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Solid-state lithium metal batteries (SSLBs) contain various kinds of interfaces, among which the solid electrode|solid electrolyte
(ED|SE) interface plays a decisive role in the battery’s power density and cycling stability. However, it is still lack of com-
prehensive knowledge and understanding about various interfacial physical/chemical processes so far. Although tremendous
efforts have been dedicated to investigate the origin of large interfacial resistance and sluggish charge (electron/ion) transfer
process, many scientific and technological challenges still remain to be clarified. In this review, we detach and discuss the critical
individual challenge, including charge transfer process, chemical and electrochemical instability, space charge layers, physical
contact and mechanical instability. The fundamental concepts, individual effects on the charge transfer and potential solutions are
summarized based on material’s thermodynamics, electrode kinetics and mechanical effects. It is anticipated that future research
should focus on quantitative analysis, modeling analysis and in-situ microstructure characterizations in order to obtain an
efficient manipulation about the complex interfacial behaviors in all solid-state Li batteries.

solid-state lithium metal batteries, interfacial compatibility, charge transfer kinetics, (electro-)chemical stability, space
charge layer, mechanical stability

Citation: Wang H, Zhu J, Su Y, Gong Z, Yang Y. Interfacial compatibility issues in rechargeable solid-state lithium metal batteries: a review. Sci China Chem,
2021, 64: 879–898, https://doi.org/10.1007/s11426-021-9985-x

1 Introduction

Lithium-ion batteries are playing a more and more important
role in our daily-life, ranging from consumer electronics and
wearable devices to electric vehicles and energy storage
station. The scenario demands advanced batteries with
higher energy density and higher safety. Although lithium-
ion batteries have made huge strides since their commer-
cialization in 1990s [1,2], the development of traditional li-
thium-ion batteries has encountered a bottleneck nowadays.
Besides, the energy density of present batteries cannot meet
people’s demand of high-mileage of electric vehicles, and
fire accidents initiated by lithium-ion batteries are also fre-

quently reported, which hinders their further rapid develop-
ment. By replacing the liquid electrolytes with uninflam-
mable inorganic solid electrolytes (SEs), safety concerns
about thermal runaway and burning of organic electrolytes
can be much relieved [3,4]. In spite of these advantages,
solid-state batteries are still in infancy mainly because of
these issues: poor processability and low ionic conductivity
of most solid electrolytes, unstable solid|solid interface and
corresponding high interfacial resistance. Enormous efforts
have been devoted to developing highly conductive solid
electrolytes by adjusting the composition or structure of
materials [5]. Up to now, some sulfide electrolytes exhibit an
ionic conductivity of 10−3 S cm−1 or even higher than liquid
electrolytes. For example, Li9.54Si1.74P1.44S11.7Cl0.3 has the
highest reported ionic conductivity in all of the solid elec-
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trolytes [6]. The efforts on thinning the electrolyte layer have
also brought down the bulk resistance of electrolytes to a low
value [7]. Despite great progress in developing excellent li-
thium-ion conducting solid electrolytes, the rate capability of
almost all cells is poor because of the large interfacial re-
sistance and sluggish charge transfer (CT) evolved during
charge/discharge cycles. Besides, the solid electrolytes and
the heterogeneous junction interface could tolerate the vo-
lume changes of the electrode materials. Actually, the in-
terfacial issue between solid electrolytes and electrodes,
instead of the bulk conductivity, is playing an increasing role
in the solid-state batteries’ performances [8–15].
To develop advanced all solid-state lithium metal batteries

(SSLBs), the solid electrode|solid electrolyte (ED|SE) in-
terface should meet the following requirements: (1) excellent
chemical and electrochemical stability against decomposi-
tion; (2) flexible or zero-strain design of the interface to
avoid the electro-chemo-mechanical failure during cycling;
(3) small interfacial impedance and fast charge transfer
capability. The achievement of those criteria will facilitate
the development and application of solid-state battery tech-
nology. However, the compatibility between the electrode
materials and solid electrolytes is turning into the main
technological blocking to the development of SSLBs, mak-
ing the path to success far away.
Nevertheless, recent efforts have been devoted to helping

uncover the nature of the complex interfacial behaviors.
Main factors, such as chemical and electrochemical in-
stability [12,16–20], space charge layers [21–23], poor
physical contact and mechanical instability [24–28], are
found to lead to the sluggish charge transfer kinetics at the
interface. Even trickier, these factors are interrelated and
difficult to be studied independently in a real solid system. A
systematic discussion, especially from the basic sciences
behind these individual issues, is still lacking, and the deep
reasons why these factors will block the interfacial charge
transfer process are often ambiguous and scattered, which
relies on a comprehensive review summarizing the funda-
mental physicochemical concepts, available experimental
results, and corresponding mathematical models to come
forward to cast solution on these complex phenomena.
In this review, we overview the recent progress on the

fundamental challenges at the electrode|electrolyte interface
for understanding and solving the interfacial issues. Firstly,
we highlight the importance of interfacial compatibility on
cells’ performances. Detailed discussions of each issue to
illuminate the origin of the chemical/electrochemical/me-
chanical changes are provided, and corresponding solutions
to address these interfacial issues are organized. Then, some
promising advanced characterization techniques on probing
the interfacial information are summarized, which is vital to
help deepen our understanding about the real interface.
Lastly, an outlook on theoretical models, experimental

methods and present challenges is concluded as a guideline
for future research.

2 Fundamental challenges at the electrode|
electrolyte interfaces

To achieve long-range electric vehicles, high energy density
electrode materials, such as lithium metal, nickel-rich ma-
terials, and high voltage materials, are necessary. However,
these materials are highly chemical reactive with electro-
lytes. Preventing the chemical and electrochemical decom-
position and extending the reduction/oxidation windows of
solid electrolytes are therefore extensively discussed [8,29–
31]. On the other hand, charge transfer process is mainly
limited by the high-energy barrier and slow transfer kinetics
at ED|SE interface [32–34]. The thermodynamically unstable
nature of the two contact phases often results in the forma-
tion of solid electrolyte interphase (SEI) layers. The ionic
conductivity of the layers is usually several orders of mag-
nitude lower than that of bulk electrolyte materials, which
acts as a high-energy barrier for the charge transfer process.
Similar with that in the liquid system and semiconductors,
space charge layers (SCLs) were also found at ED|SE in-
terface in recent studies. Some researchers thought that the
SCLs would introduce additional energy barrier for the ion
transport across the accumulation/depletion region
[23,35,36]. Hence, the sluggish transfer kinetics still remains
as a huge challenge in a solid state battery system. In addi-
tion, the practically commercialized SSLBs need to experi-
ence thousands of cycles without obvious degradation, which
raises huge challenges for the mechanical stability of inter-
faces. Since most electrode materials experience large vo-
lume changes during lithiation and delithiation, mechanical
contact loss or cracking is unavoidable during the long cy-
cling process [37,38]. Hence, how to compromise those
stress-derived changes and keep enough charge transfer
percolation networks requires the multidisciplinary integra-
tion, such as structure chemistry, interfacial engineering,
mechanics, and computer sciences.
Figure 1 shows a schematic chart which summarizes the

main fundamental challenges at electrode|solid electrolyte
interfaces. In this section, we mainly describe some special
issues. First, a mathematical description of the charge
transfer resistance is discussed, and important factors
blocking the interfacial kinetics will be identified. Later,
different interfacial behaviors, in terms of chemical and
electrochemical stability, the formation of interphase or in-
terdiffusion layers, space charge layers, interfacial contact
and mechanical stability, are discussed. We will focus on the
physicochemical concepts and models for each factor and
review the possible solutions to enhance the compatibility of
the interfaces.
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2.1 From liquid- to solid-state electrochemistry

Solid-state electrochemistry is a discipline which deals with
the research on physical, chemical or electrochemical pro-
blems in the solid electrodes, solid electrolytes and their
interfaces [39,40]. As an important branch of modern elec-
trochemical sciences, solid-state electrochemistry follows
the basic rules of electrochemistry and focuses on the elec-
trochemical process inside the solid electrode, electrolytes
and at the ED|SE interface.
There are many analogies between the conventional liquid-

type electrochemistry and the solid-state electrochemistry.
For example, both systems require the attention to the solid-
state electrode reactions occurring at the interphases of the
solid electrode|electrolytes. In addition, solid electrolytes
enable us to build galvanic cells similar to those in liquids. In
a liquid system, the charge transfer is achieved by dis-
sociating solvated ions and further ion- and electron-transfer
between electrodes and electrolytes. The solvated ions en-
able the conduction of the electric current in the liquid-type
electrolytes. In solid electrolytes, the ionic conductivity is
provided by the ionic transport (such as diffusion and elec-
tromigration) of charge carriers in solids. Such cells provide
many new opportunities compared with liquid cells for sci-
entific investigations and technical applications like bat-
teries, sensors, and fuel cells. Hence, the general physical

and chemical treatments of the galvanic cells with solid
electrolytes are quite similar to that in the liquid system after
considering the specific characteristics of the solids.
However, it is known that solid-state electrochemistry is

quite different from the electrochemistry in liquid solutions.
The large differences of physical, chemical and mechanical
properties between liquids and solids have a strong impact on
the electrochemical reaction process, mainly affecting in-
terfacial transport and reaction kinetics. The first is the
partial electronic conductivity [41]. SEs often show much
higher partial electronic conductivity (σe

