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Glassy/Ceramic Li,TiO;/Li,B,O, Analogous “Solid
Electrolyte Interphase” to Boost 4.5 V LiCoO, in

Sulfide-Based All-Solid-State Batteries

Li Feng, Zu-Wei Yin, Chuan-Wei Wang, Zeheng Li,* Shao-Jian Zhang, Peng-Fang Zhang,

Ya-Ping Deng, Feng Pan, Bingkai Zhang, and Zhan Lin*

Sulfide-based all-solid-state lithium-ion batteries (ASSLIBs) are the widely
recognized approach toward high safety owing to excellent ionic conduc-
tivity and nonflammable nature of solid-state electrolytes (SSEs). However,
narrow potential window of SSEs brings about serious interfacial parasitic
reactions, resulting in fast degradation of the battery. Herein, a glassy/
ceramic analogous solid electrolyte interface (SEI) is constructed on LiCoO,
(LCO) to enhance interfacial stability between LCO and the Li;¢GeP,S;,
(LGPS) SSEs. In which, ceramic Li,TiO; guarantees good mechanical
toughness of analogous SEI, while glassy LixByOz reinforces the coverage
to avoid parasitic reactions. Analogous SEI endows ASSLIBs with excellent
cycling and rate performance under an upper charge voltage of 4.3 V with
82.3% capacity retention after 300 cycles at 0.2 C. When pushing charge
voltage to 4.5 V, analogous SEI also enables desirable performance with

an initial capacity of 172.7 mAh g and long lifespan of 200 cycles at 0.2 C.
Both experiments and theoretical computation reveal excellent stability
between analogous SEI and LGPS, which endows ASSLIBs with small
polarization and improved performance. This work provides an insight on
glassy/ceramic analogous SEI strategy to boost the interfacial stability of

1. Introduction

Rechargeable lithium-ion batteries (LIBs)
have experienced rapid development in
the last few decades owing to the over-
whelming energy/power density.!!. How-
ever, safety issues caused by flammable
liquid organic electrolytes seriously hinder
their further applications in traditional
LIBs.2l  All-solid-state lithium-ion bat-
teries (ASSLIBs) are regarded as the most
promising option to address safety hazard
owing to the nonflaimmable nature of
SSEs.Bl LiCo0,, a promising oxide cathode
in traditional LIBs for portable electronic
devices, exhibits a high theoretical spe-
cific capacity of >200 mAh g™! under high
upper charge potential (up to 4.5 V vs
Li/Li*)." Applying LCO as cathode mate-
rial in ASSLIBs can take both high energy
density and good safety into account.
In which, sulfide-based SSEs, e.g., LGPS,

ASSLIBs.

could be one of the most desirable choice
owing to its ultra-high ionic conductivity
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comparable to traditional liquid electrolyte (10-*~1072 S cm™).[26]

However, narrow oxidation limitation of LGPS (1.7-2.1 V vs Li/
Li*) gives rise to severe parasitic reactions between LCO and
LGPS, which increases interfacial resistance and fastens battery
degradation.”! LCO could enable overwhelming high energy
density when extending the upper charge voltage to 4.5 V (vs
Li/Li*), but it would exacerbate the interfacial stability in turn.®l
Therefore, overcoming interfacial stability under high voltage is
a great challenge for the construction of high-energy ASSLIBs.

Encapsulating chemical/electrochemical inert interface
coating layers on LCO is prevailing and efficient method toward
stable ASSLIBs. Various interfacial coating layers, including
LiNDO;,1” LiAlO,," Li,0-Zr0,,M Li,CoTi;0g,™ etc., were pro-
posed to address the above-mentioned issues to improve the
cycling stability of ASSLIBs. However, current ASSLIBs still
suffer from poor capacity delivery, limited cycling life and dissat-
isfactory rate capability, especially the cycling stability and rate
capability of ASSLIBs under higher cut-off charge voltage are still
insufficient. To enhance the cycling performance of ASSLIBs
under high voltage, interfacial coating layer with high ionic con-
ductivity, low electrical conductivity and excellent high-voltage
tolerance is of necessity for the construction of stable cathode/
SSEs interface.””8! In liquid LIBs, solid electrolyte interface
(SEI film) plays a decisive role on stabilizing electrode/electro-
lyte interface by blocking the consecutive electrolyte decomposi-
tion.2l SEI film in LIBs was widely recognized as a mosaic-type
structure, which is mainly constituted by various crystal and
amorphous components,3] where the crystal components guar-
antee the mechanical toughness of SEI and the amorphous
components ensure compact SEI structure.'?# These insights
on the SEI film present valuable reference on heterogeneous
coating layer to overcome interfacial issues between LCO and
LGPS in ASSLIBs. Equally important, good lattice matching
between LCO and the coating layer can strengthen the affinity,
which further contributes to mechanical stability.

