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Emerging Characterization Techniques for Electrode
Interfaces in Sulfide-Based All-Solid-State Lithium Batteries

Feipeng Zhao, Shumin Zhang, Yanguang Li,* and Xueliang Sun*

All-solid-state Li batteries (ASSLBs) are attracting increasing attentions due to
their improved safety and high energy density compared with conventional liquid
electrolyte-based Li-ion batteries (LIBs). ASSLBs based on sulfide solid-state
electrolytes (SEs) is one of the most popular categories, because sulfide SEs have
a very competitive ionic conductivity (up to over 102 Scm ™' at room tem-
perature), medium mechanical stiffness, decent contact with electrode materials,
and negligible grain boundary resistance. However, interface problems between
electrode materials and sulfide SEs seriously plague the development of high-
performance sulfide-based ASSLBs. In-depth understandings on the electrode
interface problems are pivotal to propose and explore effective strategies to
alleviate those issues. In recent years, diverse advanced characterization tech-
niques have been developed, which deepen insights into the problematic
interface from physical, chemical, electrochemical, and mechanochemical per-
spectives. Herein, electrode interfaces and their fundamental knowledge in
sulfide-based ASSLBs are first clarified. Second, various emerging character-
izations are overviewed to illustrate the interfacial issues on both oxide cathode/
sulfide SE and Li anode/sulfide SE interfaces. Meanwhile, advantages and dis-
advantages of each characterization techniques are explicated. Finally, an outlook
of advanced characterizations that are specifically adapted for interface analysis

1. Introduction

All-solid-state lithium Dbatteries (ASSLBs)
have become increasingly attractive due
to the improved safety and high energy
density compared with conventional
lithium-ion batteries based on liquid elec-
trolytes (LEs)."’ The core component in
ASSLBs is the solid-state electrolyte (SE),
which predominates the ion transport
and determines the electrochemical perfor-
mance of ASSLBs.[?! Generally, there are
three kinds of SEs: inorganic SEs, polymer
SEs, and inorganic/polymer hybrid SEs.
The ionic conductivity is a paramount fac-
tor to evaluate SEs, and the improvement of
ionic conductivities reflects the advances of
developing SEs.l" Among all kinds of SEs,
the inorganic SE is a major category,
which has experienced a long history of
development."™™ In the past decade,
Li;oGeP,S1, (LGPS),”! and its families
(e-g Li9.545i1A74P1.44511.7C10.3),[4] as well
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as the vibrant of Li argyrodites (e.g.,

LiG.GSiOAGSbOASSI)[S] have achieved excellent

room-temperature (RT) ionic conductivi-

ties (>10 2 S cm ') that can be comparable
to LEs. These progresses make sulfide-based SEs receive
extensive attention while desolating other inorganic or
polymer-based SEs.[®!

Nevertheless, excellent electrochemical performance of
ASSLBs cannot be achieved by just pursuing high ionic con-
ductivities."®=”) There are variety of interfaces in the electrode
of ASSLBs, and any one shortcoming of the interface (e.g., con-
tact loss, incompatibility, and reactivity) can significantly affect
the battery performance.®! Therefore, superior electrode inter-
face is an essential requirement for pursuing high-performance
ASSLBs. However, the fact is that electrode interface issues in
sulfide-based ASSLBs are pronounced.®>®>) First, the
physical-contact loss takes place at both cathode and Li anode
interfaces, although the sulfide SEs are regarded as much
“softer” compared with other inorganic SEs (e.g., oxides and hal-
ides). One intrinsic reason is the point-to-point contact between
the electrode active materials and sulfide SEs, the other one is
due to the inevitable volume change of electrode materials during
repeatable (de)lithiation.'” Second, chemical and electrochemi-
cal stabilities of Li/sulfide and oxide cathode/sulfide interfaces
are poor because of the narrow electrochemical window of sul-
fide SEs.""! The interfacial products with low ionic conductivity
would increase the energy barrier of Li-ion exchange, while
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high-electronic-conductivity component would lead to intermina-
ble interfacial decompositions.'? Third, mechanochemical
instability of Li anode interface against sulfide SEs is found as a
non-negligible factor to influence the Li plating and stripping.™*!
Stack pressure is necessary to be applied on the ASSLBs to main-
tain good contact, but the evolution of the Li anode interface (e.g.,
surface morphology, voids distribution, cracking, and growth of
Li dendrites) depends on the applied pressure and electrochemi-
cal conditions (e.g., critical current density [CCD], cut-off capacity
during Li symmetric cell cycling)."°>**! Overall, all these elec-
trode interface issues impede effective Li-ion transport at the
interface, thus deteriorating the electrochemical performance,
or even triggering short circuits."”

Understanding these electrode interface issues is urgent in
studying sulfide-based ASSLBs, which is also necessary for devel-
oping feasible strategies to circumvent the dilemma.l®><1¢
The deep analysis and deciphering for the interfacial issues
rely on advanced/emerging physical characterization methodolo-
gies.'®17] First, observing/tracking the physical contact and
distribution of interest chemical species at the interface have
been realized using imaging techniques, like optical microscopy
(OM) and electron microscopy (EM). Considering the highly
reactive and air sensitivity of each component (i.e., Li metal
anode, sulfide SEs, and cathode materials) in the sulfide-based
ASSLBs, nondestructive imaging techniques spring up. For
example, very recently, X-ray tomography (XT) has been reported
frequently to study the physical contact (voiding and cracking)
caused by uneven Li deposition and mechanochemical instability
at the Li/sulfide interface in an operando cell.'°“**¥ Second, to
analyze the chemistry nature of interfacial composition, various
spectroscopy-related characterizations have been well developed.
X-ray photoelectron spectroscopy (XPS) is one of the most com-
mon techniques, which helps to identify the interfacial products
at both cathode and Li anode interfaces. The powerful X-ray
absorption spectroscopy (XAS) has also been used to excavate
the fine structure of interfacial compositions. Furthermore,
the interfacial products can be inferred by Raman spectroscopy
and time-of-flight secondary-ion mass spectrometry (ToF-SIMS).
It is worthwhile noting that corresponding in situ/operando
techniques (e.g., in situ/operando XPS,"®! operando XAS,!'"
operando Raman,”*” and operando ToF-SIMS*!) have been
established to monitor the interface evolution in real time,
which are important technologies to track the electrochemical
stability.

Herein, we focus on summarizing various emerging charac-
terizations to understand the electrode interface issues deeply in
sulfide-based ASSLBs, which is different from existing reviews
showing a broad overview on the characterizations on solid-state
batteries (SSBs) and interfaces.">¥172~¢¢22] The emerging char-
acterizations present interface issues ranging from the physical
interface contact to the (electro)chemically parasitic reactions,
delivering an all-rounded insight into the electrode interface
of sulfide-based ASSLBs. The organization of this review is
schemed as shown in Figure 1. First, the fundamental knowl-
edge of interface formation in sulfide-based ASSLBs is intro-
duced, including anode and cathode parts. Second, sorts of
advanced characterization methods will be overviewed in detail.
Aiming at different objectives, these advanced characterizations
will be summarized as two categories: 1) imaging the interface;
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Figure 1. Schematic diagram of the organization of this review paper.

and 2) spectroscopic investigations on the interface. In the first
part of imaging techniques, OM, EM (including scanning elec-
tron microscopy [SEM] and transmission electron microscopy
[TEM]), and XT will be talked about. In the second category,
using XPS, XAS, Raman, ToF-SIMS, SXRD, and ssNMR to ana-
lyze interface reactions will be overviewed, and the correspond-
ing in situ/operando techniques (if applicable) will be included as
the focus. Finally, conclusions and outlook of advanced charac-
terizations on the electrode interface of sulfide-based ASSLBs
will be proposed.

2. Electrode Interfaces in Sulfide-Based ASSLBs

2.1. Formation of Interfaces

As the core component of sulfide-based ASSLBs, the develop-
ment of sulfide SEs has experienced a very long history.
Various sulfide SEs can be classified into four categories accord-
ing to the phase composition: glass and glass—ceramic, LGPS-
type, Li Argyrodites, and others. (Figure 2) Several kinds of
sulfide SEs in each type can show ultrahigh ionic conductivity
at the level of 1072Scm™" at RT, which can be comparable to
that of conventional LEs.

However, interfaces are ubiquitous in sulfide-based ASSLBs
(Figure 3a) due to point-to-point contacts among particles or
layers. At the anode side, the layer of Li metal contacts with
the pellet of sulfide SEs. The surface of Li metal is not completely
flat even without electrochemical cycling, and the point-to-point
contact essence of the Li/sulfide interface is the origin to
generate Li dendrites (Figure 3b)."*" In addition, the interfacial
side reactions between Li metal and sulfide SEs are serious.
Comparatively speaking, the electrode interface is more
complicated at cathode side, as shown in Figure 3c, because
the component becomes pluralistic. The interface issues (e.g.,
space—charge layer [SCL] effect, interfacial reaction) between
oxide cathode materials and sulfide SEs are mostly discussed.
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Figure 2. Classification of sulfide-based SEs. The data are collected based on the following references: Li;P3Sq; glass—ceramic (hot press),[]on Li;P3S1q
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Figure 3. Illustration of the interfacial problems in sulfide-based ASSLBs. a) Schematic diagram of a sulfide-based ASSLB; b) Li metal/sulfide interface

issues; and c) oxide cathode/sulfide interface issues.

Moreover, once the carbon conductive agents or binder agents
are introduced, bi-phase, triple-phase, or even tetra-phase inter-
faces would generate to increase the complexity of characteriza-
tions. Based on the recent research progresses, interfaces
between oxide cathode materials and sulfide SEs are mainly
talked about in this review, while binder or conductive-agent
effects on the interfaces are excluded.

Fundamentally, the formation of electrode interfaces in solid-
state batteries is illustrated in Figure 4a, which is driven by the
sudden change in the chemical potential of the mobile species
(u11+) in SEs and electrodes./”® At the anode and cathode inter-
faces, the difference in chemical potential will generate a driving
force for charge reorganization due to the requirement of equili-
brating the Fermi energies. At thermodynamic equilibrium, the
voltage (V vs. Li/Li*) is connected to py;, according to

V= _ plit

S where F is the Faraday constant. In the generated
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interface, the pp;, undergoes a drastic variation (several
mV nm™"). The low p;, of anode drives mobile cations (Li™)
into the electrolyte and vice versa for the cathode, inducing the
depletion or accumulation of charge carriers. By this way, the
solid—electrolyte interphase (SEI) at anode and the cathode—
electrolyte interphase (CEI) at cathode are generated.
Theoretically, the practical electrochemical window can be
extended by the rational design of functional interfaces.''™ As
shown in Figure 4b, at the anode side, the interphase consisting
of LiX (X =F, Cl, Br, I), Li,O, Li,S, Li3N, or Li;P products is sta-
ble against the Li metal, which is beyond the reduction limit of
most SEs. At the equilibrium, the decomposition of the electro-
Iyte (accounting for the formation of anode interface) has no ther-
modynamic driving force to continue into the bulk. Thus, the
electrolyte is stabilized by the decomposition interface. At the
cathode side (Figure 4c), the coating materials (e.g., LiNDO;,
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Figure 4. a) Illustration of the interface formation accompanied by the evolution of chemical potential across the interfaces of anode/SEs (SEl) and
cathode/SEs (CEl). b) lllustration of the reduced reduction potential by anode interface design. c) lllustration of the increased oxidation potential by
cathode interface design. Reproduced with permission.'®! Copyright 2015, American Chemical Society.