SE≈10−8–10−12

S cm−1) [42] than liquid electrolytes (which can be con-
sidered as pure ionic conductors), which complicates local
charge equilibrium and ion transport in SEs or at the inter-
face. The second is the electrode reaction pathway. A general
electrode reaction pathway in a liquid system includes (1)
mass transfer, (2) electron transfer, (3) prepositive or sub-
sequent chemical reactions (i.e., protonation, dimerization or
catalysis), and (4) surface reactions (i.e., adsorption, deso-
rption and crystallization) [40]. However, except for the
necessary mass transfer and electron transfer steps, little is
known about the other electrode reaction processes at solid-
solid interfaces. Third, the interfacial structure and the
electrochemical potential distribution of the solid electrode|
solid electrolyte system are quite different from that of the
liquid counterpart system. In liquid electrolytes, dipolar

Figure 1 Main fundamental challenges at electrode|solid electrolyte interfaces (color online).
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solvent molecules and solvated ions play important roles in
flexible screening interfacial potential drop near solid elec-
trodes by high fluidity, while the solid framework is im-
mobile or nearly-immobile in solid inorganic/polymer
electrolytes. In addition, an important characteristic of solid-
solid interfaces is that the local atomic structure can be
significantly disordered and defective [43], or even hardly
reproducible. This may greatly complicate the interfacial
structure and interfacial charge equilibrium. Fourth, other
factors, such as contact, stress, composition of the SEI, in-
terfacial element diffusion, also show significant differences
in two systems.
In general, solid-state electrochemistry and the conven-

tional liquid-type electrochemistry theory are constructed on
the same thermodynamic basis. However, due to the dis-
tinctive differences of solid electrolytes in physical, chemical
and mechanical properties, we should be careful to analyze
these new solid systems when we borrow some conclusions
from the liquid-type electrochemical process.

2.2 Charge transfer kinetics

In a battery system, crossing the adjacent phase of the
working Li ions or electrons is a complicated energy-con-
suming process and often causes large resistance. At elec-
trode|solid electrolyte interfaces, charge transfer process is
mainly controlled by the interfacial reaction kinetics. The
resultant resistance, called charge transfer resistance (Rct),
has a negative effect on the battery performances. To figure
out the main factors that affect the interfacial charge transfer
resistance, the Rct can be written as equation (1) according to
Iriyama et al. [44] and Bard et al. [40].
At electrode|solid electrolyte interfaces in the charge

transfer process,

R RT
nFSi= (1)ct

0

where R is gas constant, T is absolute temperature, n is the
electron number of the charge transfer reaction, F is Fara-
day’s constant, i0 is exchange current density and S is the
electrode area (electrochemical active sites). Here, the ex-
change current density (i0) is a crucial parameter describing
the interface kinetics and can be written as

( ) ( )i nFk c c= (2)0
0

ED
* 1

SE
*

where k0 is standard rate constant, α is transfer coefficient,
cED

* is lithium concentration in the electrode, and cSE
* is

lithium concentration in the solid electrolyte. Based on the
absolute rate theory (transition state theory), the k0 is a
function of frequency factor (B) and activation energy (Ea)
and can be described as follows:

k B E
RT= exp (3)0 a

By assembling the equations (1−3), the given equation is
derived as follows:

( ) ( )T
R

n F
R BS c c E

RT= exp (4)
ct

2 2

ED
* 1

SE
* a

Here, by substituting the pre-exponential part as A, the
simplified equation can be written as:
T

R A E
RT= exp (5)

ct

a

It should be noted that the above equations are based on a
simplified Butler-Volmer model, which is derived from
electronic charge transfer process under the diluted solution
approximation. The real situation can be much more com-
plicated because of the totally different properties of solid
electrolytes. Nevertheless, these equations provide valuable
references to obtain a better understanding on the origin of
the high charge transfer resistance. From the above formula,
we can identify important parameters that affect charge
transfer process and speculate on the possible causes that
hinder the fast transfer kinetics in a realistic solid-state bat-
tery system. Parameters that can cause significant resistance
variation are Ea, S, T, cED

* and cSE
*.

Based on the transition state theory [51] and above equa-
tions, the smaller charge-transfer activation energy is, the
faster the dynamics and larger the exchange current is. Ea can
be estimated from the temperature-dependent charge transfer
resistance at interfaces. Table 1 summarizes the apparent
activation energy of charge transfer reactions for various
kinds of interfaces. It is interesting that the obtained apparent
Ea for interfacial charge-transfer reactions is almost close to
that for ionic conduction in solid electrolytes, which means
that the charge transfer process at ED|SE interfaces also
plays a decisive role in solid-state systems. Besides, since the
real interface is often thermodynamically unfavorable
(which will be discussed later), and the formed interphase is
composed of at least two different nano-phases which typi-
cally have a low ionic conductivity [52–54]. In this situation,
a larger activation energy for charge transfer generated at the
interface with higher energy barrier during the formation of
interfaces between electrode|electrolytes [50]. Hence, a more
rigorous study should consider the existing microscopic
charge transfer processes: (1) interfaces between electrodes
and the SEI layer, (2) the transportation within the SEI, and
(3) the charge transfer between SEI and solid electrolytes
[55]. Such a SEI layer will undoubtedly complicate the
charge transfer process and lead to a larger energy barrier.
Figure 2 schematically presents the charge transfer processes
of three electrode|electrolyte interfaces with/without formed
SEI layers.
On the other hand, S is related to the electrochemical active

sites for charge transfer reactions. Poor physical/chemical
contacts between active materials and electrolytes seriously
restrict the percolation pathways for charge transfer. Hence,
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large interface activation energy is expected at solid|solid
interfaces. In fact, extensive studies have been carried out to
improve the original contact geometry in recent years [56–
60]. Another fundamental problem is the electro-mechanical
contact loss during cycling [24,61]. Large volumetric change
of active materials will lead to mechanical detachment of
original interfaces and the active sites for charge transfer will
be substantially reduced. It is now a big rising challenge to
maintain high utilization of active materials and keep less
loss of active lithium in solid state batteries. As for cED

* and
cSE

*, the lithium concentration can be very different, de-
pending on the applied voltages. The formation of inter-
phases and space charge phenomena can also significantly
change local carrier concentration. Other factors, such as
temperature and contaminants, can also affect local ion dis-
tribution but they are not the focus of this review. In general,

the interphase, space charge phenomena, contact geometry
and state of charge (SOC) will greatly influence the charge
transfer processes, which requires a thorough understanding
of those basic concepts to promote the interfacial kinetics.

2.3 Chemical and electrochemical stability of the in-
terfaces

2.3.1 Electrochemical stability window
The stability of SE paired with high energy-density cathodes/
anodes is the most important parameter right now in the
design of state-of-the-art SSLBs, which requires a stable and
reliable interface from both chemical and electrochemical
points. In a battery system, an ideal interface needs to be both
thermodynamically stable and kinetically stable (or at least
kinetically stable) under the open circuit or steady-state

Figure 2 Schematic charge transfer processes at electrode|electrolyte interfaces: (a) Thermodynamically stable interface, where no interphase is formed; (b)
Homogeneous single-phase SEI is formed; (c) Multiphase SEI is formed. In case a, only one CT process exists. In case b, two different CT processes exist,
which are totally different from ideal CT process in case a. In case c, more CT processes appear depending on the number of components in SEI [55] (color
online).