Herein, we propose a glassy/ceramic hybrid coating layer on
LCO to mimic the traditional SEI structure, which can balance
the suppression of interfacial parasitic reactions and the promo-
tion of ionic diffusion at the interface. In which, ceramic lith-
ium-titanium-oxides (Li-Ti-O) exhibits high ionic conductivity
and robust crystal structure. Besides, good affinity between LCO
and Li-Ti-O well accommodates the internal volume variation of
LCO during repeated de-lithiation/lithiation processes. Mean-
while, glassy Li,B,O, ionic conductor applied as the amorphous
component is melted and diffused into the gap of ceramic
Li-Ti-O coating layer during thermal calcination, which enables
a compact coating layer. Thus, a glassy/ceramic Li,TiO;/Li,B,0,
analogous “SEI” is successfully encapsulated onto the LCO
surface, which is confirmed by high-resolution transmission
electron microscope (HRTEM) and X-ray adsorption spectros-
copy (XAS). Boundary-free interface between LCO and glassy/
ceramic coating layer emphasizes good affinity, which well pro-
tects the crystal stability of LCO during cycling. This is strongly
evidenced by X-ray photoelectron spectroscopy (XPS) and scan-
ning electron microscope (SEM) results of cycled LCO. Glassy
Li,B,O, in coating layer could balance the interfacial lithium
distribution owing to the supply of adequate lithium. For com-
parison, ceramic Li-Ti-O coating layer without glassy compo-
nent is also prepared on the LCO surface. Experimental and
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computational evidence confirm that Li Ti;O;, generates on the
LCO surface when lacking glassy Li,B,O,, which would deprive
active Li on the LCO surface and lead to the formation of Co;0,
boundary layer. Poor ionic conductivity of Co;0, negatively
affects the cycling stability and rate performance of ASSLIBs.
Theoretical calculations reveal significant stabilization between
glassy/ceramic analogous “SEI” with LGPS SSEs, which is also
confirmed by XPS with negligible interfacial reactions between
LCO and LGPS. The ASSLIBs (as-modified LCO/LGPS/Li-In)
with glassy/ceramic analogous “SEI” deliver an excellent
cycling stability with an initial specific capacity of 153 mAh g™
at 0.2 C, and a retentive rate of 82.3% after 300 cycles at the
cutoff potential of 4.3 V (vs Li/Li*). The glassy/ceramic analo-
gous “SEI” also delivers an outstanding cycling performance
with 80.3% capacity retention for 400 cycles at 0.5 C, and 78.0%
capacity retention for 300 cycles at 1 C. At higher upper charge
potential of 4.5 V (vs Li/Li*), the LCO with glassy/ceramic anal-
ogous “SEI” releases high specific capacity of 172.7 mAh g! at
0.2 C, and lead to cycling stability up to 200 cycles with 78.8%
capacity retention. This work proposes a glassy/ceramic com-
posite analogous “SEI” to endow high-performance ASSLIBs
under high upper charge potential, which provides a new anal-
ogous “SEI” design principle for stable cathode/SSEs interface
construction.

2. Results and Discussion

2.1. Glassy/Ceramic Analogous “SEI” Construction Strategy

Inspired by the SEI film in LIBs, glassy/ceramic analogous
“SEI” was fabricated onto the LCO surface to address the inter-
face issues between LCO and LGPS. Li-Ti-O (e.g., LijTisOyy,
Li,TiO;, etc.) present superior ionic conductivity and high-
voltage tolerance, which can be suitable interface coating layer
materials.® Glassy Li;BO; can be melted and diffuse into the
gap of TiO, nanoparticles at high temperature. As shown in
Figure 1, during thermal post-treatment, TiO, transforms into
ceramic Li-Ti-O, while melted glassy LiB,O, diffuses into
Li-Ti—O ceramic coating to generate compact and robust glassy/
ceramic analogous “SEI” on the LCO surface. As-fabricated
glassy/ceramic analogous “SEI” can enable fast ionic diffusion
owing to desirable ionic conductivity of both ceramic Li-Ti-O
and glassy Li,B,O,. Besides, compact coating layer also guaran-
tees excellent ability on suppressing parasitic reactions, which
improve the cycling stability and rate capability of ASSLIBs.

2.2. Composition and Structure Identification of
Glassy/Ceramic Analogous “SEI”

Commercial monocrystalline LCO (bare LCO) displays a spher-
ical morphology with a diameter of =5 um (Figure 2a). High-
resolution SEM image of bare LCO shows a clean and smooth
surface (the inset in Figure 2a). Solid-state mixing method
enables uniform TiO, nanoparticles to encapsulate LCO with
porous surface (donated as TiO,-LCO) (Figure S1, Supporting
Information). The following thermal post-treatment leads to
the generation of Ti-based ceramic coating layer with uniform
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Figure 1. The schematic diagram illustrating the glassy/ceramic analogous “SEI” fabrication on LCO.