LiNbO;, Li;PO,) always show high oxidation potential of
3.7-4.2'V, which are stable in the usual voltage range for practical
usages. The qualified coating layer materials possess poor elec-
tronic conductivity and can serve as artificial CEIs to passivate the
solid electrolyte through similar mechanisms, where the oxida-
tion limit can increase. However, in a typical sulfide-based
ASSLB, the stable passivating interphase (interface) cannot be
achieved for most situations.''>?* The details of the interface
problems at both Li anode and oxide cathode parts are discussed
in the following sections.

2.2. Li Anode/Sulfide SE Interface

One of the biggest motivations that stimulates the development
of solid-state batteries is the potential of using Li metal as the
anode material. As indicated in early research by Monroe and
Newman, twice-higher shear modulus of SEs compared to Li
metal can resist the penetration of Li dendrites, which is from
the standing point of material mechanics.?*! Although the shear
modulus of sulfide SEs is more than twice that of Li metal, stud-
ies have suggested that the short circuits caused by Li dendrites
growing from Li/sulfide interface still exist as the one of the main
failure mechanisms for some sulfide-based ASSLBs (e.g., using
Argyrodite LigPSsCl and Li,S-P,Ss binary sulfide SEs).<]
In addition, the chemical/electrochemical compatibility at the
interface of sulfide SEs/Li metal is mostly not stable, which is
against what we expected in early time.**?”) In this subsection,
two aspects of Li anode/sulfide interface problems are summa-
rized: 1) the issue of Li dendrites and 2) the high reactivity of
Li metal.
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2.2.1. Li Dendrites

Generally, dendrite growth in inorganic SEs can be induced by
poor wettability and unstable electrode/electrolyte interface,
grain boundaries, voids, as well as conductivity of SEs.[15P—dl
The rough electrolyte surface promotes the formation of uneven
Li deposition at the interface of Li/SEs, which causes the Li den-
drites to penetrate through the grain boundary or the voids
among the bulk electrolytes and leads to short circuits eventually.
The authors regard the local surface inhomogeneity (pre-existing
interfacial defects: voids and cracks) as the main reason to trigger
the generation of Li dendrites. As illustrated in Figure 5a,1® a
crack or void in the SE near the Li metal electrode can be easily
penetrated by Li deposition because of the electric field amplifi-
cation, inevitably forming dendrites in these sites. Further inser-
tion of Li into the cracks follows the Griffith flaw: a crack that
propagates when the reduction in potential energy occurs as
crack growth is greater than or equal to the increase in surface
energy due to the creation of new free surfaces. The distribution
of voids results from applied current densities and stack
pressures, which will be discussed in detail using advanced char-
acterizations, such as in situ OM,*) EM,P% operando XT,%~142
etc. In addition to the electrode interface inhomogeneity,
microstructures (including grain boundary, interspace, etc.)
and electronic conductivity of sulfide SEs are regarded as essen-
tial factors that can cause the formation/propagation of Li den-
drites in sulfide SEs, as illustrated in Figure 5b,c, respectively.!’>?
When it comes to talking about the microstructure of SEs, on the
one hand, local ionic conductivity of grain boundaries is relatively
lower than that of bulk SEs, which is regarded as the main reason
for Li dendrite growth along the grain boundary.?" On the other
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Figure 5. a) lllustration of Li dendrites formation and growth from the Li/SEs interface. Red arrows point toward undesired metal growth into the bulk of
SEs and blue arrows show electric field lines. Reproduced with permission.l?®! Copyright 2017, IOP Science. lllustrations of Li dendrites growth due to the
microstructures b) and non-negligible electronic conductivity c) of SEs. Reproduced with permission.l'*? Copyright 2020, American Chemical Society.

hand, the magnified electric field along the edge of interspaces/
lithium tips can lead to the charge accumulation, thus causing Li
dendrites’ growth through the voids in the bulk SEs.">% Finally
yet importantly, the non-negligible electronic conductivity of SEs
has been demonstrated as an important factor to induce free Li
depositions in the bulk electrolytes.*%

2.2.2. High (Electro)chemical Reactivity of Li Anode

Due to the strong reducing capability of Li metal, almost every
reported sulfide-based SEs can be reduced by Li metal upon elec-
trochemical cycling or even just touching. Zhu et al. ™" used
computational simulation to determine that the reduction
potential of various sulfide SEs is in the range of 1.62-2.28
(Vvs. Li/Li*, the same hereafter). Several common sulfides, such
as LisPS,, Li;oGeP,S;,, and Argyrodite LigPSsX (X =Cl, Br, I),
show the same reduction potential of 1.71 V, while Li;P3S;; even
indicates higher reduction potential of 2.28 V. The calculation
also suggested that reduction products of sulfides always include
insulating Li;P, Li,S, and Li haildes (e.g., LiCl, LiBr, and Lil)
when the sulfide SEs do not contain metal elements, while gen-
erating additional metal alloys (e.g., Li—Ge), if there is metal
component in the sulfide SEs (e.g., Li;oGeP,S1;). These interfa-
cial products have been validated by multiple characterizations,
like both ex situ and in situ/operando XPS,'®33 operando
Raman,?*** etc., which will be elaborated in the following parts.

2.3. Oxide Cathode/Sulfide SEs’ Interface

The reason of the poor cathode interface stability in sulfide-based
ASSLBs originates from the SCL effect and low oxidation limit of
sulfide SEs.B411®233% The chemical potential gap between sul-
fides and oxide cathode materials would cause the formation of
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SCL and increase the interfacial impedance. In addition, the low
oxidation limit of sulfides leads to severe decomposition of SEs at
the cathode interface, thus affecting the interfacial Li-ion trans-
port. It is worth noting that the crystallinity of sulfide SEs can also
influence the contact and cathode/sulfide interface stability. Very
recently, Wang et al.’® reported that contact loss could be
mitigated by the glass/glass—ceramic sulfide SEs compared to
using crystalline ones. In addition, the crystalline sulfide SEs
show higher electronic partial conductivity, which leads to more
degradations in the cathode composite.

2.3.1. Space—Charge Layer (SCL) Effect

SCL effect has been frequently reported in the sulfide-based
SSBs, which is fundamentally because of the big chemical poten-
tial difference between sulfide SEs and commonly used oxide
cathode materials (doxides > ysulﬁdes).[3 7] Taking the representative
B-Li3PS4 (LPS) sulfide SEs and LiCoO, cathode materials as the
example, the movable Li* can transfer from the LPS side to the
LCO once these two materials contact with each other.*> Due to
the mixed conducting feature of LCO cathode materials, the
electron would generate to balance the concentration gradient
of Li*. In this way, the SCL at the oxide side vanishes.
However, the Li* in LPS would further transfer to reach an equi-
librium state, which can extend the region of SCL at the LPS side
and increase the interfacial resistance. The problem of SCL effect
can be well alleviated by incorporating one ion-conducting and
electron-insulating oxide buffer layer. Ohta et al.*® suggested
that two interfaces could form when using the buffer layer.
One interface is between the mixing cathode oxide material
and ion-conducting buffer layer, and the other one is between
ion-conducting buffer layer and the sulfide SEs. The formation
of thick SCLs is largely suppressed, because 1) there is a similar
chemical potential for two oxide layers of the first interface and
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2) there are electronically insulated features of the buffer layer
and sulfide SEs.

2.3.2. Coating Strategy

As indicated earlier, designing coating materials for cathode par-
ticles is the most common strategy to alleviate the cathode inter-
face problems.’”” There are several primary requirements for
the coating layer: 1) (electro)chemical compatibility with cathode
and SEs; 2) high ionic conductivity; 3) low electronic conductiv-
ity; and 4) high oxidation limit. Obviously, the (electro)chemical
compatibility is the most essential requirement. High ionic con-
ductivity can maintain sufficient interfacial Li* transport, while
low electronic conductivity and high oxidation limit are required
to avoid occurring interfacial reactions. A large number of binary
oxide coatings (e.g., ZrO,, Al,0;, TiO,, SiO,, etc.) have been
developed as the cathode coating layer to improve the lifespan
of conventional LE-based LIBs, but limited binary oxides (except
for Al,05,% $i0,,*” and Zr0,*") can be used for the solid-state
counterparts.?’® The reason is because the Li-deficient oxide
coating cannot provide the necessary Li* ionic conductivity at
the interface. Therefore, Li-containing ternary oxide coating
layers are always required to alleviate the cathode interface prob-
lem. A large number of Li-containing oxide coating layers (e.g.,
Li—Ti—O, Li—Nb-O, Li—Ta—0, Li—Zr—O0, Li—P-0, Li—Si—0,
and Li—Ti—O) have been reported to improve the cathode inter-
face by decreasing the interfacial impedance and prevent the
inter-reaction between cathode materials and sulfide SEs.*”"
LiNbO; (LNO) is the most well-known, because it shows a high
ionic conductivity (107> S cm ™! level) at RT and a low electronic
conductivity of 107" § cm .14

3. Characterizations for Electrode/Sulfide
Interfaces

3.1. Imaging Interfaces

The imaging characterization is the most straightforward and
intuitive to observe the electrode interface. Depending on the
length scale of studying objects, OM and EM are alternatively/
conjunctively employed to study the electrode interface issues
essentially, including physical contact loss, Li dendrites propaga-
tion, microstructure evolution, interlayer/coating effects, etc. In
addition, nondestructive XT is emerging to give detailed studies
on the Li anode/sulfide interface without disassembling cells.
Operando cell configuration can be relatively easily established
in XT characterizations, which can provide a real-time monitor
on the interfacial issues in a working cell other than earlier men-
tioned, such as chemomechanical effects (pressure induced) on
the Li dendrite growth, interface voiding, SE cracking, and so on.