Table 1 Survey of activation energy (Ea) for charge transfer reactions at electrode|solid electrolyte interfaces

Solid electrolyte (SE) Ea of SE (kJ mol−1) Electrode (ED) Ea of charge transfer reaction (kJ mol
−1) References

LiPON 58 LiCoO2 57 [45]

LLTO 30 LiMn2O4 38 [46]

LLZO 30 LiCoO2 30 [47]

LLZO 30 Li 30 [47]

Li7La3Zr2O12 (28 mol% Al) 34.72 Li 39.54 [48]

Li6.625La3Zr1.625Ta0.375O12 (29 mol% Al) 39.58 Li 42.43 [48]

Li6La3ZrTaO12 44.36 Li 44.36 [48]

LLZO 32.79
(Bulk) Li 35.68 [49]

LLZO 41.46
(Grain boundary) Li 35.68 [49]

Li6PS5Br 10.13 Micro Li2S / [50]

Li6PS5Br 10.13 Nano-Li2S / [50]

Li6PS5Br 10.13 Mixed nano-Li2S 12.54 [50]

Li6PS5Br 10.13 Annealed mixed nano-Li2S 9.64 [50]

Li6PS5Br 10.13 Mixed nano-Li2S (cycled) 37.61 [50]

LAGP / LiV2O5 30.37 [23]

LAGP / Li2V2O5 49.67 [23]
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current condition, so it is necessary to understand the inter-
face in terms of thermodynamics and dynamics. Concretely,
we need to consider the following questions for a practical
interface: (1) can solid electrolytes resist the decomposition
under different applied voltages? (2) Is SE chemically stable
upon the contact with electrode materials? (3) How is the
electrochemical stability of the contact interface during cy-
cling [62], and (4) whether the interfacial (electro-)chemical
reaction is kinetically self-limiting with/without applied
current?
In general, the ED|SE interfacial stability is governed by

the electrochemical stability window (ESW) of the used
electrolyte, which is determined by its composition and
structure. There are two commonly accepted theories to es-
timate the electrochemical stability of the SE, “band gap
approach” and “phase stability method”, as summarized by
Janek et al. [55] (Figure 3(a, b)), both of which originate
from thermodynamic stability estimation.
Solid electrolytes can be regarded as a pure ionic con-

ductor with negligible electronic conductivity, and the elec-
trode materials are typically semiconductors. Hence, the ED|
SE interfacial behaviors can be explained by semiconductor
physics with their relative gap states [21]. According to the
“band gap approach”, the ESW of SE is described by its
conduction band minimum (CBM) and valence band max-
imum (VBM), and the interface stability is mainly controlled
by the relative electron level of the two contact phases. At the

anode side, electrons will be transferred from the electrode to
the empty electron orbit (CBM) of electrolytes if the electron
energy of electrodes is high enough, which is common when
alkali metal anodes, i.e., lithium metal, are used or a more
negative potential is reached. The electrolyte will be reduced
in such situation. On the cathode side, in a similar way,
because of the low Li chemical potential of active materials,
electrons are more likely to be transferred to the electrode.
When the VBM of SE is above the CBM level of electrodes,
the electrolyte is oxidized. The band gap estimation gives an
intuitive way to understand the interface stability from the
energy level. However, this method is under the assumption
that there is no interfacial diffusion and chemical reactions
between the contact components. Hence, it only provides an
approximate value and cannot obtain the exact decomposi-
tion potential [64].
Another method to estimate the ESW of solid electrolytes

is the phase stability method originating from the thermo-
dynamic analysis based on the first-principles calculations
and strictly yields the correct thermodynamic stability po-
tentials [30,62,65]. With this method, the phase equilibrium
combinations with the lowest Gibbs free energy at different
potentials can be measured. If a reaction is thermo-
dynamically favorable at a given potential, the electrolyte
will undergo a reduction/oxidation reaction with electrode
materials and produce a low-energy phase equilibrium
composition. By screening the most favorable reaction at

Figure 3 (a) Electrochemical stability of an SE in contact with lithium metal anodes according to the simplified “band gap approach” [55]. (b) Ther-
modynamic potential windows for a Li10GeP2S12 (LGPS) SE evaluated by the “phase stability method” [29]. (c) Schematic illustration of the extended
electrochemical stability by interphase and coating [63] (color online).
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different potentials, we can obtain the ESW of the solid
electrolyte materials at different SOC and corresponding
reaction products. Indeed, the phase stability method pro-
vides a lower limit of ESWas it assumes full thermodynamic
equilibrium and neglects the kinetic limitation in the reaction
and transportation.
The kinetic limitation could be far more important since

the decomposition of SEs is thermodynamically favorable in
most of the scenario. Although accurate dynamical estima-
tion for interfacial stability based on theoretical researches
are seldom reported, we can glean some information from
the existing experiment results. Early experimental mea-
surements of the electrochemical stability window showed
that solid electrolytes have larger ESW. For example, tests
based on a Li|SE|semi-blocking electrode reported a very
wide ESW for both Li10GeP2S12 (LGPS) and Li7La3Zr2O12

(LLZO) [66,67]. However, the assembled solid-state bat-
teries often suffer fast degradation. Wang et al. [29] found
the limited contact area of electrodes and electrolytes will
restrict the electron transfer, and thus enlarged the measured
ESW. These results indicate that interfacial electron transport
governs the decomposition reaction kinetics of solid elec-
trolytes. On the other hand, if SE suffers mild (electro-)
chemical reactions with electrodes at the interfacial region,
where a SEI with low ionic resistance and low electronic
conductivity as well as limited thickness can be formed, and
then the ED|SE interface is considered to be kinetically
stable. For example, LiZr2(PO4)3 and Li1.5Al0.5Ge1.5(PO4)3
possess the same rhombohedral structure. However
LiZr2(PO4)3 is reported to be stable with lithium while
Li1.5Al0.5Ge1.5(PO4)3 suffers severe side reactions with li-
thium metal anodes. The reason is that LiZr2(PO4)3 can
mildly react with lithium to form a thin passivation SEI layer
composed of Li3P and Li8ZrO6 with ion transport capability
[68]. For Li1.5Al0.5Ge1.5(PO4)3, the Ge

4+ can be directly re-
duced to Ge metal state and form Li–Ge alloy with high
electronic conductivity [69]. Wenzel et al. [70] combined
in-situ X-ray photoelectron spectroscopy (XPS) technique
and time-resolved impedance spectroscopy to investigate the
stability and interphase growth of Li10GeP2S12 and Li7P3S11
in contact with Li metal anodes. The parabolic dependence
between SEI thickness and time suggests that a diffusion-
controlled growth mechanism exist at the interface. The
parabolic growth constant of (2.33±0.22)×10–8 cm h–0.5 for
Li7P3S11 is much smaller than that of (3.60±0.08)×10

–7 cm h–0.5

for LGPS. This result demonstrates that LPS shows the
slower interphase growth and smaller total SEI resistance for
its “mild” reduction reaction with Li metal than LGPS, and
appears to be a more favorable material for the applications
in lithium-metal-containing SSLBs.

2.3.2 Interphase or mutual diffusion layer
For a thermodynamically stable battery, the chemical po-

tential of cathodes (μC) and anodes (μA) should be located
within the ESW of the electrolyte. However, this situation is
extremely rare among the known solid electrolytes. The
formation of interphases or element mutual diffusion layers
is unavoidable because of the large thermodynamical driving
force. Hence, most of electrolytes suffer from serious inter-
facial degradation and erosion. This is one of the most im-
portant sources of the growing interfacial impedance
observed experimentally. Therefore, the characteristics of
interphase and transport kinetics of the carriers through these
interphases play an extremely important role in the overall
performances of SSLBs. Considering the interfacial stability
from the point of view of interphase properties, several as-
pects need be taken into consideration according to the ex-
perimental results and theoretical analysis: (1) what is the
thermodynamic and kinetic nature of interfacial stability? (2)
Which type of interface/interphase is kinetically self-limit-
ing? (3) How is constructed a kinetically stable interface or a
buffer layer? To answer these questions, our first priority is
to distinguish the types of the interfaces. Wenzel et al. [71]
classified the ED|SE interfaces into three different categories
based on their thermodynamic and kinetic characteristics: (1)
an ideal, nonreactive ED|SE interface, which is thermo-
dynamically stable; (2) a reactive and evolutionary interface,
where a mixed-ionic/electronic conducting interphase (MCI)
forms and the interfacial reaction is both thermodynamically
and kinetically favorable; (3) a self-limiting metastable in-
terface, where an almost electrical insulating, stable SEI
forms and the interfacial reaction is thermodynamically fa-
vorable but kinetically limited.
Actually, there is almost no absolutely thermodynamic

stable interface, as described in (1). Both calculated and
experimental results indicate that most of solid electrolytes
have a narrow ESW. Among the reported solid electrolytes
with high ionic conductivity, Li cubic-garnet (LLZO) shows
extremely high stability with Li metal because of its low
equilibrium potential (0.05 V vs. Li/Li+) [29], and the ther-
modynamic driving force for reduction is negligible. For the
thermodynamically unstable interface (2) and (3), both of
them are MCI-type interphase in principle. The main dif-
ference is their ability to insulate electrons. If electrons keep
transport across the interphase, continuous reduction of
electrolytes will happen. Hence, the partial electron con-
ductivity of the interphase should be as low as possible in
order to form a kinetically stable SEI layer rather than a MCI
layer, and this principle is also applied to coating layers
which we will discuss in detail next. As a representative of
interfacial stability research, a sulfides|Li metal interface has
been extensively investigated. Most sulfide electrolytes are
sensitive to Li metal electrodes for their relatively high
thermodynamic reduction potential ~1.7 V [62]. Both MCI-
type and SEI-type interphase will be formed, depending on
the used electrolytes. In contact to Li metal, the Li10GeP2S12/
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Li10SnP2S12 electrolytes will be reduced to Ge
0/Sn0, Li–Ge/