and smooth surface on the LCO (donated as ceramic-LCO)  tion). After introducing glassy Li,B,O, in TiO,-LCO, a defect-
(Figure 2b). Electron probe micro-analysis (EPMA) element free morphology is achieved after thermal post-treatment
analysis further highlights a uniform and thin Ti-based coating  (Figure 2c), indicating the glassy Li,B,O, diffuses into the gaps
on the ceramic-LCO surface (Figure S2, Supporting Informa-  of Ti-based coating to form glassy/ceramic analogous “SEI”
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Figure 2. The SEM images of a) bare LCO, b) ceramic-LCO, and c) glassy/ceramic-LCO. d) The TEM-EDS mapping showing the elements distribution

of glassy/ceramic—LCO. e) The XRD patterns of ceramic—LCO and glassy/ceramic—LCO. f) Enlarged part of (e) showing the Co;O, formation in c-LCO.
The XPS spectra of bare LCO, ceramic—LCO and glassy/ceramic—LCO: g) Co2p, h) OTs, and i) Ti2p.
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(denoted as glassy/ceramic—LCO). Transmission electron
microscope-energy dispersive spectroscopy (TEM-EDS) map-
ping analysis reveals uniform distribution of Ti and B elements
(Figure 2d), verifying the formation of glassy/ceramic analo-
gous “SEI” on the LCO surface.

The X-ray powder diffraction (XRD) measurements were fur-
ther carried out to identify the structure of LCO with ceramic
coating or glassy/ceramic analogous “SEI”. As shown in
Figure 2e, compared with bare LCO, ceramic-LCO and glassy/
ceramic-LCO show no obvious structural changes, indicating
the analogous “SEI” fabrication has negligible negative impact
on LCO crystal. It is worth noting that a new diffraction peak
located at 59.2°can be found in ceramic-LCO (Figure 2f), which
may be ascribed to spinel Co;0,4 phase. To confirm that, a con-
trol experiment by thermally treating the TiO, and LCO mixing
powder was carried out. Series of diffraction peaks except LCO
crystal are detected (Figure S3, Supporting Information), which
are identified as spinel Co;0, phase (JCPDS No. 42-1467). This
result evidences the formation of spinel Co;0, during the cal-
cination of ceramic-LCO. It is predicted that TiO, trends to
plunder active Li atoms from bulk LCO to form Li-Ti—O phase,
accompanying with Li-free Co;0, formation. However, Li-rich
Li,B,O, glass replenishes the Li source during calcination to
generate the glassy/ceramic-LCO, preventing the formation of
Li-free Co;0, (Figure 2f). Li-free Co;0, exhibits poor electronic/
ionic conductivity,'¥! which hinders Li-ion diffusion and further
cause negative impacts on the cycling stability and rate capa-
bility of ASSLIBs. In contrast, unique glassy/ceramic analogous
”SEI on LCO prevents interfacial parasitic reactions between
LCO and LGPS. Boundary-free glassy/ceramic analogous “SEI”
enables fast ionic diffusion, endowing ASSLIBs with excellent
cycling stability, high voltage tolerance, and desirable rate per-
formance. This part will be discussed in detail below.

The XPS spectra were carried out to confirm detailed chem-
ical compositions of coating layers on LCO. Two pairs of split
peaks in Co 2p spectra located at 779.3/794.4 and 781.9/796.4 eV
are associated with the 2p3/2 and 2p1/2 peaks of Co*" and Co?,
respectively (Figure 2g).’® Bare LCO presents a Co** fraction
of 23.4% on the surface, whilst gradually decreasing with sput-
tering depth increases, which is contributed to residual Co;0,
species on the surface. For the ceramic-L.CO, the Co?* on the
surface is calculated as 22.1%, and gradually increases to 33.6%
at depth of 30 nm below the surface. This result well accords to
the formation of Co;0, boundary layer in ceramic-LCO. The
applying of glassy phase could suppress the Co;0, formation, as
evidenced by steady and low-level Co?* fractions from the sur-
face to the bulk (Figure 2g; Figure S4, Supporting Information).
The B 1s depth profile of glassy/ceramic-LCO was further con-
ducted to reveal the chemical state and distribution of B-related
species. As shown in Figure S5 (Supporting Information), the
B 1s signal keeps stable with the sputtering depth increase, veri-
fying uniform distribution of B-related species. As compared
to the surface observable binding energy shift can be detected,
which means the formation of Li,B,O; species. In addition,
oxygen species in bare LCO can be divided into three kinds
(Figure 2h): Co—O bonding (=529 eV), lattice oxygen in LCO
crystal (=531.5 eV), and surface oxygen species (=533.6 eV)./>V]
A new peak located at =530 eV appears in ceramic-LCO
and glassy/ceramic-LCO is ascribed to Li-Ti-O species
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(Figure 2h)."8 Obvious Ti signals can be observed in Ti 2p spectra
of ceramic-LCO and glassy/ceramic-LCO (Figure 2i), inter-
preting successful encapsulation of Ti-based coating layer on
the LCO surface. The Ti 2p spectra of ceramic—LCO and glassy/
ceramic-LCO well matches with Li-Ti-O materials (LijTi5Oy4
or Li,TiO;), but differs from the TiO, material (Figure S6,
Supporting Information), verifying the conversion from TiO, to
Li-Ti-O materials during calcination.