3.1.1. Optical Microscopy (OM)

OM has been used to monitor the evolution at the interface
between Li metal and several representative sulfide SEs, such
as glassy Li,S—P,Ss system,?*< crystalline LGPS,?** 1j
argyrodites,*®! and polycrystalline Li;PS,.[2¥ The first report
was by Chiang and co-workers,?* and the in situ experimental
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apparatus is displayed in Figure 6a. Two different locations on
the glassy 70Li,S—30P,Ss pellet were studied to view the Li depo-
sition: one is the so-called “as-fractured surface” (Figure 6b-1),
and the other one is “near the precracked area” (Figure 6b-5).
In the first area, the author observed Li deposited on the surface
of SEs and gradually propagates laterally deviating the tip. There
was no cracking or surface degradation, and the cell did not short
circuit (Figure 6b-2 to 6b-4). In contrast, in the second area
(Figure 6b-6 to 6b-8), there was Li-filled cracking forming and
extending into the SE pellet, while there was no Li accumulation
on the surface. Apart from the surface image in the case of glassy
sulfide, Dasgupta et al.?*? further observed the in-plane image of
the Li /glassy LisPS, via operando OM. As suggested in
Figure 6c, there were multiply morphologies, namely, straight
and spalling, nucleating at the interface of Li/glassy Li;PS, dur-
ing cell cycling. At the critical current, a sharp increase in over-
potential was accompanied with the formation of voids at the
interface, and Li penetration took place in the subsequent half
cycle, leading to short circuits.

The side reaction between glassy sulfide SE and Li metal can-
not be observed by OM imaging intuitively, but the reactive inter-
face between LGPS and Li metal is evident under OM. As shown
in Figure 6d, Dasgupta et al.?® found the interface became
black after symmetric cell cycling with LGPS SEs, showing that
itis increasingly serious along with extending cycling time (10 h).
They introduced one Al,Oj; interlayer by atomic layer deposition
(ALD) to reduce the activity of the interfacial reaction. As indi-
cated in the OM image, the dark area was reduced dramatically
after experiencing same reaction time compared with the sample
without ALD coating. The Li deposition at the surface of polycrys-
talline B-Li;PS, is different from that of glassy Li;PS, SEs. As
reported by Chiang et al.,*** the majority of lithium deposition
occurred within the bulk of the B-Li;PS, pellet rather than on the
surface. They used the transmission mode of the OM to perform
the branching pattern of the deposited Li metal within the bulk of
polycrystalline p-Li;PS, pellet (Figure 6e). However, this does not
mean Li deposition at the surface of polycrystalline sulfide is uni-
form, because limited resolution of OM makes the observation
restricted at hundreds-micrometer scale.**

3.1.2. Electron Microscopy (EM)

EM, including SEM and TEM, is another commonly used imag-
ing technique to study the interfaces, which can provide high-
resolution images beyond the optical diffraction limit. To obtain
qualified specimen of interfaces, particularly for TEM measure-
ments, focused ion beam (FIB) is always essential to prepare
thin-layer samples.*” Furthermore, combination of FIB and
SEM (FIB—SEM) is emerging to realize the reconstruction of
electrodes, giving out direct observations on cathode/sulfide
interface issues. In this section, Li anode interface and cathode
interface using EM characterizations are overviewed separately.

At the Li anode side, as indicated in the OM characterization
above, the spatial resolution of OM is insufficient to understand
the interfacial morphologies, such as micropores, microcracks,
or even nanostructures, etc. SEM has been used to compensate
for the insufficient resolution of OM in many publications.!*>*®)
For example, in the case of Li/polycrystalline f-Li;PS, interface,
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Figure 6. Imaging the Li dendrites at Li/sulfide interfaces with optical microscopy. a) Schematic of apparatus for in situ observation of Li plating on a
metal reported by Chiang et al. b) Optical microscopy images showing lithium plating onto a brass tip electrode in contact with the glassy SEs.
a,b) Reproduced with permission.?? Copyright 2017, Wiley-VCH. c) Operando OM images of in-plane Li/glassy LisPS4/Li cell before (upper) and after
(down) Li penetration. Reproduced with permission.?®? Copyright 2020, Elsevier. d) OM images of the LGPS surface before and after contacting with Li
metal with and without ALD coating. Reproduced with permission.?*® Copyright 2020, Royal Society of Chemistry. e) Lithium metal deposition at high
current density (=50 mA cm~?) propagates into densely pressed polycrystalline p-LisPS,. Reproduced with permission.?*? Copyright 2017, Wiley-VCH.

using SEM can identify that the electrodeposited lithium metal
propagated in a cellular manner, and the Li growing direction
was along the pore channels, grain boundaries, or both, which
were constructed based on the polycrystalline sulfide parti-
cles.”® A large number of SEM studies on the anode/sulfide
interface focus on the Li deposition and dissolution, and the
first-case study using in situ SEM was first reported by
Tatsumisago and co-workers.*®) As shown in Figure 7a-1,
through a tilt of the stage at 30°, the interface between SS
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electrode (SS: stainless steels) and 80Li,S—20P,Ss glass—
ceramic pellet could be observed upon Li plating/stripping.
During plating at 2mA cm ™2, the Li penetration proceeded only
at the precracked positions, and further growth of Li metal
toward SS led to short circuit eventually (Figure 7a-2 and
Figure 7a-3). The authors also investigated the influence of
applied current density to the morphology of deposition and
dissolution of Li metal. The pillared Li deposit after cell short
circuiting at 2mA cm 2 is shown in Figure 7a-4, which can
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LisPS, Reduced components
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Figure 7. EM characterizations for the Li/sulfide interface. a) SEM images of the interface between the SE layer and SS of the same cell before and after
lithium deposition. Reproduced with permission.!*¢2 Copyright 2013, Royal Society of Chemistry. b) SEM cross-section images of the Li metal/LigPSsCl
interface at various currents and cycle numbers. Reproduced with permission.*°¥ Copyright 2019, Springer Nature. c) Sectional SEM images after 20
cycles at the anode/LigPSsCl interface with and without EIL. All scale bars correspond to 5 pm. Reproduced with permission.!*”) Copyright 2020, Elsevier.
d) Cross-sectional BSE images of the Li/LisPS4 and Li/54Li;PS,—46Lil interfaces after cycling tests at 100 °C. Reproduced with permission.*®! Copyright
2018, Elsevier. €) In situ TEM observation and analysis on the Li/sulfide interface. Reproduced with permission.2%! Copyright 2020, Elsevier.

continue growing and shrinking by further increasing the plating
current and stripping current, respectively (Figure 7a-5 and 7a-6).
This result indicated that the reversible volume change caused by
the reversible Li deposition and dissolution can be accommo-
dated by the 80Li,S—20P,Ss glass—ceramic SE, which is impor-
tant for applications. Bruce and co-workers?**¥ employed SEM to
observe the cross section of Li/LigPSsCl to reveal the behavior of
voiding and Li dendrite growth during Li plating/stripping with
various stack pressures. As shown in Figure 7b-1, there were
some voids after the first stripping, and they became sizable after
the end of sixth stripping. The authors indicated that creep rather
than diffusion dominated the rate of replenishing Li at the inter-
face, and the void could generate if the removed Li could not be
replenished immediately. Therefore, the applied pressure is
important for sulfide-based ASSLBs. Figure 7b-2 shows no
evidence of voiding at the end of 100th stripping, which was
the result of using 2.5 times higher stacking pressure (7 MPa)
compared with the cell in Figure 7b-1 (3.5 MPa). Kim et al.*’]
reported that the interface problem (voiding and Li
fragments) between In metal and LigPSsCl in full cells can be
suppressed by introducing one elastic interface layer (EIL):
(LizS)0.75(P2Ss)o.2s glass. As shown in Figure 7¢, FIB milling
was carried out on the interface of one cycled cell. There was
severe interfacial deterioration with the formation of micropores
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and metal fragments at the Li-deposited anode interface without
EIL, which was similar to the voids’ generation and contact loss
classified by Bruce’s group.?® Interfacial side reactions and
protective effects of the Li/sulfide interface also have been
observed with backscattered electron (BSE) imaging of SEM
measurements.”***# As shown in Figure 7d, after galvanostatic
cycling tests at 100 °C, the formation of reduced species can be
clearly observed. The authors claim that Li;PS, glass
decomposed into Li,S and Li;P, which could cause large volume
expansion (=150%) and interfacial morphology change. In con-
trast, the interface was stabilized by adding Lil to the Li;PS, glass
(54Li3PS,—46LiI), which effectively prevented the side reaction
with Li metal and helped maintain a close physical contact during
Li dissolution/deposition.[*¥!

In addition to SEM, powerful TEM analysis has been con-
ducted to study the Li/sulfide interface at nanoscale. Recently,
Hatzell and co-workers®® revealed the transformation of
Li/Li;PS,—LiI interface during Li plating/stripping via in situ
TEM. As shown from Figure 7e-1 to 7e-3, Li metal was placed
on a metal probe, while the SE (Lil-AN, representing Lil-
incorporated Li;PS, SE) was mounted on a Cu TEM half grid.
Figure 7e-4 and 7e-5 reflect the high-angle annular dark-field
scanning TEM (HAADF-STEM) images of Li probe and SE prior
to and upon contact, respectively. When a reducing bias was
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Figure 8. EM characterizations for the cathode/sulfide interface. a) Flow diagram for quantitative analysis using 3D FIB—SEM reconstruction technique,
and the schemes showing multiple analyses from the reconstruction image. Reproduced with permission.’®®) Copyright 2018, American Chemical
Society. b) HAADF-STEM images and element mapping of the LCO/LPSCl interface and in situ DPC-STEM observations of net-charge-density accumu-
lation at the LCO/LPSCI interface with various bias voltages. Reproduced with permission.?’ Copyright 2020, Springer Nature. c) Cross-sectional
HAADF-STEM image of LCO/Li,S—P,Ss interface after initial charging and EDS line profiles. Reproduced with permission.’”) Copyright 2010,
American Chemical Society. d) Atomic-level STEM-HAADF image of a bare NMC811 cathode after cycling with corresponding FFT patterns inset.
Reproduced with permission."®® Copyright 2019, American Chemical Society. e) HAADF-STEM images of SC-NMC532 (single crystal) before and after
cycling. From top to down: pristine bare NMC532, bare NMC532 after cycling, and LNTO-coated NMC532 after cycling. The sulfide SE is LGPS.
Reproduced with permission.[soa] Copyright 2021, Wiley-VCH. f) HAADF-STEM images of uncoated and ALD-coated LCO/Li; 15Geg 15Po g5S4 SE interface
after cycling, as well as the corresponding EDS line scan in the direction along red arrows. Reproduced with permission.? Copyright 2012, IOP Science.