Li–Sn alloy, which are high electronic conductivity phases
and will further accelerate the decomposition reaction, i.e.,
MCI-type interphase. By using Li6PS5Cl or Li3PS4 as elec-
trolytes, the produced interphases are mainly composed of
Li2S, Li3P and LiCl, whose electronic conductivity are low,
and are therefore SEI-type. Indeed, the SSLBs with these
SEs show good compatibility with Li metal anodes. Gen-
erally speaking, the electrolytes containing variable valence
metal cations, such as Ti4+, Ge4+, Sn4+, are more likely to
form MCI mesophase at anode interfaces.
The mutual element diffusion between two phases is also a

serious challenge at ED|SE interfaces. Sakuda et al. [72] first
observed the diffusion of cobalt from charged LiCoO2 (LCO)
cathodes to the sulfide electrolyte by high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy dispersive x-ray spectroscopy
(EDX). Later, computational results also confirmed that the
Co↔P cation exchange at the LCO|sulfide interface is en-
ergetically preferable [52,73]. The consequently formed in-
terdiffusion layer is MCI-type with high electronic
conductive species (e.g., CoS), which drives continuous
degradation of the interface and ultimately leads to large
interfacial resistance and poor cycle life. Woo et al. [74]
analyzed the interface between LiCoO2 and Li3.15Ge0.15P0.85S4
SE. The TEM-EDS line profiles show a region where Co, S,
and P coexist, which is attributed to the formation of mutual
diffusion interfacial layers. Further analysis shows the dif-
fusion depth of Co is estimated to be approximately 30 nm.
Sakuda et al. [72] observed the ED|SE interface between
LiCoO2 electrodes and Li2S–P2S5 solid electrolytes after the
initial charging. TEM observations suggest that mutual dif-
fusion of elements occurred. The Co element is observed
even at a distance of 50 nm from the interface. On the other
hand, high-temperature thermal treatment is a prevailing
method to achieve an intimate contact between cathodes and
oxide SEs. However, it will introduce a mutual diffusion
layer with high resistance because of the enhanced dynamics
at high temperature. Park et al. [75] found that there were
inevitable interactions during the co-sintering process to fuse
LCO and LLZO. The cubic LLZO surface was partially
transformed into the tetragonal phase because of the migra-
tion of Al. Another special case comes from solid polymer
electrolyte (SPE) batteries, which is known for their ex-
cellent mechanical compatibility with electrodes. Song et al.
[76] monitored the interface evolution of the working S|SPE|
Li batteries by in-situ optical microscope (OM) imaging. An
irreversible color transformation in the polymer-ceramic
composite electrolyte was directly captured during cycling,
and the XPS and Raman analysis confirmed the accumula-
tion of polysulfides on the metallic lithium anode, which
indicated a shuttling process of polysulfides in solid-state
polymer electrolytes. These examples provide a deep insight

into the diffusions of elements in a working SSLB.

2.3.3 Solutions to the interfacial chemical and electro-
chemical instability
To alleviate the undesirable interfacial reactions between
electrodes and solid electrolyte materials, several effective
strategies have been developed to mitigate the key issues
associated with chemical and electrochemical instability.
The solutions can be divided into the following three main
aspects: (1) anode|SE interface regulation. First of all, se-
lecting suitable electrode materials with the working voltage
within the ESW of solid electrolytes is a simple and ther-
modynamically feasible method. For example, the decom-
position will be avoided if Li4Ti5O12 (LTO, ~1.5 V vs. Li/Li

+)
anodes are paired with sulfide electrolytes [77]. However,
these materials significantly decrease the energy density of
SSLBs. Secondly, replacing the pure Li metal anode by li-
thium alloy, such as Li–Al, Li–Sn, and Li–In, can reduce
lithium chemical potential change at interfaces and protect
SE against decomposition. Li–In alloy(~0.6 V vs. Li/Li+)
demonstrated superior performances with LGPS electrolytes
compared to Li metal because of its higher equilibrium po-
tential to suppress the reduction of electrolytes [29]. In ad-
dition, interfacial kinetic regulation, such as surface
passivation treatment, buffer layer and special design for
interfacial structures or electrode materials, is also widely
adopted. Liang et al. [78] reported that the Li3PS4|Li inter-
face can be stabilized by an in-situ formed LixSiSy protection
layer, which is electronically insulating and can block the
side reaction between Li and sulfide electrolytes. Recently,
Samsung Advanced Institute of Technology [79] reported a
nano-size Ag–C composite anode, which can effectively
regulate Li deposition away from the solid electrolyte|anode
interface and then enhance the interfacial stability. Although
the exact mechanism regulating the Li deposition sites on the
current collector instead of composite anodes|SE interfaces
remains unknown, it provides a new way of thinking and
perspective for solving interface stability problems. (2)
Cathode|SE interface regulation. Artificial coatings and
buffer layers (Figure 3(c)) are the mostly used modification
method and are found to improve the charging-discharging
performance of several cathode|SE interfaces. From the
physicochemical point of view, the coatings/buffer layers
have three mechanisms of action. (1) Blocking the interfacial
electron transport by the coated electronic insulating layer,
which provides a kinetically stable interface. (2) Tuning the
ESW mismatch of the contact with SE and ED by applied
proper coating materials with a large bandgap. In particular,
d0 oxides, such as LiNbO3 (LNO) and Li4Ti5O12, have lower
VBMs [21], and this provides a thermodynamic stable
method. For example, LiNbO3 is found effectively prevent-
ing the oxidation of electrolytes at high applied voltages and
significantly reducing the interfacial resistance, because of
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the wide ESWof LiNbO3 that can compromise the mismatch
of electronic energy levels between two phases [80]. (3)
Eliminating the cross-diffusions of elements. The artificial
coating layers, such as Li4Ti5O12 [81] and Li3BO3 (LBO)
[75], have been applied at cathode material|SE interface to
suppress the interfacial mutual diffusion phenomena. These
examples show that the coating layer can stabilize the ED|SE
interface thermodynamically and kinetically. It should be
noted that as an extension of atomic layer deposition (ALD),
molecular layer deposition (MLD) technology can provide
precise and uniform deposition of organics and inorganic-
organic hybrid materials for interfacial engineering, and will
attract more attention in the future [82]. Except that, the
emerging sintering techniques bring additional benefit for
solid oxide electrolyte|cathode interfaces. As we have men-
tioned above, high temperature treatment is necessary to
enhance the contact of this type of interfaces, but parasitic
reactions are inevitable. As the interfacial reactions are also
controlled by thermal dynamics, reducing the reaction time
and lowering the reaction temperature can inhibit interfacial
side reactions to some extent. Recent years, field-assisted
sintering techniques (FAST) [83,84], such as spark plasma
sintering (SPS), hot-pressed sintering (HPS), have been
successfully proven as a fast means of fusing cathode ma-
terials and oxide SEs. The faster processing with high
heating and cooling rate, shorter dwell time and, especially,
lower sintering temperature may minimize the formation of
secondary phase and decrease mutual diffusion. (3) Ex-
tending the electrochemical stability window of electrolytes.
It is difficult for one electrolyte to possess both high oxi-
dation stability and reduction stability. To combine the pre-
ponderances of different electrolytes, multiple-layer
electrolyte configuration has been put forward to achieve
both cathodic and anodic interface stability. A 75Li2S-
24P2S5-P2O5 electrolyte layer, which was stable against Li
metal anodes, was introduced into Li|LGPS interfaces to
extend the cut-off voltage of batteries by Yao et al. [85].
Similarly, Guo et al. [86] extended the electrochemical
window of solid polymer electrolytes to 0–5 V via hetero-
geneous multilayered structures for high-voltage lithium
metal batteries. Some recently discovered halide electrolytes,
such as Li3ScCl3, possess excellent air stability, high ionic
conductivity and, especially, high oxidation stability [87]. As
most of sulfide electrolytes are intolerant to oxidation and
incompatible with oxide cathode materials, the introduction
of halide electrolytes in the cathode side will help to solve
stability issues. In this way, the halide electrolytes deserve
more attention in the future [88]. Expanding the intrinsic
stability window of electrolytes is another feasible way.
More recently, Zhang et al. [89] showed that substituting the
tetrahedra PS4 with PO4 and maintaining the composition of
the original GeS4 in Li14P2Ge2S16 to form Li14P2Ge2S8O8 will
improve the oxidative stability (from 2.3 to 2.89 V). This

work provides potential strategy to extend the ESW of SEs
through compositional tuning.