TEM was introduced to explore the microstructures of coating
layer. TEM image (Figure S7, Supporting Information) con-
firms that an inhomogeneous coating layer with a thickness of
=10 nm is observed on the ceramic-LCO, while a uniform crys-
talline coating layer with a thickness of =15 nm is seen on the
glassy/ceramic-LCO. As displayed by HRTEM in Figure 3a—d,
the coating layer on the surface of ceramic-LCO is recognized
as LiyTisOy,, while a boundary Co;0, layer takes place of the
bulk LiCoO, between bulk LCO and Li,TisO;, coating layer.
Fast Fourier Transform (FFT) of region A in Figure 3a is clearly
indexed to the [112] zone of Li,TisOy, (Figure 3c), while FFT of
region B is indexed to the [112] zone of Co;0, (Figure 3d), which
indicates a Li;TisOy,/Co30, heterogeneous structure of coating
layer on ceramic-LCO. These results match well with the XRD
patterns, further confirm that TiO, can plunder active Li atoms
from bulk LCO to generate Co30, boundary layer. Scanning
transmission electron microscopy (STEM) (Figure 3b) reveals
that the interface of regions A and B shows different lattice
fringes, in which lattice space d; = 2.95 A can be indexed to
Li,TisOy, (2-20) and d, = 2.85 A can be indexed to Co;0, (2-20).
A lower-magnification STEM image of interface of Li TisO,
and Co;0, is displayed in Figure S8 (Supporting Information).
Parallel STEM measurement of LijTi5O;, coating layer also dis-
plays spinel phase structure, and the corresponding FFT result
further confirms series of diffraction spots associated with the
[001] zone of Li,TisO;, (Figure S9, Supporting Information).
The interface of the internal Co;0, boundary layer and bulk
LCO was further explored and successfully observed. As shown
in Figure S10 (Supporting Information), the region A can be
well indexed to the [112] zone of Co;0,, while region B can be
indexed to the [001] zone of LCO. In the FFT conducted from
Figure S10a (Supporting Information), both diffraction spots
of Co30, and LCO are clearly observed, while only diffraction
spots of LCO are seen in the bulk LiCoO, (Figure S10e,f, Sup-
porting Information).

For glassy/ceramic-LCO, the TEM image demonstrates
a mosaic-type glassy/ceramic coating layer on bulk LCO
(Figure 3e). The FFT of region C and D are indexed to the
[111] zone and [110] zone of Li, TiO;, respectively (Figure 3g,h),
while FFT of region E and F exhibit amorphous structures
(Figure S11, Supporting Information). HRTEM of region D
displays the (002) orientation of Li,TiO;, which has a lattice
space of 4.8 A (Figure 3f). The crystal structure of bulk LCO
is shown in Figure S12a (Supporting Information), and the
corresponding FFT indexed to the [010] zone is displayed as
the inset. The interface of bulk LCO and crystalline Li,TiO;
is observed by STEM (Figure S12b, Supporting Information).
Due to the different orientations of LCO and Li,TiO;, only the
[010] zone of LCO is observed. But crystalline Li,TiO; in coating
layer matches well with bulk LCO, and no transition phase is
observed (Figure S12b, Supporting Information). Based on
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Figure 3. The HRTEM images and XAS spectra of ceramic—LCO and glassy/ceramic—LCO. a) HRTEM and b) STEM images of ceramic—LCO surface.
FFT results of c) region A and d) region B marked in (a). €) TEM image of glassy/ceramic—LCO surface. f) The HRTEM image of region D marked
in (). FFT results of g) region C and h) region D marked in (a). i) Ti K-edge XANES spectra of ceramic—LCO, glassy/ceramic—LCO in TEY mode and
standard TiO2 (anatase and rutile) samples. j) Ti K-edge XANES spectra of ceramic—LCO, glassy/ceramic—LCO and Li4Ti5012, Li2TiO3 samples.
k) Radial distribution functions (RDF) derived from EXAFS data of glassy/ceramic—LCO and Li2TiO3 standard sample.

uniform distribution of B and O elements and XPS results, the
amorphous region is ascribed to glassy Li;B,O,. Density func-
tional theory (DFT) computation also provide mutual reaction
energies (AE) for the formation of glassy/ceramic coating. As
shown in Figure S13 (Supporting Information), the AE between
Li Ti50;, and Li;BO; is —0.032 eV atom™, and the phase equi-
libria is Li,TiO3, and there is not any reactivity between Li,TiOs
and Li3BO;, indicating the introduction of Li;BO; would lead to
the transformation from Li TisO;, to Li,TiOs.