applied to Lil—AN, Li metal was deposited on the Li probe, when
a void/pore formed in the SE region in contact with the Li probe
(Figure 7e-6). This void/pore was irreversible and remained after
Li was stripped from the probe (Figure 7e-7). After one Li plating
and stripping cycle, evidence of Li detachment from the SE could
be found from Figure 7e-8. The authors also employed EDS map-
ping to find that the iodine diffused from SEs to Li metal after Li
plating/stripping rather than just be restricted to the physical
contact area (Figure 7e-9 to 7e-10). It is recognized that I-rich
SEI plays an essential role to improve the Li meal compatibility
toward sulfides.*”!
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At cathode/sulfide interface, SEM is one of the inevitable tech-
niques to know the interfacial physical contact. It is a long-
standing issue to realize imitate interfacial contact between
cathode active materials (CAM) and sulfide SEs. Through SEM
measurements (FIB milling is required to obtain high-quality
specimen), researchers have verified that the physical contact
in the cathode before battery cycling can be improved using a lig-
uid-assistant process,”® dry-powder coating,®" evaporation coat-
ing," or other advanced interface modification techniques.®’!
However, it is still challenging to maintain good cathode—SE
contact after longterm repeatable (de)lithiation.’* Using
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Figure 9. XT characterizations for the Li/sulfide interface. a) In situ phase-contrast XT virtual cross sections during a single plating of a Li/LigPSsCl/Li cell
and analysis of lithium deposition in the cracks. Rendering of a segment of the cell after charging of 1 mAh cm™2 is also presented. Reproduced with
permission."*? Copyright 2021, Springer Nature. b) Li/LigPSsCl/Li symmetric cells cycling at 80°C under 1MPa at 0.5mA cm™2 (upside) and
0.75 mA cm ™2 (downside) and corresponding XT cross-sectional images of the Li/LigPSsCl interfaces. Green, blue, and orange/yellow indicate lithium,
voids, and LigPSsCl, respectively. Reproduced with permission."*®! Copyright 2021, American Chemical Society. c) In situ XT images in XY planes at the
yellow solid line and the orange broken line during the cycling of a Li/glassy Li;PS,/Li symmetric cell. Reproduced with permission.l’”?! Copyright 2021,
American Chemical Society. d) 3D volume and cross-sectional XT images of Li/Li;PS, and Li/70Li3;PS,—30Lil after the cycling of the corresponding
symmetric cells. Reproduced with permission.’* Copyright 2021, American Chemical Society. e) Crack formation mechanism initiated at the interface
between the lithium and sulfide pellet. Red circles indicate Li cluster with low densities. Reproduced with permission.”? Copyright 2021, American
Chemical Society.

single-crystal CAM is a good strategy to prevent the material  would not overview any more details on these conventional appli-

cracking after repeatable cycling in the sulfide-based SSBs, which  cations of SEM in this review paper. Instead, we will emphasize
has been recently demonstrated by Yang and co-workers®> We  one emerging SEM-related characterization that is SEM
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Figure 10. Other advanced imaging techniques to study electrode/sulfide interfaces. a) 2D cross sections taken from 3D ’Li MRI images of pristine
(upside) and cycled Li;GeP,S;, SEs (downside) in a Li—Li symmetric cell. Reproduced with permission.””®! Copyright 2018, American Chemical Society.
b) In situ AFM experimental apparatus and the images of the Li electrodes at open-circuit potential (OCP) and cathodic potential (—0.03 V), as well as the
height section profiles of the deposited Li along the white dashed lines. c) In situ AFM images of the In electrode (OCP) and Li-deposited In electrodes at
cathodic (—1V) and anodic (2.565 V) potentials. The 3D AFM images of the wrinkled structures in blue and pink dotted boxes are displayed as well.
b,c) Reproduced with permission.”® Copyright 2021, American Chemical Society. d) STXM optical density images of single LCO particle after cycling with
LigPSsCl SEs with and without ALD-LZO coating. The corresponding XANES of Co L;, edges of the marked areas in images are also provided.

Reproduced with permission.®** Copyright 2020, Elsevier.

reconstruction.”® This technique could play an important role to
present an integrated electrode information with qualitative abil-
ity in a 3D manner. The sequence of realizing the characterization
is suggested in Figure 8a, consisting of FIB milling, acquisition of
consecutive SEM images, and subsequent image segmentation
and reconstruction.”® The 3D-reconstruction image is illus-
trated to indicate solid electrolyte (yellow), CAM (blue), conduc-
tive additive (red), and pore (purple). The interested subdivisions
can be used to do qualitative analysis on the volume, connectivity,
pore, and tortuosity based on theoretical equations.
Incompatibilities at the cathode/sulfide composite originate
from the SCL effect and the (electro)chemical activity.
These issues usually occur from microscopic down to atomic
scale. TEM is a powerful characterization with the highest spatial
resolution among all imaging techniques. Furthermore, TEM
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can be equipped with energy-dispersive X-ray spectroscopy
(EDX) and electron energy loss spectroscopy (EELS), which
can provide decent energy resolution to study the atomic compo-
sition, chemical bonding, and valence of elements.">® TEM char-
acterizations on the cathode/sulfide interface can be generally
divided into two categories: 1) deciphering the interface issue
at atomic level and 2) describing the cathode coating layer.

In the first category, Cui and co-workers recently visualized
SCL via in situ differential phase-contrast scanning transmission
electron microscopy (DPC-STEM) technique. This technique was
used to investigate the net-charge-density distribution across the
LCO/LPSC (LCO: LiCoO,, LPSC: LigPSsCl) interface.’’ As
shown in Figure 8b, at the bias voltage of 1V, slightly negative
net charge density was indicated on the LCO side of the interface,
while positive for the LPSCI side. This is corresponding to Li*
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ions extracted from LCO crystal lattices and entering into the
interstitials of LPSCl SEs. The difference between negative
and positive net charge densities was found increasingly pro-
nounced along with higher bias voltages. This study suggested
the first direct experimental evidence of the SCL effect dynami-
cally reflecting Li-ion transport at the cathode/sulfide interface.
In addition to the fundamental SCL effect, elements’ mutual dif-
fusion and cathode materials’ structure change were all observed
through TEM. Hayashi and co-workers®” utilized EDS line scan
for the LCO/80Li,S—20P,Ss interface after cycling to find that P
and S diffuse from the LPS side to the LCO particle, while Co was
witnessed to diffuse extending to over 50 nm away the bulk LCO
(Figure 8c). The mutual diffusion of Co, P, and S was regarded as
the main evidence to form interfacial layer, and this layer even
existed in the case of using LNO coating for LCO cathode.®®
Tsukasaki et al.*” conducted high-resolution TEM (HRTEM)
to observe that the layered crystal structure of NMCI111
(LiNi;;3Mn; 3C01/30;) became partially amorphous at the
NMC111/ glassy 75Li,S—25P,Ss interface after cycling. Sun
and co-workers'” performed HAADF-STEM combined with
fast Fourier transformation (FFT) to witness the transition of
NMC811 (LiNip gMng 1Cog 10,) from the typical layered structure
to rock-salt phase at the interface of 12nm (against LGPS)
(Figure 8d). This similar phase transition could also be found
for the interface between single-crystal LiNiysMng3Cog,0;
(SC-NMC532) and sulfide SEs without interfacial protection.!*®
In the second category of describing the cathode coating layer,
on the one hand, as the thickness of coating layer is normally
nanosized, TEM was required to confirm the morphology and
structure of coating layers attached on the cathode materials,
such  as Li—Nb—O-based,!"?>*"] Li—Nb—Ta—0,%*¢%
Li—Zr—0,*"% 1i—p—0** Li—B—0,*" Li—La—Sr—Ti—0,®!
Li—Co—Ti—0,%¢! Li,Zr,(POy); coating,[(’” etc. On the other hand,
the functionality of coating layer was revealed. For example, Sun
and co-workers!®® reported that LNTO (Li—Nb—Ta—0) coating
on SC-NMC532 could effectively suppress the oxygen loss from
the cathode to LGPS SE, thus increasing interface stability. They
used HAADF-STEM to witness a thin spinel layer (1—3nm)
rather than an undesired rock-salt structure at the near surface
of LNTO-coated SC-NMC532 cathode (Figure 8e). The authors
further claimed that the spinel structure derived from LNTO
coating could mitigate the detrimental interfacial structural
change. Lee and co-workers?®® elucidated that the coating effect
can suppress element mutual diffusions, thus reducing the inter-
face thickness. As displayed in Figure 8f, the HAADF-STEM
image and EDS line scan of AlOs-coated LCO/
Lis 15Geg.15Po.85S4 interface clearly show that the interface thick-
ness reduced by ~50% compared with the uncoated cathode.

3.1.3. X-Ray Tomography (XT)

Li anode/sulfide interface is sensitive to air due to the high reac-
tivity of Li metal and sulfide SEs; therefore, characterizations on
Li/sulfide interface required high standards of inert atmosphere
and thermal control to keep the interface indestructible. OM and
EM-based characterizations have been overviewed to analyze the
dendrite issue through elaborately preparing the specimen by
FIB milling or designing in situ/operando experimental
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apparatus. However, it is still challenging to realize nondestruc-
tive analysis via these characterizations, particularly for detecting
veritable interface situations in an operating cell. XT is one indis-
pensable imaging technique that can capture the real interior of
one cell without disassembling cells. The used X-ray can be
generated with laboratory-based or synchrotron radiation (SR)
source, while synchrotron-based XT can provide higher spatial
resolution and higher scan rate.®® In XT, depending on the ele-
ment, denser materials with high-Z elements (e.g., sulfide SEs)
attenuate the X-rays more than low-Z elements (e.g., Li metal,
and gas). Therefore, darker regions highlighted in the tomogram
and 3D-reconstructed image will be identified as voids/cracks/
dendrites.