2.4 Space charge layer

2.4.1 Space charge phenomena
Substantial studies have focused on chemical and electro-
chemical stability of electrode|electrolyte interfaces, and the
interphases or interdiffusion layers indeed take a great con-
tribution to the slow charge transfer process in SSLBs. By
contrast, less attention is paid to the space charge phenomena
at ED|SE interfaces, but there are growing evidences in-
dicating the importance of SCL on the battery performances
[23,35,90]. A fundamental understanding, both experimen-
tally and theoretically, is still unsatisfactory until now. In
general, the two contact phases have different chemical po-
tentials, which provides a driving force to redistribute char-
ges within the interface core zone to lower the overall energy,
leading to one charge enriching on the one side of the core
while the other side compensated by an equal but opposite
charge, thus developing a space zone of carrier accumula-
tion/depletion at interfaces, called space charge layer
[12,32,91]. It is believed that the SCL will bring additional
energy barriers for charge transfer by introducing a large
concentration and electric gradient field in this region.
In conventional liquid-based ion batteries, the accumulated

surface charge and interfacial potential drop can be screened
by the dipole changes of solvent molecules and ion con-
centration polarization. The distribution of the mobile ca-
tions and anions near the surface of ED in the electrolyte can
be described by the Gouy-Chapman mode, called electric
double layer (EDL), which contains a Helmholtz layer and a
diffusion layer, and the typical width of EDL is in the order
of the Debye length (~1–10 nm) [21]. By using solid elec-
trolytes, the charge and potential screening can only be
achieved by the accumulation or depletion of charge carriers
such as ions and vacancies, because of the immovability of
anion frameworks (except for solid polymer electrolytes),
thus leading to the formation of SCL [33]. However, the
fundament of SCL theories at a solid|solid interface is rarely
studied. Some questions still need to be clarified. For ex-
ample, is there a distinction between a tight layer and a
diffused layer as that in a liquid system? Is there a general-
ized model to describe interface carrier change? Why the
reported widths are significantly large? And most im-
portantly, what kind of role SCL plays in the battery per-
formances?

2.4.2 Measurements of SCL and its effects
Observation on space charge phenomena is a great challenge,
and the predominant reason is the limited experimental
method directly access to ionic concentration and energy
levels and also to their electronic counterparts at the core
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zone. Otherwise, the selection of experimental systems,
preparation of samples and equipment performances are also
very important. Yamamoto et al. [92] used quantitative
electron holography (EH) to dynamically monitor the po-
tential profile and its distribution across the LCO|SE inter-
face, as shown in Figure 4(a). The line profiles clearly
displayed a steep potential drop at the interface followed
with a gradual slope in the electrolyte zone, which provides a
direct evidence for the formation of SCL due to Li+ accu-
mulation/deletion during cycling. Fingerle et al. [93] in-
vestigated LiCoO2|LiPON interface with XPS. The mapped
energy level diagram indicated the presence of a space
charge layer, which was related to the chemical potential
differences between the two contact materials. Except for
experimental studies, modeling on space charge layer is an
important approach to gain a better understanding of its
nature and effects. Developed models can not only provide
plenty of information, such as lithium concentration dis-
tribution, potentials profiles, chemical potential changes,
corresponding electronic states and thickness, but also the
effects of related factors on space charge layers. Braun et al.
[36] derived a thermodynamically consistent mathematical
model for SCL formation in a solid electrolyte based on first-
principle calculations. The semi-analytical solution showed
that the width of developed space-charge region highly de-
pended on the dielectric properties of the electrolyte mate-
rials, while other factors, such as external potential
difference or the mixing behavior, only played a minor role.
The elements mutual diffusion also affected interfacial Li ion
rearrangement. Tateyama et al. [21] combined the density

functional theory (DFT)+U calculations and nudged elastic
band techniques to investigate the interface. They pointed
out that there existed a dynamic growth process of Li+ de-
pletion layers during charging, and interfacial reactions ac-
companied with Co↔P exchange could enhance this effect
although the exchanged structure had few geometrical bot-
tlenecks, which could be taken as a microscopic origin of the
interfacial resistance.
The role of SCL on the charge transfer at ED|SE interfaces

is still in debate. Some researchers thought that the relations
between the high interfacial impedance and SCLs were lar-
gely overestimated, especially for the Li|SEs interface [55].
Recently, Klerk et al. [90] presented a space charge model
with consideration of coulombic interactions between the
defects within space charge regions. The predictions de-
monstrated that the SCL was only about a few nanometers in
thickness and the assessed interfacial capacitance and re-
sistance was negligibly small (Figure 4(b)). Otherwise, the
reported low CT resistances for Li|SEs interfaces also sug-
gested that SCL was not mainly responsible for the limited
interface kinetics. Others emphasized the importance of this
effect, which would lead to a higher barrier for Li-ion dif-
fusion and smaller exchange current density and thus a sig-
nificantly higher interface resistance. Swift et al. [22]
presented a fully first-principle-informed model to build the
potential profiles in a Li|LiPON|LixCoO2 battery. Their work
revealed that the anode interface always played a blocking
role in the discharging, while the LiPON|cathode interface
potential drop would reduce the discharge barrier at high
SOC and increase it at low SOC (Figure 4(c)). These results

Figure 4 (a) Voltage profiles around LiCoO2|LATP interface (left) and LATP|Pt interface (right) measured by electron holography at different charging
voltages. NE is the in-situ formed negative electrode material, scale length: μm [92,94]. (b) Lithium concentration at the LCO|LLZO interface at 4.3 V with
and without Coulomb interactions [90]. (c) Schematic of the electrostatic potential and valence bands at the LiPON and LixCoO2 interfaces [22]. (d)
Schematic representation of the impact of the space-charge layer at the interface of LiV2O5|LAGP and Li2V2O5|LAGP and corresponding

6Li NMR exchange
experiments [23]. (e) Schematic diagram with bearing analysis and potential distribution of the P–NCM and L–NCM (with LATP modified) cathodes [95]
(color online).
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indicated the role of SCL was dynamically changing during
cycling. In a very recent work, Cheng et al. [23] used two-
dimensional exchange spectroscopy (2D-EXSY) nuclear
magnetic resonance (NMR) to check the LixV2O5|LAGP
interface during cycling. It demonstrated that the space-
charge effect significantly increased the Li ion diffusion
activation energy by more than 2 times, which offered a
quantitative measurement on the effect of SCL, as is shown
in Figure 4(d).

2.4.3 Solutions to SCL
Although how the SCL affects interface charge transfer
process is unclear, it is reported that the protective coatings
are effective to eliminate the space charge phenomena at ED|
SE interfaces. Ohta et al. [96] thought that the large differ-
ence of chemical potentials would drive the Li+ ions to
transfer from the solid electrolyte to LiCoO2, thus develop-
ing a space-charge layer with high resistance at interfaces,
and a slope prior to the theoretical plateau arose on the
charging curve. Bringing in an artificial thin film, such as
Li4Ti5O12, would shield the slope, suggesting that this coat-
ing could suppress the beginning space charge transfer pro-
cess and the resultant formation of SCL. Haruyama et al.
[35] investigated the LCO|LPS, LCO|LNO and LNO|LPS
interfaces by using the DFT+U methods. The calculated
results indicated that Li atoms tended to adsorb on the LCO
surface, which led to the formation of the equilibrium SCL
and high interfacial resistance, while the LNO interposition
eliminated Li adsorption sites and suppressed the growth of
Li depletion zone. Liang et al. [95] measured the boundary

potential distribution of the coated LiNi0.6Co0.2Mn0.2O2

(NCM 622) by AFM, and revealed that the formed interfacial
transition layer provided a gradual potential slope and sus-
tain-released polarization and endowed the battery with
improved cycling stability (Figure 4(e)). Recent experi-
mental researches on space charge issues are summarized in
Table 2, which demonstrates that the coatings can effectively
suppress the development of SCL, but the reasons behind
this still need to be clarified. Especially, how coatings affect
the distribution of charge carriers.

2.5 Contact and mechanical stability

The working of batteries relies on the transportation of ions
within the battery and electrons in external circuit. Hence, an
effective percolation network between active materials,
conductive additives, electrolytes (liquid or solid), and cur-
rent collectors needs to be well bridged. In traditional li-
thium-ion batteries, the flowing liquid electrolyte can
spontaneously wet the surface of active materials and enable
a fast ion flux across the electrode|electrolyte interface. Thus,
in most of scenario, the charge transfer process across the
interface could not be a serious limiting step. In solid-state
batteries, the immobile and stiff nature of solid electrolytes
makes it hard to enable compact contact interfaces [100].
Insufficient contact will result in low concentration of ef-
fective electrochemical active sites, making the ion flux
bundle together to transport across the electrode|electrolyte
interface, which has been interpreted as a strong indication of
transport kinetic limitation in batteries. Worse still, even if a

Table 2 Summary of the recent representative researches on interfacial space charge layers

Electrode|solid electrolyte (Coating) Methods Main conclusions Reference

LCO|LATSP|Pt Quantitative electron holography (EH)
+electron energy loss spectroscopy (EELS)

An electric double layer forms at the interface as a
result of lithium-ion accumulation/depletion [92,94]

LCO|LiPON (LNO) XPS+electrochemical techniques
Chemical coordination near the interface providing

experimental validation of space-charge separation. LNO
can reduce separation and promote cell stability.