XAS was employed to further investigate the chemical struc-
ture of coating layers in ceramic-LCO and glassy/ceramic—
LCO. XAS spectrum in total electron yield (TEY) mode reflects
the surface information of materials, which is suitable for the
characterizations of coating layer.!”) The Ti K-edge XAS spec-
trum of ceramic—-LCO and glassy/ceramic—-LCO in TEY mode
are demonstrated in Figure S14a (Supporting Information), and
Ti K-edge spectrum of TiO, (anatase and rutile) is used as com-
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parison. The corresponding enlarged image of X-ray adsorption
near-edge spectroscopy (XANES) parts (Figure 3i; Figure S15,
Supporting Information) shows obvious mismatches among
ceramic—-LCO and glassy/ceramic—-LCO and TiO, (anatase and
rutile). The pre-edge of transition metals (TM) in XAS spectrum
presents the hybridization of TM 3d and O 2p orbits, and main
peak indicates the electron transfer from TM 1s to 4p orbit.2"!
Previous experimental and simulation results show that TiO,
(anatase and rutile) have two pre-edge peaks at =4970 eV, and
their main peaks at =4990 eV also split into two peaks.l?!
Obviously, only one-shoulder pre-edge at =4970 eV and one
main peak at =4990 eV are found in ceramic—LCO and glassy/
ceramic-LCO, which is coincided with the reported results
of Li-Ti-0.22l The comparison of Ti K-edge XAS spectra of
ceramic-LCO and glassy/ceramic-LCO and Li-Ti-O (Li,TisOy,
and Li,TiO;) (Figure 3j; Figure S14b, Supporting Information)
shows that all of them exhibit one-shoulder pre-edge and
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one-shoulder main peak. In the medium part at =4980 eV,
ceramic-LCO matches well with Li TisO;;, when glassy/
ceramic—-LCO matches well with Li,TiO;. The energy positive
shift of Li,TiO; at =4980 eV is attributed to the Li-rich layered
structure, as reported by several researchers.?}l The radial dis-
tribution function (RDF) derived from extend X-ray adsorption
fine structure (EXAFS) parts of Ti K-edge spectrum of glassy/
ceramic-LCO (TEY mode) and Li,TiO; are demonstrated in
Figure 3k. The radial distribution between 1 and 2 A presents
the Ti—O bonds, and the bond distance between 2 and 3 A is
associated with Ti-M (M = metal) bonds. The RDF of glassy/
ceramic-LCO matches well with Li,TiO;. The k?-weighted
k space for Ti K-edge of glassy/ceramic-LCO in TEY mode
(Figure S16, Supporting Information) matches well with
Li,TiO; and shows enough quality for RDF simulation. The Co
K-edge XAS spectrum of bare LCO, ceramic-LCO, and glassy/
ceramic—-LCO in TEY mode (Figure S17, Supporting Informa-
tion) show almost the same feature with the same peak energy
but a small negative shift at =7725 eV. The Co K-edge XAS spec-
trum of bare LCO, ceramic-LCO, and glassy/ceramic—LCO in
total fluorescence yield (FY) mode are shown in Figure S18
(Supporting Information), and the corresponding enlarged
XANES part is displayed in Figure S19 (Supporting Infor-
mation). A 0.24 eV energy negative shift of main peak and a
negative energy shift at <7725 eV is observed in ceramic-LCO,
indicating lower valence state of Co element. It is coincided
with lower valence state of Co in Co;0, (+2.67) than that in
LiCoO; (+3), which have been proved by the XPS results.

Based on the above results, the crystallographic and chem-
ical structure of coating layer in ceramic—LCO and glassy/
ceramic-LCO are well defined. The TiO,-only coating layer on
LCO derives a Li,TisO;, ceramic coating on the LCO surface.
While the formation of Li,TisO;, plunders active Li atoms from
bulk LCO to generate Co;04 boundary layer, which hinders
ionic diffusion due to the ionic insulation of Co;0, In con-
tract, glassy LBO fulfills the gap of TiO,, and form mosaic-type
glassy/ceramic coating layer during the formation process of
glassy/ceramic—LCO. Moreover, glassy LBO also supplies extra
Li source to turn TiO, into layered Li,TiO; without Cos0,.

2.3. High-Cyclability ASSLIBs Endowed by
Glassy/Ceramic Analogous “SEI”

The ASSLIBs were assembled to estimate the effectiveness of
glassy/ceramic modification. In which, LGPS was served as
SSEs, and Li-In alloy was adopted as anodes. Ceramic-LCO
derived from TiO, coating with various percentages was first
investigated. Briefly, the ceramic-LCO derived from a 0.75 wt.%
TiO, coated LCO presents a most stable cycling and relatively
lower battery polarization (Figure S20, Supporting Informa-
tion). Closer experiments were carried out to study the opti-
mized LBO contents. With 2 wt.% LBO, the ASSLIBs delivers
the most preeminent cycling (Figure S21, Supporting Informa-
tion). According to these results, optimized TiO, and LBO con-
tents were applied in the following discussion.

When the upper voltage of charging is 4.3 V vs Li/Li*, the
ASSLIBs with bare LCO, ceramic—LCO and glassy/ceramic—
LCO deliver initial capacities of 50.3, 148.4, and 154.8 mAh g!