Implementing XT to visualize the Li/sulfide interface is rela-
tively new compared with other imaging techniques, and the
early studies were conducted by Pylypenko and co-workers
and Sun et al.'*” They visualized the interfacial morphology
change at interfaces of Li/p-Li3PS, and Li/Li;oSnP,S;, in
operando studies, respectively. Their work has inspired more
research in this field, including explaining the formation
(initiating from the Li/sulfide interface) and growth mechanism
of Li dendrites,">'*3%! observing that the Li dendrites in bulk
SEs resulted from different stack pressures,”” and analyzing the
porosity of the bulk SE pellet before and after electrochemical
reactions.’®® Among which, the interface-related XT character-
izations are what we focus on in this review paper. One recent XT
study performed by Bruce and co-workers!'*?! explained the
plating-induced cracking in Li/LisPSsCl/Li symmetric cells. As
displayed in Figure 9a, during plating for one Li electrode, the
cross-section images obtained by XT after each electrochemical
steps suggested that one crack initiated from the interface
(upside) to the other electrode (down side). Although the crack
traversed the entire LigPSsCl layer, the cell was still not shorting.
The authors measured grayscale profiles across the crack at the
region indicated by the red lines and confirmed that the Li den-
drites grew with filling the crack first and the crack propagated
ahead of the dendrite penetration. As shown in the 3D image
rendering, the Li dendrites were still confined in the crack, while
crack had propagated to the bottom electrode. However, this
cracking and Li dendrite growth mechanism starting from the
Li/sulfide interface were not observed in another XT study for
the graphite/Li;PS, interface by Novak and co-workers”! The
authors explained that the difference is due to the fabrication
of cells. During the stripping process for one electrode of the
Li/LigPSsCl Li symmetric cell, Bruce et al. suggested that
the voids’ formation at the interface was essential to promote the
nucleation and growth of Li dendrites, which was explained by
SEM characterizations of the stripped Li metal/LisPSsCl interfa-
ces in the EM section.’® XT was also used to witness the accu-
mulation of voids deviating from the interface to SE layer with
increasing plating/stripping cycles, because voids show low X-ray
attenuation compared with bulk Li metal anode and SE
pellet.['°3% Bruce and co-workers further explored that the void-
ing at the interface can be suppressed by increasing the temper-
ature at the same stack pressure.*” Their electrochemical data
suggested that CCD for void formation on cycling at the Li/
LigPSsCl interface increases from < 0.25 mA cm 2 at 25°C to
>0.5mA cm™? at 80°C under 1MPa pressure. XT was used
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to prove the formation of voids with the critical plating/stripping
conditions (Figure 9b).

One drawback of the research above using XT to analyze the
Li/sulfide interface is lacking the consideration of interfacial
reactions between Li metal and sulfide SEs. Hayashi and
co-workers”? reported a plausible theory to explain the failure
mechanism of Li/sulfide issue by considering the interface side
reactions. XT imaging was also used to visualize the crack prop-
agation. As shown in Figure 9¢, tomograms of two positions (one
is at Li/glassy Li;PS, surface and the other one is in the bulk SEs)
at various electrochemical processes demonstrated that the low-
density areas near the Li/Li;PS, interface triggered crack expan-
sion inside the bulk SE. The authors considered the interfacial
reaction between Li and glassy Li3PS, as the main reason for
crack formation, because tremendous volume expansion
(=150%) was induced by the decomposition of Li;PS, at the
interface. Incorporating Lil into the Li;PS, SEs has been widely
reported to improve Li compatibility.”*! As shown in Figure 9d, if
replacing Li;PS, with 70Li;PS,—30Lil, the 3D volume and cross-
sectional images from the XT indicated that crack generation in
the case of Lil-incorporated sulfide becomes negligible compared
with that in the bulk Li;PS, .”* Based on these intuitive results
from XT characterizations, Hayashi and co-workers schemed the
progress of crack formation and Li dendrites penetration, as dis-
played in Figure 9e.”? Interfacial reaction took place first. Then,
electrochemical Li deposition led to the formation of small cracks
in the interface layer. Li deposition could be along the small crack
and generate a new Li/sulfide interface afterwards. Therefore,
new cracks would form inside the SE pellet, which accommo-
dated more Li deposition subsequently. In this way, the Li cluster
was formed and then caused the short circuit. The authors con-
cluded the eventual shorting originated from the generation of
small cracks in the reduction layer and was triggered by
“repeated-reducing, expanding, and cracking” of sulfide SEs.
Similarly, McDowell et al.'%! used operando CT to visualize
the voids’ formation during lithium stripping in Li/
Li;oSnP,S;,/Li symmetric cells. They also quantified the loss
of contact derived from the interfacial reaction and regarded it
as the primary cause of cell failure.

3.1.4. Others (AFM, STXM)

Besides aforementioned imaging techniques that are widely used
to study the interface issues of sulfide-based ASSLBs, there are
several other characteristic techniques being reported to visualize
the electrode interface recently. Hu and others”® used noninva-
sive ’Li magnetic resonance imaging (MRI) to examine Li distri-
bution homogeneity in LGPS within Li/LGPS/Li symmetric
cells. “Li MRI and the derived histograms revealed Li depletion
from the Li electrode interface and increased heterogeneity of Li
distribution upon electrochemical cycling, as displayed in
Figure 10a. Atomic force microscopy (AFM) was used by Wen
et al’® to obtain new insights into Li deposition at the
anode/LGPS interface. As shown in Figure 10b, in situ AFM
measurements were conducted on the cross-sectional interface
between working electrode (WE) and LGPS SE layer. If using
Li metal as the WE, uneven Li deposition was observed, and
the height of deposited Li increased with more charges passing.
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Furthermore, this chunk-shaped Li deposition was regarded irre-
versible when stripping voltage was applied. In sharp contrast, if
replacing the Li WE with In, much improved Li deposition and
dissolution were found, as shown in Figure 10c. The 3D AFM
images of the white dotted rectangle indicated a nanofold-like
structure at the surface of the Li-deposited Liln electrode. The
authors claimed that the flexible and wrinkled-structure SEI shell
could enable the electrode protection and inner Li accommoda-
tion upon cycling. One benefit of using AFM or scanning probe
microscopy (SPM)-related characterizations is their capabilities
to study the local electrical properties of the electrode. Sakuda
and co-workers””! rationally used SPM and conductive AFM
(C-AFM) to measure the resistance and current distribution of
the sulfide cathode composition, respectively. They found that
the poor conduction locally limits the charge—discharge reactiv-
ity of CAMs, which originated from the poor and uniform inter-
face contact between sulfide SEs and CAM particles. One another
advanced imaging technique that should be mentioned is scan-
ning transmission X-ray microscopy (STXM). This imaging tech-
nique is a combination of spectromicroscopy, showing decent
spatial resolution (30 nm) and high spectral resolution compared
with TEM—EELS."® Sun and co-workers!®*®lemployed STXM to
visualize LCO cathode particles after cycling with and without
LZO coating (Figure 10d). According to the X-ray absorption
near-edge spectroscopy (XANES) extracted from the designated
areas across the interface, LZO coating layer was found to effec-
tively suppress the reduction reaction of Co (+3) in LCO after
cycling with LigPSsCl sulfide SEs.

3.2. Spectroscopic Investigations

Identifying interfacial products is fundamental to understanding
the interface issues of both Li anode and cathode in sulfide-based
ASSLBs, which benefits to design functional interface (e.g., favor-
able interlayers) and robust electrolyte composition to prevent
the interfacial side reactions and facilitate the interfacial ion
transport, thus improving the electrochemical performance.
There are various physical characterizations being reported to
analyze the interfacial products. In this section, we will review
several typical techniques (particularly in situ/operando meth-
ods) to show how the interfacial products can be solved via these
characterizations.

3.2.1. X-Ray Photoelectron Spectroscopy (XPS)

XPS is ubiquitous tool to be used, because it shows wide acces-
sibility as one lab-based setup and high sensitivity to the surface
information of samples. The photon source with a fixed energy is
used in conjunction with a hemispherical or cylindrical electron
analyzer. For studying the electrode interface in sulfide-based
ASSLBs, XPS characterizations, including in situ XPS measure-
ments and XPS depth-profiling analyses, can help to identify the
interfacial products in both anode and cathode sides.

At Li anode/sulfide interface, XPS characterizations have been
used to detect that sulfide SEs (Li3PS,, Li;P3S;;, LijoGeP,Sq,,
LigPSsX, glassy Li,S-P,Ss) are reduced by Li metal to form
Li,S and Li;P, as well as LiX (X = Cl, Br, I) and elemental metal
or alloys (e.g., metallic Ge or Li—Ge alloy) for those sulfides with
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halogen and metal elements. Two kinds of in situ XPS experi-
mental apparatuses have been elaborately designed to detect
the interfacial product between Li metal and sulfides. The first
one was developed by Janek et al.'®* The schematic diagram
of the apparatus is shown in Figure 11a, one argon-ion (Ar™)
gun was used to sputter Li metal onto the surface of LGPS pellet
via a “bottom-up” approach. After each Li sputtering, XPS mea-
surement was conducted to detect the Li-sputtered LGPS surface.
This in situ XPS detected the interfacial products derived from
the chemical reactions between Li metal and LGPS. The decon-
volution of the XPS peaks indicated the formation of reduced Ge
(Ge metal or Li—Ge alloy), Li,S, and Li;P formed at the interface.
Similar studies were performed to identify the interfacial prod-
ucts between Li metal and other popular sulfide SEs, like
glassy Li,S—P,Ss,” Li;P3S;,?* LigPSsX (X =Cl, Br, 1),
Li;oSnP,S:5,%Y etc. The second in situ XPS experimental
apparatus was constructed to detect the interfacial products by
electrochemical reactions."® As shown in Figure 11b, during
charging process (Li plating), an electron gun bias drove Li™
migration from the bottom Li electrode to the surface of LPS
SEs (LPS: 77.5Li;S—22.5P,Ss) and to complete deposition, while
during discharging, UV photons photoionized the deposited Li
metal to generate Li* and outgoing photoelectron. The resulted
accumulated positive charge at the top electrode surface drove
Li* transport back to the bottom electrode, so the Li metal
was stripped from the top electrode. XPS measurements moni-
tored changes at the top surface during Li plating/tripping.

www.small-structures.com

The SEI formed at the interface between deposited Li metal
and LPS was irreversible. S and P XPS spectra indicated that
the main products of the SEI were Li,S and Li;P.