[97]

LCO|LiPON XPS The experiment-supported energy level diagram indicates
the presence of a space charge layer [93]

/ Mathematical model+constitutive
assumption

The predicted SCL is one order of magnitude larger than
that in LE, and is mainly determined by dielectric

properties of SE
[36]

LixV2O5|LAGP 2D-EXSY NMR The SCL leads to a significant increase in the activation
energy for Li-ion diffusion over the interface [23]

LCO|LLZO/LATP|graphite Theoretical model
(Coulombic interactions)

The SCL with a thickness in nanometer regime, causing a
small resistance, thus having a negligible effect [90]

LCO(104)|LPS(010) CALYPSO+DFT
Interfacial Li+ sites with higher μLi(r) values cause
dynamic Li+ depletion, which can allow oxidative

decomposition of SE materials.
[98]

NCM|ipn-PEA (LATP) AFM interfacial potential measurements The coating layer provides a gradual potential slope,
mitigates polarization and weakens SCL [95]

LCO|β-Li3PS4 (LNO) DFT+U calculations The LNO buffer layer suppresses the growth of SCL by
eliminating interfacial Li adsorption sites [35]

LiCoO2|Li6PS5Cl (BaTiO3)
Differential phase contrast scanning trans-
mission electron microscopy (DPC-STEM)

Interface lithium-ion accumulation resulting from the
SCL, BaTiO3 coating could reduce this effect.

[99]
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perfect interface is built in the beginning, the contact can
change dynamically as the volume changes of electrode
materials and growth of interphases during cycling will also
play an important mechanical role.

2.5.1 Physical contact
Solid electrolytes, because of their rigid nature and illi-
quidity, can hardly compromise with electrode surface or
active particles spontaneously, so the realistic interfaces are
often a mixture of porosity and micro-contacts considering
the weak interactions between SE and active particles. In
fact, the true contact area is far less than the apparent, geo-
metrical connection surface, which reduces the number of
electrochemical active sites at the interface. As a con-
sequence, lithium ion flux is restricted in limited local spots,
called current constriction [55]. It is clearly that the in-
sufficient contact will dominate the measured huge interface
resistance according to equation (4). The huge contact re-
sistance will not only increase the ohmic polarization and
restrict the rate performance, but also lead to high local
current density at these limited contact points and finally lead
to the growth of lithium dendrites. This is even more serious
by using solid oxide electrolytes whose Young’s modulus is
typically higher than sulfide electrolytes.
(1) Lithium metal anode side
Lithium metal has been grabbing attention because of its

low potential and high capacity. The severe side reactions,
huge volume effect during plating and stripping, and dendrite
issues hindered its applications in traditional liquid-electro-
lyte based batteries [101,102]. People pin their hopes on
solid-state lithium batteries because of the high shear mod-
ulus of solid electrolytes, which is thought to obstruct the
penetration of lithium dendrites. However, it is found that
solid electrolytes are more prone to forming dendrites than
liquid electrolytes [103]. The reasons for the dendrite growth
are various, including low relative density, pre-existing de-
fects, high interfacial resistance, which have been system-
atically discussed in a recent review [10]. Here we will only
discuss the insufficient interfacial contact induced in-
homogeneous plating.
The Li|SEs interfacial contact resistance comes from two

aspects. One is induced by the poor bonding attraction.
Garnet-type oxide electrolytes show extremely poor wett-
ability with lithium metal. Recent studies indicate that the
surface contaminant, Li2CO3, is the crime culprit for this and
many corresponding methods have been put forward, in-
cluding fast acid treatment or tempering to remove this
contaminant layer [104,105]. High pressure can also improve
the connection and lower contact resistance. For example,
the total impedance of a Li|Li6PS5Cl|Li symmetric cell can
exceed 500 Ω under a low loading pressure of 1 MPa. This
value decreases to ~110 Ω at 5 MPa, ~50 Ω at 10 MPa, 35 Ω
at 20 MPa, and 32 Ω at 25 MPa. When the pressure is re-

covered to 5 MPa, the impedance only increases to ~50 Ω
[106] as shown in Figure 5(a–c), which is only half of the
initial value under the same pressure, suggesting the im-
portance of pressure on improving contact during the as-
sembling process.
Another aspect of contact resistance arises from the mor-

phological instability during the cycling. A fundamental
problem is void formation at the interface by using metal
electrodes in SSLBs. Kirkendall voids are speculated to be
formed during the striping process because of the sluggish
mass transfer of lithium metal and insufficient applied-
pressure to replenish the dissolved lithium. These voids will
definitely affect the interfacial resistance but it is hard to
isolate the dissolution-related resistance with a two-electrode
configuration [27]. Sakamoto’s group [27] and Bruce’s
group [103] investigated the dynamic polarization of the
plating and stripping processes and their correlation with
applied stack pressure and current density by using a three-
electrode configuration cell. It was found that the over-
potential of a symmetric cell during cycling mainly came
from the dissolution process. Under anodic operating con-
dition if the stripping current density exceeds the rate of
replenishing lithium, vacancies will form and accumulate at
the interface and eventually merge into void spaces, resulting
in the loss of contact area. As a consequence, the local cur-
rent at the remaining contact points can be very high, which
further accelerates the growth of voids. Therefore, it is ne-
cessary to counteract the problem of void formation in order
to avoid contact loss. Several ideas have been proposed to
maintain sufficient connection between lithium metal and
electrolytes. Sakamoto et al. [27] put forward the concept of
“critical stack pressure”. The critical stack pressure is de-
fined as the pressure at which the flux of incoming lithium
induced by the applied stack pressure is equal to the flux of
lithium dissolved into electrolytes. If the applied pressure is
higher than the critical stack pressure, the interfacial contact
and morphological stability can be kept, as shown in Figure 5
(g). Otherwise, voids will be formed at the lithium|electrolyte
interface, as shown in Figure 5(h). For example, the critical
stack pressure of a Li|LLZO|Li symmetric cell for the stable
cycling at 0.1, 0.2, and 0.4 mA cm−2 is 0.4, 1.2, and 2.0 MPa,
respectively. The three-electrode experiment provides strong
evidence about this, as shown in Figure 5(i). The potential of
working electrodes and counter electrodes can be deconvo-
luted by using a Ni reference electrode. A noticeable increase
of potential can be observed on the working electrode (li-
thium stripping process), while the counter electrode (lithium
plating process) remains flat. These results strongly indicate
that the observed polarization is mainly due to the formation
of voids during the stripping process [27]. It should be
pointed out that this does not mean that the higher pressure
the better. Although the interfacial resistance decreases to
nearly 0 Ω cm2 at higher external pressure for a Li|LLZO|Li
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symmetric cell [49], for a Li|Li6PS5Cl|Li system, too high
stack pressure will lead to the lithium creeping along the
grain boundary and fast shortening of the lifetime of the cell
after several cycles (25 MPa), or directly mechanical short-
ing (75 MPa) as shown in Figure 5(e, f). This difference may
arise from the different mechanical properties of electrolytes.
The relative density of garnet ceramic pellet made by high-
temperature sintering is usually higher than 95% while the
sulfide electrolyte pellet made by cold-press still possesses
18% porosity even at high pressure [106]. Thus, the choice of
applied pressure must consider the different properties of
electrolytes and make a trade-off with engineering as high-
pressure equipment will also lower the energy density of
pack. Another effective method is increasing diffusion ki-
netics of lithium metal. Thorben et al. [107] found that in-
troducing 10% Mg into lithium metal could effectively
prevent contact loss because of the higher effective diffusion
coefficient (Figure 6). Nevertheless, there still exists a fun-
damental kinetic limitation in the Li-rich alloy due to the
decreased lithium concentration at the interface. When the
stripping current density exceeds 1 mA cm-2, a higher tem-

perature is required to enable the high lithium utilization.
(2) Cathode side
The physical contact between solid electrolytes and cath-

odes is generally worse than that on the anode side. The
excellent plastic deformation ability of lithium metal makes
it possible to achieve good contact with an electrolyte layer
by a high pressure or melting method. However, mainstream
cathodes, such as transition metal layered oxides, possess
high Young’s modulus and could not topologically compa-
tible with the stiff solid electrolyte. It is now still a remaining
challenge to obtain an enough cathodic-active path in oxide-
based SSLBs.
Several interface engineering methods have been proposed

to bridge a continuous conduction path in composite cath-
odes and at cathode|oxide electrolyte interfaces. For ex-
ample, ionic liquid can act as mass transfer media and is
added to the cathode side by virtue of its nonflammability,
nonvolatility and high viscosity [108]. Sintering method can
densify the composite electrode and help form proper cera-
mic bonding at the electrode|electrolyte interface. However,
the required high fusing temperature brings serious chemical