Adv. Funct. Mater. 2023, 33, 2210744

2210744 (6 of 10)

www.afm-journal.de

at 0.2 C, respectively. The polarizations show an obvious trend
of bare LCO>ceramic-LCO> glassy/ceramic—LCO. For the bare
LCO, the battery suffers from fast degradation and results in
very low capacity retention after 50 cycles (9 mAh g™). This
result is ascribed to serious parasitic reactions occurred in
LCO/LGPS interface, which is evidenced by huge interface
resistance (>10 000 Q) after cycling (Figure S22, Supporting
Information). Prominently performance enhancement is
achieved by the ASSLIBs with ceramic—LCO as the cathode.
The battery performs much better cyclic stability than the coun-
terpart using bare LCO with a 61.3% capacity retention for 200
cycles (Figure 4b). Outstanding cycling performance is further
enhanced by hiring glassy/ceramic coating layer. The battery
with glassy/ceramic—-LCO delivers a significant capacity reten-
tion of 82.3% even after 300 cycles at 0.2 C, indicating that uni-
form and boundary-free glassy/ceramic coating could prevent
interfacial parasitic reactions and strongly enhance the cycla-
bility of ASSLIBs.

As the results mentioned-above, the ceramic-LCO would
generate a Li-free Co;0, boundary layer between LCO and
Li,TisOy, coating layer, which show a negative impact on Li
ion diffusion. To prove it, the rate performance, together with
galvanostatic intermittent titration technique (GITT) and elec-
trochemical impedance spectrum (EIS) were investigated.
As shown in Figure 4c, the battery with bare LCO presents a
low initial capacity (59.4 mAh g) at small current density
(0.2 C), suffering from fast capacity fading with current density
increasing. Owing to efficient suppression of interfacial para-
sitic reactions by ceramic coating layer, the capacity delivery
of battery significantly increases at small current density
(1570 mAh g at 0.2 C, and 1271 mAh g at 0.5 C). However,
Li-free Co;0, boundary layer in ceramic-LCO hinders the rate
capability of ASSLIBs with only 18 mAh g™ at 2 C. Splendid
rate capability can be observed when adopting glassy/ceramic
coating layer. Glassy/ceramic coating layer preserves the same-
level discharge capacity compared to that using LCO with
ceramic coating layer at small current density. Impressive dis-
charge capacities of 112.8 and 76.2 mAh g at 1 and 2 C are
available, respectively, proving faster ionic diffusion and more
stable interface by glassy/ceramic coating layer.

The GITT was performed to estimate the polarization of
ASSLIBs (Figure 4d). Results elucidate that the battery with
bare LCO performs a huge polarization at the initial state
(0.75 V) and increases sharply to 1.33 V at the end of discharge,
indicating a sluggish reaction dynamic when using bare LCO.
While ceramic—-LCO dramatically reduces the interfacial para-
sitic reaction and endows a much lower battery polarization
than bare LCO. Impressively, a much lower polarization of
only 0.21 V is observed in the battery with glassy/ceramic-LCO,
and maintains at the low value during discharge, indicating
fast ionic diffusion at LCO/LGPS interface by glassy/ceramic
coating layer. The interfacial stability was also studied by EIS.
As shown in Figure 4e and Figure S23 (Supporting Informa-
tion), the Nyquist plots of the battery using ceramic-LCO
and glassy/ceramic—LCO are provided. The resistance of the
cell is divided into four segments: Rgg (solid electrolyte resist-
ance), Ry (anode interfacial resistance), Rc; (cathode interfacial
resistance), and Ry (charge transfer resistance).? An equiva-
lent circuit is used for the fitting of Nyquist plots (Figure S24,

© 2023 Wiley-VCH GmbH
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Figure 4. The electrochemical performance of ASSLIBs. a) Cycling performance, b) charge/discharge curves, and c) rate capability of cells with bare
LCO, ceramic-LCO, and glassy/ceramic—LCO at a normal charging voltage (4.3 V vs Li/Li+). d) The GITT curves and battery polarization of bare LCO,
ceramic—LCO, and glassy/ceramic—-LCO. e) Nyquist plots and f) corresponding fitting results of ASSLIBs ceramic—LCO, and glassy/ceramic—LCO
after 10 cycles at 0.2 C. The long-term cycling performance of ceramic—-LCO, and glassy/ceramic-LCO at g) 0.5 C and h) 1 C rate at a normal charging
voltage (4.3 V vs Li/Li+). i) Cycling performance, j) charge/discharge curves and k) rate capability of cells with bare LCO, ceramic-LCO, and glassy/

ceramic—LCO at a high voltage (4.5 V vs Li/Li+).

