of the electrolyte itself. Because
of the narrow electrochemical stability windows
of sulfides, such decompositions are inevitable.
Despite the formation of insulative SEI
components such as LiCl, S, and P,S,, it forms a
stable passivation layer that prevents further
decomposition of the electrolyte. This
effectively widens the operating potential of
LPSCI and allows for extended cyclability of the
ASSB.?®



. CONCLUSIONS

This work sheds light on the underlying causes

of interfacial

instability  between NCA and LPSCI.
Contributions from both chemical reactions
between NCA and LPSCI and the
electrochemical decomposition of LPSCI were
separated and characterized, respectively.
XRD, XAS, XPS, Raman, and cryo- TEM were
used to identify the interfacial products of
NisS4, LiCl, LisPOs, and oLPSClI from the
spontaneous chemical reaction between NCA
and LPSCI. These findings were also supported
by DFT calculations and AIMD simulations.
Subsequently, the effectiveness of a coating
material LNO to prevent these chemical
reactions was demonstrated. The
electrochemical decomposition of LPSCI was
studied and determined to only occur in the
first cycle. Its decomposition products were
found to form a self-passivating interface,
allowing excellent long-term cycling stability
of the ASSBs. These findings elucidate the
reaction mechanism at both the NCA/LPSCI
interface and LPSCI decomposition, which has
not been fully understood till date. The
knowledge gained here highlights the
importance of protective coating layers and
the passivating nature of sulfide solid
electrolytes and can be extended to new
coating material selection philosophy for other
high-voltage cathodes used in sulfide-based
ASSBs.
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