Figure 5 (a–f) Stack pressure on the shorting behavior of lithium-metal SSBs: (a) poor contact of electrolytes and lithium before pressing; (b) 25 MPa is
applied to press the lithium metal on electrolytes; (c) the cell resistance decreased a lot even after the pressure is recovered to 5 MPa; (d) 5 MPa, (e) 25 MPa,
(f) 75 MPa is applied on the symmetric cell during the cycle [106]. (g–h) Depletion of Li at the Li|electrolyte interface during cycling: (g) above the “critical
stack pressure”, the applied pressure is sufficient to maintain the contact between lithium and electrolytes; (h) below the “critical stack pressure”, the applied
pressure is insufficient to replenish lithium at the interface, leading to void formation at the interface and reduction of contact area; (i) potential response
under a constant current density of 0.2 mA cm−2 and decreasing stack pressure [27] (color online).
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diffusion and leads to the formation of high resistance layers,
even with an advanced sintering method [109]. Figure 7(a)
demonstrates the elemental cross-diffusion across the Li-
CoO2|LLZO interface induced by high-temperature proces-
sing [75]. Sintering aid agents which act as an interfacial
binder can help form a close cathode|electrolyte interface at a
relative low temperature. For example, the introduction of
Li3BO3, with a low melting point ~700 °C, into LLZO and
LiCoO2 interfaces can improve the physical bonding and
reduce chemical cross-contamination [75, 106,110,111].
Further, Han et al. [31] ingeniously utilized the reaction
between Li2.3C0.7B0.3O3 (LCBO) and the naturally formed
Li2CO3 to solder LiCoO2 and LLZO together, as shown in
Figure 7(b). The obtained all-solid-state Li|LLZO|LCO bat-
teries exhibit high rate performances and decent cycle per-
formances (100 cycles at 25 °C). Polymer interlayers are also
adopted to improve the poor solid-solid contact [108,112].
Liang et al. [113] engineered Janus interfaces on ceramic
electrolytes, as shown in Figure 7(d). Polyacrylonitrile
(PAN) with high voltage stability and polyethylene oxide
(PEO) with high stability against lithium metal are used to
bind the cathode and anode with LATP ceramic, respectively.
Three-dimensional interface structure design is also bene-
ficial for the intimate contact of electrolytes and electrode
materials by increasing the contact area [114,115]. Some
liquid and organic electrodes have their natural advantages in
addressing the interfacial contact problem and will be im-
portant topics in the future [116–118].
By contrast, the physical contact between cathode and

sulfide electrolytes is generally better than that with oxide
electrolytes because of the much softer feature. High-quality
percolation pathway can be obtained by pressing composite
electrodes onto a sulfur electrolyte layer. Interestingly, the
cathode particle size was found to affect the electronic
contact and therefore the utilization ratio of active materials.

Composites made from small particles can provide more
contact points than those from large particles [119]. How-
ever, the change of cell volume of electrolyte materials
during the delithiation will lead to irreversible contact loss
[120]. The mechanical failure during cycling will be dis-
cussed in detail in the following part.

2.5.2 Mechanical compatibility during the cycling
Mechanical breakdown has been widely discussed in tradi-
tional batteries with liquid electrolytes. The related crack in
the cathode, anode and solid electrolyte interphase is re-
garded as one of the main failure mechanisms [121]. In a
liquid system, the plastic binder and fluid electrolytes can
disperse and accommodate the mechanical stress and alle-
viate the mechanical damage to some extent [24]. However,
because of the incompressibility of SEs, the generated stress
will be directly exerted on contact sites and lead to cracking
or delamination of the junction, and the active materials
become partially inactive in this situation, thus contributing
to the overall capacity loss. Besides, the aforementioned
fracture within the active materials, the huge internal stress
also tends to fracture the electrolyte pellet. It is highlighted
that the electro-chemo-mechanical stability become more
prominent and can change the capacity and diffusivity of the
cells through the induced internal stress. Understanding and
controlling the origin of stress, the strain on ion-transport
pathways and volumetric deformation, and the tolerance of
related materials can be a key to improve the performance of
batteries.
(1) Origin of the mechanical mismatch and its effects
The origin of the mechanical stress can be basically di-

vided into two categories: expansion and contraction of the
electrode materials; volumetric change caused by the for-
mation of interphase. The former comes from the intrinsic
crystallographic contraction/expansion of electrode materi-

Figure 6 Lithium transport properties and morphological change of the interface between solid electrolytes and (a) lithium metal electrodes and (b) a
lithium rich Li-Mg alloy electrodes [107] (color online).
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als during lithiation/de-lithiation. The later arises from the
side reaction between electrodes and electrolytes and its
evolution is strongly related with electrochemical transport
properties.
Most electrode materials suffer severe volume changes

during charging/discharging. For example, NCM 811 un-
dergoes up to 7% contraction when it is charged to 4.3 V. As
for graphite, the volume strain can reach 13% with full li-
thiation to LiC6. The continuous swelling and contraction of
electrodes can lead to the delamination and crack of parti-
cles. In liquid electrolytes, such cracks can be filled by
fluidic electrolytes and boost faster charge transfer kinetics
by increasing the electrochemically active surface. However,
these cracks are detrimental for solid state batteries by de-
grading the corresponding kinetics [122]. Giovanna et al.
[123] quantitatively assessed the mechanical reliability in
solid state batteries for the first time. For a solid electrolyte
with Young’s modulus ESE=15 GPa and bulk fracture energy
Gc=1.0 J m

−2, which are representative values for sulfides,
the simulation indicates that cracks initiate when particles

undergo only 3% volume change, suggesting the high like-
lihood of mechanical failure in solid state batteries. Contact
loss has been observed experimentally in a sulfide electrolyte
solid battery (Figure 8(a–d)). The mechanical contraction of
active cathode materials during charging contributed to
contact loss between active material particles and electro-
lytes, which increases internal resistance and expedites ca-
pacity fading of batteries [26,120]. These problems can be
aggravated at some extremely harsh conditions, like over-
charging. The mechanical stress will also pose a serious
threat to electrolyte itself. For instance, in a solid-state bat-
tery with LCO and indium as a cathode and an anode, re-
spectively, bending and cracking of the solid electrolyte
pellet is observed because of the generated macroscopic
strain during cycling [124].
As we have discussed in section 2.2, the formation of in-

terphase is unavoidable in most SSLBs, and the growth of
interphase can also induce mechanical stress in the system.
Tian et al. [28] evaluated the mechanical stress in SSLB with
a finite-element method. With two sources of mechanical

Figure 7 (a) Three-dimensional elemental mapping of the LiCoO2|LLZO interface obtained by time of flight secondary ion mass spectrometry (TOF-
SIMS), color scales beside the maps show ionic concentrations of each ions: upper represents a higher concentration [75]. (b) Schematic of the LCBO
interphase engineered all ceramic LCO|LLZO interfaces and the cycle performance of the interphase-engineered all-ceramic Li|LLZO|LCO battery at 0.05 C
at 25 °C [31]. Illustration of the solid-state full battery with (c) pristine LATP electrolytes and (d) disparate-polymer-engineered LATP electrolytes [113]
(color online).
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variation, expansion/contraction of electrode materials and
interphase-formation-related volumetric change were con-
sidered. It is found that the decomposition-reaction-con-
tributed stress can be more remarkable. The stress induced
by the expansion of silicon electrodes and LCO electrodes
during charging only affects the surface layer of LCO and
that inside LiPON near silicon. On the other hand, if the
interfacial reaction is not self-limiting and the thickness of
interphases keeps growing (i.e., MIC-type), the volume ex-
pansion of such interphases can produce a huge stress inside
the electrolyte and finally break up the electrolyte pellet, as
has been observed at LATP|Li interfaces in our recent work
[20].
(2) Solutions to the mechanical instability
The discussed mechanical limitations can be circumvented

by material or structural design and interface engineering.
Considering the origin of mechanical instability, one effec-
tive approach is to develop zero-strain (or quasi zero-strain)
electrode materials. For example, Li4Ti5O12 was used as an
anode in SSLB and exhibited a smaller mechanical stress
[24]. Future research could be further devoted to developing
new zero-strain electrode materials, such as LiNi0.2Co0.7-
Mn0.1O2, LiCaFeF6, spinel LiCoMnO4 and Li2Ni0.2Co1.8O4

[125–128]. Also, we can utilize the different cell volume
variation characteristics of electrode materials to balance the
mechanical mismatch by exploring binary or ternary com-
posite cathode materials. For instance, the cell volume of
LCO undergoes expansion upon charging while nickel-rich
cathodes suffer shrinkage. By combining LCO and NCM 811
as a composite cathode, the generated stress can be much
alleviated, as shown in Figure 8(e–g) [24]. In addition, al-
though the delamination is thought to be independent of the
particle size, the delamination of nanoparticles can proceed
smoothly and the crack growth may not reach completion
[123]. Additionally, the introduction of flexible components
to the electrodes or electrolytes can also buffer the generated
stress.