Supporting Information), while the fitting results are concluded
in Figure 4f. The R¢; and R, of the battery with ceramic-LCO
are 196.5 and 142.6 Q after 10 cycles at 0.2 C, respectively. These
values increase to 269.5 and 234.9 Q after 50 cycles. When
replacing cathode with glassy/ceramic—-LCO, much smaller R¢;
and R of 102.2 and 106.2 Q are achieved after 10 cycles, and
only increase slightly after 50 cycles. All the results illustrate
glassy/ceramic coating layer significantly suppresses interfacial
parasitic reactions, leading to ASSLIBs with outstanding rate
performance, low polarization, and small interface resistance.
Long-term cycling stability under high current den-
sity was also conducted. As shown in Figure 4g, the battery
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with ceramic-LCO performs an initial specific capacity of
134.7 mAh g at 0.5 C but suffers from fast capacity decay in
the following cycles. The battery with the glassy/ceramic—-LCO
exhibits an ultra-stable cycling with a capacity retention as high
as 80.4% (94.5 mAh g™) after 400 cycles. Except that, excellent
cycling stability is also endowed by glassy/ceramic coating layer
with 96.1 mAh g™! capacity delivery and 78.0% capacity reten-
tion after 300 cycles at 1 C (Figure 4h). These results strongly
emphasize the important role of glassy/ceramic coating layer
on promoting ionic diffusion and suppressing interfacial para-
sitic reactions, endowing ASSLIBs with excellent cycling sta-
bility and rate capability.

© 2023 Wiley-VCH GmbH
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Promoting the upper charge potential of LCO to 45 V
(vs Li/Li*) can significantly enhance the capacity delivery of
LCO. However, high upper charge potential also deteriorates
the LCO/LGPS interface stability, which requires coating layer
with high oxidation limit. Figure 4i clearly reveals higher dis-
charge capacity when elevating the upper cut-off charge voltage
(162.3 mAh g! for ceramic—LCO and 170.2 mAh g™! for glassy/
ceramic-LCO). Huge polarization and low discharge capacity
also demonstrate deteriorative LCO/LGPS interface when using
bare LCO as cathode, which is also demonstrated by fast degra-
dation on cycling performance at 0.2 C. Remarkable improve-
ment is achieved by ceramic and glassy/ceramic coating layers.
The battery using ceramic—LCO preserves 80% capacity reten-
tion after 116 cycles, presenting with significant but not sat-
isfactory enhancement by ceramic coating layer (Figure 4j).
Impressively, a remarkable discharge capacity of 170.2 mAh g
and stable cycling for 200 cycles with 78.8% capacity reten-
tion are successfully obtained by using glassy/ceramic-LCO
(Figure 4j), highlighting excellent interface stabilization and
high-voltage tolerance. Besides, optimized interfacial ionic dif-
fusion by glassy/ceramic coating layer further enables excel-
lent rate performance. As shown in Figure 4k, the capacity of

(a) -§™-8%/CoS, P8,” (b)

EZSGZ EIS“&

www.afm-journal.de

the cell with glassy/ceramic—-LCO maintains high retention
capacity of 109.7 mAh g at 2 C, which is four-time higher than
that with ceramic-LCO (25.1 mAh g!). These results empha-
size that a boundary-free glassy/ceramic coating layer enables
excellent interface stability and high interface ionic diffusion,
which endows high-performance ASSLIBs with excellent
cycling stability, remarkable rate capability, and desirable high
voltage tolerance.

2.4. Role of Glassy/Ceramic Analogous “SEI” in Stabilizing
LCO/LGPS Interface

Narrow stable potential window of LGPS would give rise to
interfacial parasitic reactions, which accumulates ionic insulted
compounds in the LCO/LGPS interface. This interfacial
issue would block ionic diffusion, resulting in huge interface
resistance, high battery polarization as well as battery failure.
Herein, XPS spectra were carried out to explore the interfa-
cial stability and identify the parasitic by-products generation
in ASSLIBs. Pristine LGPS SSEs presents a pair of split peaks
located at 161.0/162.2 eV in S 2p spectra (Figure 5a), which
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Figure 5. The a) S 2p, b) P 2p, and c) Ge 3d XPS spectra revealing the interfacial parasitic reactions in batteries with bare LCO, ceramic-LCO, and
glassy/ceramic—LCO after 10 cycles at 0.2 C. d) Calculated mutual reaction energy of LCO/LGPS, LCO/Li,TiO3, and LCO/Li3BO; as a function of the
mixing ratio of LGPS and phase equilibria (in box) with largest magnitude of decomposition enthalpy. The SEM images of e) bare LCO and f) glassy/