Apart from using conventional XPS to analyze the interface
product, depth-profiling XPS was also employed to analyze the
chemical composition across the interface. Ar-ion sputter etching
on the surface of studied samples followed by XPS measure-
ments helps to realize this. Wang and co-workers®? first used
depth-profiling XPS to analyze the chemical composition at
Li/LGPS interface with and without an interlayer (one nanocom-
posite) achieved by electrochemical deposition. As shown in
Figure 11c, unchanged spectra of all elements at the LGPS layer
suggested that the reaction between Li and LGPS can be
prevented by introducing the interlayer. In the interface, inor-
ganic/organic species and LiF were suggested as the main chem-
ical compositions, which were regarded as the essential role to
realize the protection. Compared with the introduction of one
additional interlayer, the strategy of modifying sulfide SEs is
of high efficiency but of high challenge. Sun and co-workers!®’!
reported that fluorinating LicPSsCl led to the formation of
LiF-rich Li anode interface, which could improve the interface
and regulate smooth Li plating/stripping. The authors carried
out XPS depth-profiling analysis to confirm that a rich LiF-
containing interface was formed through the interface and even
at the closed Li metal layer (Figure 11d), serving as the robust
protection layer for the observed ultrastable Li plating/stripping.
SR played an important role in the applicability of XPS to
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Figure 11. XPS characterizations for Li/sulfide interfaces. a) In situ XPS experimental apparatus developed by Janek et al. XPS spectra of S 2p, Ge 3d, and
P 2p in the pristine LGPS sample and after deposition of 31 nm Li metal. Reproduced with permission.['®? Copyright 2016, American Chemical Society.
b) Operando XPS schematic and Li 1s core level evolution. Before and after electrochemical reactions. Reproduced with permission."®®! Copyright 2018,
Springer Nature. ¢) XPS depth-profiling analysis for the nanocomposite-stabilized Li/LGPS interface. XPS spectra of S 2p, Ge 3d, P 2p, Li 1s, and F 1s of the
stabilized Li/LGPS interface. Reproduced with permission.’®? Copyright 2018, Wiley-VCH. d) XPS depth-profiling analysis of the Li metal/fluorinated
sulfide interface. Evolution of Li 1s and F 1s XPS spectra across the interface. Reproduced with permission.®3! Copyright 2020, American Chemical Society.
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interfacial studies through improving photon flux and energy
resolution. Synchrotron-based XPS enables small spot focus
from high-brilliance insertion devices and has the ability to
change the photon energy, which strongly affects cross section
and probing depths. Sun and co-workers®* used synchrotron-
based XPS to find subtle differences in the interface composition
of Li/Li,SiS, interface tested with increased photon energy from
3 to 6, and 8keV, corresponding to different depths of X-ray
penetration.

At the cathode side, XPS measurements were conducted on
the cycled cathode composites to identify the interfacial products.
It is noted that depth-profiling analyses were frequently used to
preclude the surface contamination, thus detecting real chemical
compositions derived from the interfacial reactions. XPS studies
that performed on the cathode interface between cathode and
various sulfide SEs are multifarious.?°>>*>8602610.85] Here we
take promising Argyrodite LigPSsCl (LPSCI) sulfide SEs as the
example to review the XPS studies at LPSCI interface against
various oxide CAMs. Dedryvére and co-workers®® carried out
depth-profiling XPS analysis for the LPSCI interfaces against
LCO, LiMn204 (LMO), and LiNi1/3C01/3Mn1/3O (NMCl].].),
respectively. S 2p and P 2p XPS spectra of the LCO/LPSCI cath-
ode composites before and after cycling are shown in Figure 12a.
Oxidized S and P species were clearly indicated, showing pro-
gressive differences at different depths. Etching a 5 or 10 pm-
thick layer made the interfacial products of lithium polysulfides
(LizS,), elemental S, P,S, (x> 5), and phosphates pronounced.
Further check of the Li 1s XPS spectra indicated the existence of
LiCl in the interface composition.*® In the case of LMO cathode
interterface (Figure 12b), the interface products are similar to
that of LCO/LPSCIl, but these interfacial products already
occurred before cycling. This means that chemical reactivity
between LPSCl and LMO is more serious larger than that of
LPSCI/LCO. As for the LPSCI/NMCI111 interface (Figure 12c),
although there is no big difference between the pristine and
the sample after one full cycle, Li,S, and P,S, formed after
the first charge. The intensity of these oxidized products after
one charge for LPSCI/NMC111 is comparable with the situation
of LPSCI/LCO interface after 25 cycles. After long-term cycling
(300 cycles), similar observations could be achieved in S 2p and P
2p spectra compared with LPSCI/LCO and LPSCI/LMO interfa-
ces after 22 and 25 cycles, respectively. Therefore, the authors
claimed chemical reactivity of argyrodite LPSCI toward the three
CAMs increased in order of: LCO < NMC111 <« LMO. Janek and
co-workers®®”) analyzed the interfacial products of LPSCI against
another popular CAM: LiNig Cog ,Mng,0 (NMC622). As shown
in Figure 12d, they not only detected oxidized S and P species
(SO, and PO,) produced at the LPSCl/CMN622 interface but also
did careful examination on the O 1s spectra before and after
cycling. The lattice O of NMC622 almost vanished in the
cycled cathode composite, suggesting that the interface layer
of the formed interface is thicker than 10nm, which
suppressed the maximum analysis depth of XPS. By means of
XPS analysis for LPSCI/NCA cathode composites (NCA:
LiNig g5C00.1Alg050;), Meng and co-workers®®! proposed one
novel theory of the “self-passivating layer” to hinder the endless
interfacial reactions between LPSCl and NCA. They found from
the XPS spectra of LPSCI/NCA samples after prolonging cycles
(Figure 12e) that the new generation rate of interfacial products
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(Li;S,, and P,S,) became significantly reduced after the first cycle.
The authors suggested that electrolyte decomposition was self-
terminative, which enabled excellent cycling stability in full-cell
cycling. Compared with using XPS studies to disclose the evolu-
tion of sulfide SEs in the cathode compositions, insufficient XPS
analysis was conducted on the TMs in CAMs after cycling against
sulfide SEs. However, there are still several case studies reporting
the electrochemical reduction of TMs (Co and Mn) according to
the XPS results.[%5%]

As we have overviewed above in the imaging section, coating
strategies have been widely used to solve the problematic cathode
interface toward sulfide SEs. XPS has also demonstrated much
improved interface by introducing various Li-containing coating
layers.[©3>¢+8589] Eyrthermore, the interfacial reaction products
associated with adding carbon conductive agents were not
revealed by XPS studies.”” Various conductive agents with dif-
ferent physical properties (e.g., specific surface area, electronic
conductivity) could lead to different degrees of interfacial reac-
tions and then affect the battery performance.

3.2.2. X-Ray Absorption Spectroscopy (XAS)

XAS is an advanced characterization, as the energy source is
from a large-scale SR facility and the photon energy is tunable
depending on requirements of detection depth, element number
of studied objects, etc. X-ray absorption near edge spectroscopy
(XANES) and extended X-ray absorption fine spectroscopy
(EXAFS) are two subsets of XAS. They are always combined
to obtain deep physicochemical information based on elements,
such as oxidation states, atomic pair distribution (interatomic
distances), coordination numbers, and so on.®Y Particularly,
the chemical evolution of TMs at the interface that are challeng-
ing to be well analyzed by XPS can be monitored in the
synchrotron-based XAS measurements.

Uchimoto and co-workers®” analyzed Co K-edge with depth-
resolved XAS to show the protection of Li3PO, interlayer for the
LCO cathode materials at cathode interface. As shown in
Figure 13a, XAS spectra obtained at lower exit angles provide
information about the surface of a thin film, while spectra
obtained at higher exit angles give information on bulk materials.
The author used pulsed laser deposition (PLD) to prepare two
thin-film batteries based on 80Li,S—20P,Ss sulfide SEs and
LCO cathodes with and without Li;PO, interlayer. XAS measure-
ments were conducted before and after cycling for these two
cells. At low exit angles, the negative-energy shift of the whiteline
in obtained XANES spectra indicated that Co (3+) was reduced
severely at the interface without Li;PO, interlayer (Figure 13b),
and Co—O bonding distance at the interface was found to be
expanded via EXAFS fitting, suggesting local structure change
of Co—O bonds in CoOg octahedra. In contrast, this expanding
phenomenon was not observed at the interface with Li;PO, inter-
layer (Figure 13c). EXAFS fitting was also applied by Li and
co-workers!®® to interpret stabilized interatomic distances of
Co—Co, Co—O0, and Ge—S at the LCO/LGPS interface with
Li,CoTi;Og (LCTO) interlayer. In addition, in LGPS-based
ASSLBs using NMC811 as CAMs, XAS analysis in K-edges of
TMs (Ni, Co, and Mn) before and after cycling with and
without interface modifications were reported by Sun’s
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Figure 12. XPS characterizations for interfacial products between LigPSsCl and various CAMs. S 2p and P 2p XPS spectra of a) LCO/LigPSsCl; b) LMO/
LigPSsCl; and ¢) NMC111/LigPSsCl cathode composites before and after cycling. Reproduced with permission.® Copyright 2017, American Chemical
Society. d) S 2p, P 2p, Cl 2p, and O 1s XPS spectra of LigPSsCl reference and NMC622/LigPSsCl cathode composites before and after cycling. Reproduced
with permission.!®”] Copyright 2019, American Chemical Society. ) S 2p and P 2p XPS spectra of NCA/LigPSsCl cathode composites before and after
various cycles. Reproduced with permission.®® Copyright 2019, American Chemical Society.

group.['""*9%9493 The obvious energy shift of whitelines for TM  3.2.3. Raman Spectroscopy

elements could be largely suppressed by cathode surface coating

or cleaning. More importantly, in situ XAS measurement was ~ Raman spectroscopy is the second largest used characterizations
developed by Sun and co-workers to track the chemical evolution ~ underling XPS to analyze the interfacial products in sulfide-
of elements at the NMC811/LGPS interface in electrochemical ~ based ASSLBs. It is of high structural specificity and extended
processes."””) As displayed in Figure 13d, a Mylar film-covered  sensitivity in the low-vibrational frequency range, which are ideal
window on the cell allowed the incident X-ray to interact with the  for pursuing thiophosphate-related structural information.”* In
cathode composite. XAS spectra of K-edges of P S, Ni, Co, and  collecting Raman spectroscopy, the vacuum chamber is not
Mn could be consecutively obtained during the charging/ required; thus, it is relatively easy to design operando cells to
discharging process. The evolution trend of S K-edge suggested  track the interface evolution during charging and discharging.

that S at the interface (NMC811/LGPS) converted to Li,S upon At the anode side, operando Raman measurement was estab-
charging but recovered partially in subsequent discharging lished by Nuzzo and co-workers?®? to monitor the interfaces of
(Figure 13e). While ALD-LNO coating on NMC811 particles  Li/p-Li;PS, and Li/LPGS separately, as shown in Figure 14a.
can completely avoid this evolution of S K-edge, demonstrating  During Li plating and stripping toward the Au electrode, partially
the interface with coating was stable (Figure 13f). The similar  reversible conversion of PS,*~ to P,S¢*~ was found along with
in situ XAS measurement was also used to interpret the LNO  the generation of Li,S at the interface of Li/p-Li;PS, In addition,
coating effect on alleviating interfacial side reactions between  the authors found incorporating Si on the anode could
LCO and LGPS./! facilitate the interconversion between PS,*~ and P,Ss*during
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Figure 13. XAS characterizations for cathode/sulfide interfaces. a) Schematic diagram of depth-resolved XAS measurement. b,c) Energy shift at half of the

normalized absorbance of XANES spectra from (b) different exit angles an

d (c) Co—O bond distance derived from the EXAFS fitting for the thin-film

electrodes without and with the Li;PO, interlayer before and after the first cycle of CV measurement. Reproduced with permission. Copyright 2018,
Elsevier. d) Schematic figure of the operando XANES cell and obtained Bruker spectrum in a large photon energy region. Operando S K-edge spectra with

first derivative mapping, Ni K-edge spectra, and charge/discharge profi
Reproduced with permission.'*! Copyright 2019, American Chemical Soc

Li plating and stripping.®**! In contrast, LGPS interface showed
irreversible degradation even at the voltage of 0.7 V, which was
even prior to effective Li deposition. The authors ascribed this to
the high reduction potential limit of LGPS and endless interfacial
reaction derived from electron-/ion-mixed conducting interface.
Recently, Hardwick and co-workers studied the Li/LizPSsCl
interface via operando Raman.”” Their results also indicated
the formation of Li,S, while the peak assigned to the PS,*~
did not shift during Li deposition and dissolution but presented
a broad feature significantly once bias voltage was applied.
Raman spectroscopy is frequently reported to analyze the cath-
ode/sulfide interface compared with the anode interface studies
requiring Li metal. Tatsumisago and co-workers'*® observed that
two fingerprint peaks of LCO (O—Co—O bending: 486 cm™";
Co—O stretching: 596 cm™) shifted to a lower wavenumber
(due to the expansion of LCO lattice at x-axis) when the cathode
was charged in a customized operando cell using glassy
75Li,S—25P,Ss SEs (Figure 14b). In addition, one new peak at
675 cm™" could be assigned to generate Co;0, as one interfacial
product, which was distributed unevenly in the fully charged

Small Struct. 2021, 2100146 2100146

les of e) bare NMC811/LGPS and f) LNO-coated NMC811/LGPS cells.
iety.

cathode composite according to the mapping of Raman spectra.
Hardwick and co-workers evaluated the interfacial products of
LCO/LigPSsCl within a wide wavenumber range.”” They found
products originating from the decomposition of LigPSsCl SEs,
such as elemental S (at 151, 219, 473cm™") and P,S, (x=35
or 6 or 7, at 378 and 705cm™"), which were similar to the
in situ Raman results from Cui’s group, as shown in
Figure 14c.”) Actually, Cui et al. dealt with a more intractable
problem, namely, improving the interfacial stability between
LCO and LigPSsCl at a high voltage of 4.5 V. They utilized oper-
ando Raman to demonstrate the interfacial instability of LCO/
LigPSsCl in a wide voltage range (2.6—4.5 V). Apart from polysul-
fide and elemental S, they also found CoP,, at 684 cm™* during
discharging, which was related to the reduction of P in the
LigPSsCl SEs.*”) They developed one coating layer (LZPO) to
improve the interfacial stability, which was indicated by the sta-
tionary contour mapping. In addition, Raman characterizations
have also been reported to verify stabilized cathode interfaces
(against LGPS SEs), benefiting from LNO coating and element
doping.””!
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Figure 14. Operando Raman spectroscopy characterizations for electrode/sulfide interfaces. a) Spectroelectrochemistry cell design and Raman spectra to
track the interfacial products at Li/p-LisPS, and Li/LGPS interfaces. Reproduced with permission.?° Copyright 2017, American Chemical Society.
b) Schematic diagram of using Ar" milling to obtain the sample and mapping image of the LiCoO, electrode layer after the first charging process.
The Raman spectra of LiCoO, electrode layer at the different charge capacities and different locations after fully charged are also displayed.
Reproduced with permission.”® Copyright 2016, Elsevier. c) Raman spectra of LigPSsCl in LCO/LigPSsCl (upside) and LZPO—LCO/LigPSsCl (downside)
cathode composites during the charge/discharge process. The corresponding contour maps are also indicated. Reproduced with permission.l®”]
Copyright 2021, Wiley-VCH. d) Raman spectra at NCM/LigPSsCl interface during charging and discharging, and schematic illustrations of interfacial

evolution processes based on different vibration states of P—S bond
Copyright 2019, Wiley-VCH.

One another interesting operando Raman characterization
linking the interfacial product with SCL evolution at cathode
interface of NMC811/LigPSsCl was recently reported by
Zhang et al.”® They found that one new peak (418cm’)
was adjacent to the fingerprint peak (425cm™") of LigPSsCl
and existed all the time during initial charge and discharge.
The new peak at 418 cm™' was regarded as another vibration
state of P—S bond in PS,*~, and the authors proposed one plau-
sible theory as displayed in the schematic diagram as shown in
Figure 14d. In short, the authors indicated two Li* migration
pathways accompanied by the formation of the SCL, which is
responsible for the split of the Raman spectra, and the diffusion
of decomposition products at the cathode interface brings some
fluctuations for the two Raman-peak splits.

3.2.4. Time-of-Flight Secondary-lon Mass Spectrometry
(ToF-SIMS)

ToF-SIMS can analyze informational solid surfaces and thin
films by sputtering the surface of the specimen with a focused

Small Struct. 2021, 2100146

2100146 (18 of 27)

in PS;>~ at NCM/LigPSsCl interface. Reproduced with permission.%!

primary-ion beam (e.g., Bi*") and collecting and analyzing
ejected secondary ions (generally negative-charge fragments).
According to the mass/charge ratios of these secondary ions
measured with a mass spectrometer, the elemental, isotopic,
or molecular composition of the surface can be determined.
In addition, sputtering with low-energy ion beam (e.g., Cs™)
can enable depth-profiling analysis. ToF-SIMS is regarded to
possess very high sensitivity toward high-ionization fragments
(several orders of magnitude higher than XPS).[”!

In the field of sulfide-based SSBs, Janek and co-workers first
employed ToF-SIMS to analyze the electrochemical degradation
of NMC622/LPSCl cathode interface.’”) As suggested in
Figure 15a, due to ion collision (Bi**beam) on the cathode/sul-
fide composition, fragments such as MS,” and MCL,~ (M =Nj,
Mn, Co) were generated and detected. The reduced intensity after
cycling indicated the local decomposition at the cathode/sulfide
interface accompanying the growth of CEL. PO, and SO, frag-
ments were also suggested as portions of the interfacial products.
ToF-SIMS measurements on FIB-cutting samples before and
after cycling could clearly reflect that the phosphate fragments
were located at the NCM622/sulfide interface (even for the
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Figure 15. ToF-SIMS characterizations for analyzing the interfacial products at cathode/sulfide interfaces. a,b) Spectra of negatively charged fragments
from surface of NMC622/LigPSsCl cathode composites after cycling, and secondary electron as well as corresponding secondary-ion images of the
crater sidewall depending on the sputtering time. Reproduced with permission.®” Copyright 2019, American Chemical Society. c) Schematic illustration
of operando ToF-SIMS measurement. Mass spectra and evolution of the intensity maps of PO, and SO,  fragments measured during cell cycling.
The degraded state denotes the spectra obtained with high voltage applied. Reproduced with permission.”"! Copyright 2021, American Chemical

Society.

uncycled sample), and the signals drastically increased after bat-
tery cycling (Figure 15b). Yamagishi et al.**! developed operando
ToF-SIMS to visualize the uneven reaction of NCA cathode
cycling with 75Li,S—25P,Ss SEs, according to the mapping of
Li-containing fragments. In addition, the authors indicated the
evolution of formed PO,  and PO;~ fragments after charg-
ing/discharging and degraded states. The increasing intensity
of PO, fragments accumulated at the NCA/sulfide interface
suggested the irreversible interfacial reactions (Figure 15c).
Janek’s group further used ToF-SIMS measurements as a com-
plemental approach to XPS analysis to revel the interface reaction
that could be aggravated upon adding carbon conductive,**”
while being relieved by coating Li,CO;/LiNDO; on NMC622
CAMs, according to the intensity change of detected PO,
and SO, fragments.®”

3.2.5. Others (SXRD, ssNMR)

Lab X-ray diffraction (XRD) is one of the most common charac-
terizations to identify the phase composition, but it is difficult to
be used to analyze the interfacial products due to the challenge of
preparation of interface specimen, as well as the low concentra-
tion of interfacial products in electrodes. Synchrotron-based
XRD (SXRD), for example, energy-disperse XRD (EDXRD),
can provide high spatial resolution (spot size in micrometers),
so that it can detect the interface products by scanning across
the customized cell.’®! Furthermore, the high time resolution
(data acquisition in seconds) derived from the high photon flux
of SR benefits to observe instantaneous interfacial evolutions
with operando setups.®®®?? Operando SXRD was always
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coupled with XT to provide phase analysis and images simulta-
neously with the nondestructive feature, as displayed in
Figure 16a. Sun et al. used this experimental apparatus to con-
firm the Liln phase that penetrated through the anode interface
to the bulk LGPS after cycling.®” Zhu and co-workers reported
using SXRD to identify each component in one operating cell
(Figure 16b) and then analyzed the stability of
LigGeosSbo4SsI SEs during charging and discharging.””
Very recently, Bruce et al. observed the cracking and its correla-
tion to the growth of Li dendrites within a symmetric cell (Li/
LigPSsCl/Li) via using combined operando SXRD and XT tech-
niques. The SXRD mapping in one 4 x 4 Mm? area of the Li
anode clearly indicated the location and intensity of Li dendrites
that were recognized by the diffraction peak of Li (110) lattice
plane (Figure 16¢)."*¥ Solid-state nuclear magnetic resonance
(ssNMR) spectroscopy is one powerful method to probe the chem-
ical environments of a number of magnetically active elements.
Magic angle spinning (MAS) NMR is developed to average out
internal interactions of the anisotropic solids (e.g., dipolar and
quadrupolar couplings between nuclei), which benefits to collect
high-resolution spectra as that performed in the liquid-based
NMR. Wagemaker et al. used MAS NMR to collect *' P NMR
spectra of the C/LigPSsCl composites before and after cycling,'**!
As displayed in Figure 16d, the deconvolution of NMR peaks sug-
gests the formation of P,S;*” and Li;P as the interfacial products
to expand the practical electrochemical window. The Li;P-
containing interface between Li metal and Li;(SnP,S;, was also
confirmed by Yang and co-workers using *' P NMR.B!