ceramic—LCO after 10 cycles at 0.2 C.
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are identified as the PS>~ in LGPS. The PS~ also has split
peaks sited at 131.6/133.0 eV in P 2p spectra (Figure 5b). In Ge
3d spectra, split peaks at 30.5/31.7 eV can be ascribed to the
GeS,* (Figure 5¢).?) The PS,*~ oxidation occurs in LCO/LGPS
interface in cycled ASSLIBs with bare LCO owing to poor anti-
oxidation of LGPS, which generates the components of oxi-
dized S species (-S°-S%-) and CoS, (split peaks at 162.9/164.2 eV
in S 2p spectra).l?l Obvious LGPS decomposition is also evi-
denced by the significant P,S¢%~ species (split peaks located
at 133.2/134.3 eV in P 2p spectra) in LCO/LGPS interface.”!
Besides, the LCO/LGPS interface also has O/S exchange, which
is identified from Ge 3d spectra with obvious GeS, and GeO,
species (split peaks at 32.2/33.3 eV in Ge 3d spectra) after 10
cycles in the battery using bare LCO.?/l Ceramic coating layer
in ceramic-LCO intercepts direct contact between LGPS and
bulk LCO, leading to a suppressive interfacial parasitic reaction.
This is supported by declined oxidized S species, CoS, in S 2p
spectra, less P,S¢>” in P 2p spectra, and suppressive GeS,/GeO,
in Ge 3d spectra. However, ceramic coating layer cannot avoid
the parasitic reaction, which still accumulate during repeated
cycling as well as with shortened cycling life of ASSLIBs. Desir-
able blockage of interfacial parasitic reactions is observed by
hiring glass/ceramic coating layer. To prove it, XPS spectra of
interface of glassy/ceramic-LCO was also carried out. Obvi-
ously, almost no by-product accumulates at the LCO/LGPS
interface, as proved by disappeared oxidized S and CoS, in S
2p spectra. Similar results are also observed in P 2p and Ge 3d
spectra with no P,Ss%~ and GeS,/GeO, species, which strongly
prove highly stable LCO/LGPS interface constructed by glass/
ceramic coating.

In ASSLIBs, the stability of LCO/LGPS is crucial for cycling
performance. Herein, the mutual reaction energy (AE) at
LCO/LGPS interface was calculated to investigate the strength
of interfacial chemical reactions (Figure 5d). The AE between
LCO and LGPS is as low as —0.378 eV atom™, accompanying
with various decomposition products listed at the right of
Figure 5d. Low AE means the LCO/LGPS interface is ther-
modynamically instable, which well accords to poor cycling
and rate performance of ASSLIBs with bare LCO. Enhanced
cycling and rate performance of ASSLIBs with glassy/
ceramic—LCO originates from the thermo-dynamical stability
between glassy/ceramic coating layer with LGPS, which is evi-
denced by much high AE for Li,TiO3/LGPS (0.073 eV atom™)
and Li;BO3;/LGPS (—0.079 eV atom™). Otherwise, the cycled
bare LCO and glassy/ceramic-LCO was also investigated by
SEM. As displayed in Figure Se, cycled bare LCO exhibits
damaged morphology with obvious cracks on the LCO par-
ticle, which is ascribed to large interior stress resulting from
undesirable phase transition during repeated cycling. Cracks
generation would expose new fresh LCO surface, leading to
unstoppable interface parasitic reaction and fast degradation
of electrochemical performance. With glassy/ceramic coating
layer, crack-free LCO particles are observed after cycling
(Figure 5f), indicating robust glassy/ceramic coating layer
well buffers the interior stress. Such comparative results prove
that robust glassy/ceramic coating layer thermodynamically
suppresses interfacial parasitic reactions, contributing to opti-
mized cycling and rate performance even under higher upper
charge potential.
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3. Conclusion

In this work, we propose a glassy/ceramic coating on the LCO
by mimicking the traditional SEI structure to alleviate the det-
rimental interfacial parasitic reaction resulted from serious
potential mismatching between LCO and LGPS. Comprehen-
sive examination including XPS, TEM, and XAS was applied to
demonstrate a hybrid coating layer by combining the ceramic
Li,TiO; and glassy Li3;BO;. Compared with the one with only
ceramic coating layer, glassy/ceramic coating layer could elimi-
nate the boundary between bulk LCO and coating layer, leading
to robust LCO/LGPS interface and fluent interfacial ionic
transportation. Closer examination reveals that glassy/ceramic
coating layer is stable enough to suppress the interfacial reac-
tions, which is evidenced by XPS results with less oxidized spe-
cies in LCO/LGPS interface. Further DFT results also declaims
the inherent stability between glassy/ceramic coating layer
toward LGPS. As a result, ASSLIBs with glassy/ceramic coated
LCO lead to a high specific capacity delivery (154.8 mAh g at
0.2 C), rate capability (76.2 mAh g at 2.0 C), and long-term
durability (300 cycles at 0.2 C, 400 cycles at 0.5 C, and 300
cycles at 1.0 C) under a limited upper cut-off voltage of 4.3 V
(vs Li/Li*). Robust glassy/ceramic coating layer also take effect
when upper charge voltage rising to 4.5 V (versus Li/Lit).
Outstanding specific capacity of 170.2 mAh g™ at 0.2 C is per-
formed by LCO with glassy/ceramic coating layer and restrains
80% capacity retention after 200 cycles. This work provided
an analogous “SEI” design to pushing ASSLIBs under high-
voltage operation, given insights on designing stable inter-
face to achieve ASSLIBs with long cycling and excellent rate
capability.
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