In the physical characterizations of analyzing interfacial prod-
ucts, a limited number of techniques can directly detect lithium,
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Figure 16. Other advanced characterizations to identify the interfacial products at electrode/sulfide interfaces. a) Schematic diagram of the experimental
setup of the tomography station at the EDDI beam line at BESSY Il, Helmholtz-Zentrum Berlin, Germany. The cell was designed for in situ/operando
synchrotron XT and EDXRD. Reproduced with permission.®*®l Copyright 2018, Royal Society of Chemistry. b) Schematic of full cell and EDXRD data of
pristine full cell during electrochemical cycling in the initial state. Reproduced with permission.®? Copyright 2020, Wiley-VCH. c) SXRD data collected
on a cycled Li/LigPSsCl/Li cell after a short circuit occurred. Schematic of XRD mapping (c-1); diffraction intensity of lithium (110) peak plotted at each
grid position (c-2); and XRD data collected at the edge and the center of the electrode (c-3). Reproduced with permission.'*? Copyright 2021,
Springer Nature. d) Solid-state *'P NMR spectra of as-prepared, oxidized, and reduced LPSC-C. Reproduced with permission.''® Copyright 2020,

Springer Nature.

due to weak atomic scattering and low radiation energy for Li
metal and its alloys."°” Auger electron spectroscopy/microscopy
(AES/AEM) and atom probe tomography (APT) based on laser
ablation and mass spectrometry techniques have been employed
to analyze uneven Li distribution at the anode/sulfide interface
and the NMC/sulfide cathode interfaces upon charging/dis-
charging '°Y Developments of these techniques are in the early
stage to analyze electrode/sulfide interface but would play an
important role to quantify Li content in the future interface
studies.
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4. Conclusion and Perspectives

4.1. Conclusion

Sulfide-based ASSLBs have attracted a large amount of advanced
characterizations toward understanding the interfaces at both
anode and cathode parts. Comparisons of representative charac-
terization techniques are indicated in Table 1. At Li anode/sulfide
interface, imaging techniques (e.g., OM, SEM, TEM, XT,
AFM, etc.), particularly the corresponding in situ/operando
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Table 1. Comparisons of representative characterization techniques in studying the electrode interfaces of sulfide-based ASSLBs.

Module and Advantages Disadvantages
techniques
Imaging techniques oM Widespread Limited spatial resolution (micrometer level)
Relatively easy to build in situ/operando experimental apparatus Hard-to-study cathode interface
Suitable to observe Li dendrites
EM Widespread Potential beam damage
High spatial resolution (down to atomic level) Local information
Combining imaging and spectroscopy Challenge of interface sample preparation
Visualizing SCL
3D imaging can be achieved by reconstruction
XT Nondestructive Time-consuming of 3D reconstruction
Li metal, crack, and void can be recognized in bulk sulfide SEs Limited spatial resolution (micrometer level)
3D imaging is a normal feature
AFM Widespread Tip and sample can be damaged
Electrical properties of sample are detectable Low scanning speed
Spectroscopic XPS Widespread Limited penetration depth (up to dozens of nanometers)

investigations Very surface sensitive

Nondestructive
Depth profiling across the interface
XAS High energy resolution

Wide range of penetration depth (depending on tunable
photon energy)
Combined analyses in physics and chemistry
Depth profiling across the interface
Raman Widespread
Relatively easy to build in situ/operando experimental apparatus
Chemical mapping
ToF-SIMS High sensitivity toward ionized fragments
Identifying all elements
Chemical mapping
SXRD Phase recognition
Fast acquisition (seconds)
High energy and nondestructive
Chemical mapping
ssNMR Li element sensitive (proton is also detectable)

Nondestructive

Li dynamics can be quantified

Poor lateral resolution

Scarce beamtime

SR facility is lab unattainable

Fluorescence background

Potential laser radiation

Potential to damage the interface

Identification is limited by database
Scarce beamtime

SR facility is lab unattainable

Time-consuming

Element dependent

characterizations, have been elaborately developed to provide
deep understandings on the growth of Li dendrites, electrolytes
cracking, and electrode voiding. Spectroscopy-related methods
(e.g., XPS, Raman, SXRD, etc.) are used to identify the interfacial
products (including the Li dendrites) derived from the reduction
reaction of sulfide SEs by the Li metal anode. Importantly, these
imaging and spectroscopy-related characterizations have been
used complementarily to disclose the working mechanisms of
some common strategies that are developed to solve the interface
issues between Li metal and sulfide SEs. At the cathode side,
imaging characterizations (FIB—SEM, TEM, AFM, STXM,
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etc.) are employed to understand the cathode/sulfide interface
problems, namely, contact loss, SCL effect, and interfacial deg-
radations. Spectroscopy-related techniques (e.g., XPS, XAS,
Raman, ToF—SIMS, etc.) clarify that the interface composition
(spatial distribution and chemical structure) is a result of reduc-
tion of CAMs and oxidation of sulfide SEs during cycling. These
physical characterizations are widely reported to explain the
effect of the cathode coating strategies, including the morpholog-
ical and chemical evolutions upon experiencing electrochemical
reactions. Overall, emerging physical characterizations
cannot only deepen our insights into the electrode/sulfide
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interfaces, but also guide to design feasible strategies to solve
interface problems, which light the way in developing high-
performance and practical sulfide-based ASSLBs.

4.2. Perspectives

Although fruitful characterization methods have been well devel-
oped to understand the electrode interfaces in sulfide-based
ASSLBs, several important characterizations that have emerged
in other adjacent research fields are expected to be applied to
deliver new insights. In addition, in situ/operando characteriza-
tions and a combination of imaging and spectroscopy analyses
are highlighted for the future development.

4.2.1. Cryo-FIB and EM

Interfaces are highly sensitive and vulnerable, placing the acqui-
sition of specific interface specimen as the first challenge for
various characterizations, particularly for EM-related techniques
that are always accompanied by electron beam damages.*?
Cryo-FIB and EM (including SEM and TEM) are appealed to real-
ize unscathed observations/analyses for high-quality interface
samples.'%? SEIs derived from the electrochemical reaction
between Li metal anode and LEs, as well as the cathode interface,
have been studied vigorously with cryo-TEM, which refresh our
understandings on the local morphology and phase composition
in the interface of conventional LIBs.['* It is highly expected that
cryo-TEM and SEM for the electrode/sulfide interface prepared
by cryo-FIB bring us new insights into the interface issues at both
Li anode and cathode sides. It is undeniable that the development
of cryo-EM for battery science is in its infancy; various challenges
are present, such as developing in situ/operando cryo-EM,
exploring the universality of obtaining ultralow-temperature
information for the ambient application, reducing data acquisi-
tion, increasing the efficiency of image reconstruction for cryo-
electron tomography (cryo-ET), and so on.

4.2.2. Spallation Neutron-Related

Three spallation neutron-related techniques can be anticipated to
study the electrode/sulfide interface. The first one is neutron
depth profiling (NPD). This technique is used to observe the ele-
mental Li (Li dendrites or filaments) generated in the bulk sulfide
SEs, which originates from the non-negligible electronic conduc-
tivity of sulfides.*”! In addition, NPD has been reported to reveal
the interfacial behavior of garnet SEs in contact with metallic Li
through in situ monitoring of Li plating/stripping processes.**
However, the distribution of Li species at the electrode/sulfide SE
interface (particularly the cathode interface) has not been care-
fully studied by NPD. The second technique is neutron reflec-
tometry, which measures scattering length density (SLD) as a
function of depth. This method has been demonstrated to inves-
tigate SEI in LIBs using LEs, which can be transplanted to study
the sulfide/electrode interfaces, particularly for the Li metal inter-
face. The last one is neutron imaging according to the Li concen-
tration. The spatial resolution is at the order of 100 pm but is
expected to improve to 10 pm micron in the near future.!”")
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Therefore, this technique is suitable to monitor the growth of
Li dendrites initiating from the Li anode/sulfide interface.

4.2.3. Synchrotron Radiation (SR) Related

Various experimental endstations can be established by carrying
the X-ray beam to go for different characterization purposes. In
the review, we overviewed some SR-based techniques (X-ray
imaging, absorption spectroscopy, and XRD) to study the inter-
faces in sulfide-based ASSLBs. Nevertheless, cutting-edge SR
characterizations at the sulfide/electrode interface are expected
to further show advantages in aspects of spatial, energy, and time
resolutions. On the one hand, SR-related characterizations that
can obtain microscopy and spectroscopy information simulta-
neously are needed. For example, ptychography technique
derived from soft X-ray microscopy can provide high spatial
resolution of several nanometers, while stacking ptychography
can help to identify various interfacial products with absorption
spectroscopy. This would make up for the low-energy resolution
of EELS gained in TEM measurements. On the other hand,
diverse in situ/operando SR-related characterizations should
be developed. The in situ/operando electrochemical cell config-
uration is the most essential, which should be going for each SR
beamline specifically. In addition, the data acquisition time
should be reduced to match with the transient electrochemical
reactions and interface evolutions during battery operating.

4.2.4. 2D Exchange Spectroscopy (2D EXSY) NMR

2D exchange spectroscopy (EXSY) NMR is a one of few techni-
ques that can explore the dynamics of Li™ transport between two
different chemical sites. These two chemical sites can be two Li
sites in a single material or different materials. Therefore, 2D
EXSY NMR shows the capability of investigating the interfacial
Li-ion migration. Wagemaker and co-workers reported using 2D
EXSY NMR to illustrate the dramatically reduced Li-ion transport
rates and enlarged activation energy at the interface between Li,S
and Argyrodite sulfide SEs, suggesting the importance of
improving ion migration at the interface for high-performance
SSBs.'%! However, there are still lack of reports utilizing 2D
EXSY NMR to study interfacial ion conduction between common
oxide CAMs and sulfide SEs. The application of 2D EXSY NMR is
worthwhile to be extended to quantify the interfacial Li-ion
dynamics in sulfide-based ASSLBs.

4.2.5. In Situ/Operando Characterizations

We emphasize the direction of developing in situ/operando char-
acterizations to study the interface in sulfide-based SSBs. This
aims at showing the significance of monitoring nature and engi-
neering of not only interfaces, but also electrode materials and
other broader research fields involving evolution in electrochem-
ical reactions.'® In addition to appealing the development of
in situ/operando in cryo-EM and SR-related techniques as shown
above, researchers are encouraged to pursue every possibility of
applying in situ/operando measurements underlying various
emerging characterization methods.

© 2021 Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.small-structures.com

ADVANCED
SCIENCE NEWS

small

structures

www.advancedsciencenews.com

4.2.6. Combination of Imaging Techniques and Spectroscopy
Analyses

Characterizations on the combination of imaging techniques and
spectroscopy analyses are important for researchers to study the
electrode interfaces in sulfide-based ASSLBs intuitively and
chemically informatively. The capability of combination has been
demonstrated in 1) EDX and EELS analyses of EM, 2) component
analysis of FIB—SEM reconstruction, 3) chemical recognition of
STXM and MRI, and 4) multispectral imaging of Raman,
ToF—SIMS, as well as synchrotron XRD. It is encouraged to
make great progress with other potential techniques in this direc-
tion, such as neutron imaging, X-ray photoemission electron
microscopy (XPEEM), ptychography, etc.
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