3 Advanced characterization techniques for
electrode|electrolyte interfaces in SSLBs

Various characterization techniques and their combinations
have been applied to uncover the relationship between the
ED|SE interfacial degradation and the performance of the
solid-state batteries. However, two main obstacles hinder the
interfacial characterization process in SSLBs: sample pre-
paration and availability of characterization techniques. The
former lies in the fact that these interfaces are usually buried
inside the battery. Unlike the liquid electrolyte-based bat-
teries, in which the electrolyte can be easily washed away,
the interface related information in solid state batteries is
usually covered by electrolyte and hard to be extracted. In
addition, due to the sensitivity of electrolyte or electrode
materials to air and moisture, the preparation process needs
to be operated under the protection of inert atmosphere. The
latter consideration lies in the fact that conventional char-
acterization techniques only provide average information
over a large spatial range. However, the realistic interfacial
region is within several hundreds of nanometers, with com-
plex nanostructures and chemistry distribution. More pow-
erful techniques and appropriate designs are desired to
extract and amplify the interfacial signals.
Successful sample preparation is the first key step to fully

reflect what is truly taking place at the ED|SE interface. Ex-
situ characterization techniques usually require a post-pro-
cessing to preserve the essential features of the interface
structure. However, this process is not easy to be im-
plemented, especially for sensitive samples like Li metal and
sulfide electrolytes. Thus, an advanced sample preparation
method is expected. To avoid possible damage from sample
making process and high-energy electron/ion beam, Meng et
al. [11] used cryo-electron microscopy (Cryo-EM) to probe
the potential stabilization mechanism of Li|LiPON inter-
faces. A Li|LiPON sample was prepared by Cryo-focused
ion beam (Cryo-FIB), and then the TEM samples were made

Figure 8 (a–d) Scanning electron microscopy (SEM) images of the
cathode composite of NCM 811 and β-Li3PO4: (a, b) as prepared without
applied current or potential; (c, d) SEM inages of the cell after 50 cycles in
the discharged state [120]. Comparison of the stress response of LTO/SE|
SE|CAM/SE using (e) LCO, (f) NCM-811 and (g) a blend of 55:45 wt.%
NCM-811:LCO cathode composites. The cell with LCO shows positive
volume expansion effects. The cell with NCM-811 exhibits a negative
stress response. However, the cell containing the blending of LCO and
NCM-811 shows an overall lower nominal stress [24] (color online).
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based on “Cryo-lift-out” technology. Analysis results show
that a unique multilayer mosaic-like SEI structure is formed
at this interface.
Advances in technologies have brought a variety of choi-

ces and richer results to our experiments. Some traditional
techniques like infrared spectroscopy and Raman spectro-
scopy are unsuitable to directly obtain correlated signals.
Although X-ray can penetrate solid electrolytes, the local
interphase is usually composed of amorphous phase and the
weak signals may be overwhelmed within the bulk signal.
Thus, traditional X-ray diffraction (XRD) can only provide
limited information about the interphase. By contrast, mi-
croscopic techniques can be used to monitor local structural
and chemistry changes. Liu et al. [129] employed X-ray full-
field transition microscopy imaging combined with X-ray
absorption near-edge structures (FF-TXM-XANES) to re-
veal the 3D evolution of the cracks and their successive
impact on local-ion transport within LiNi0.8Co0.15Al0.05O2

(NCA) electrode particles, which provided valuable in-
formation about the battery degradation mechanism under
realistic operation conditions. Lewis et al. [130] revealed the
evolution of lithium|solid electrolyte interfaces during cy-
cling with operando synchrotron X-ray computed micro-
tomography. Direct visualization of interphase growth and
loss of contact provide us more insight on chemo-mechanics
and its effects in solid-state batteries. Otherwise, new
emerging applications can also provide richer information of
the interfaces in SSLBs. Solid-state nuclear magnetic re-
sonance (SS-NMR) can directly detect the signal of nucleus
regardless of the existing form of interphase, either crystal-
line, amorphous, or covered with electrolytes. In addition to
directly detecting the composition and chemical information
of interphases, the lithium-ion diffusion kinetics and dy-
namic evolution of interfaces in SSLBs can be quantitatively
characterized by the derived related techniques. For ex-
ample, Zhou et al. [23] revealed the effect of the space

charge layers on the ion migration over the interface with
two-dimensional exchange (2D-EXEY) NMR by controlling
the lithium chemical potential difference between LixV2O5

electrodes and Li1.5Al0.5Ge1.5(PO3)4 (LAGP) electrolytes.
Table 3 lists the present characterization techniques that can
investigate interface behaviors and provides a brief de-
scription of the obtained information of each technique.
More details on specific techniques or more general appli-
cations in interface researches can be found in the recent
literature [131–134].

4 Summary and future perspectives

To summarize, extensive studies have already highlighted
the importance of several factors when the compatibility and
the kinetics of the electrode|soild electrolyte interface in
SSLBs are considered. However, it is often too complicated
to clearly assign individual process and its effect on battery’s
performances. From this point of view, we detach the crucial
interfacial limitation that seriously affects the performances
of SSLBs. Fundamental concepts and their effects on charge
transfer process are parsed based on thermodynamics, ki-
netics and mechanics, which can help further understand the
evolution of interfaces and relationships of interface-re-
sistance.
Even though people have gained a better understanding of

the transport processes at ED|SE interfaces with the help of
advanced experimental and computational methods in the
last decades, the truth of the interfacial behaviors still re-
mains an open question. Especially, the matching issues of
electrochemical stability windows, charge transfer mechan-
isms across the interface and mechanical mismatch solutions
between electrode materials and rigid solid electrolytes are
waiting for update. Nevertheless, a further comprehension of
the complex interfacial behaviors is urgently desired. Future

Table 3 Summary of the characterization techniques on interface researches

Techniques Main information

Photon
Optical microscope Morphology

Raman Surface structure, constituent

Electron
SEM/(S)TEM/EDS/EELS Morphology, element distribution, valence state

Electron hologram (EH) Potential distribution

X-ray

XRD Chemical constituents, structures

XPS Surface chemical information

XAS Chemical information

X-ray tomography Microstructures

Neutron Neutron depth profile (NDP) Element distribution

Radio frequency SS-NMR Chemical information, diffusion dynamics

Mass spectrum TOF-SIMS Constituent/Element distribution

Calculation DFT (+simulation) Structure, constituent, chemical information
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breakthroughs need to be taken into account of the following
points:
(1) Detaching and quantifying different process. To pro-

vide convincible proofs, the experimental design should
isolate individual factors or provide enough comparative
analysis. For example, from a thermodynamic point of view,
the differences of chemical potentials between electrode
materials and solid electrolytes will inevitably lead to in-
terphase formation or element mutual diffusion and re-
arrangement of interfacial carriers. Hence, it is hard to
discriminate the effect of SCLs with interphases or diffusion
layers. On the other hand, microscopic features analysis,
quantitative and dynamic estimation are urgently needed in
order to elaborate the effect of these phenomena.
(2)Developing suitable theoretical models. Although great

achievements have been made in computational estimation
and modeling, the simplified models can rarely unify the
simulated results with experimental phenomena in most si-
tuations. For example, kinetic considerations also determine
whether, how fast, and which interfacial products are formed,
but the interfacial kinetic calculation is still unavailable at the
present stage. Also, modeling on space charge phenomena is
based on the typical electric double layer theory under the
diluted solution approximation. It is now unclear whether the
derived equations can directly apply to the solid|solid inter-
faces or not. In addition, mechanical evolution of interfaces
during electrochemical cycling is also a key factor that
controls the performance of SSLBs. However, the corre-
sponding modeling is still vacant. To provide in-depth in-
sights into the underlying failure mechanisms at ED|SE
interfaces, the developing model should also take the ki-
netics, mechanics and microstructural features into con-
sideration.
(3)More advanced characterization techniques. As we can

see that current characterization techniques can hardly access
to the buried interface, and fewer can provide microstructure
information. Future developing techniques could provide
more nucleation, structural and compositional information at
atomic scale. In-situ and/or operando experiments with high
spatial-temporal resolution are highly expected to dynami-
cally reveal the chemical and structural evolution. Besides,
nondestructive and quantifiable techniques, like SS-NMR,
will provide significant help to uncover essential scientific
problems at ED|SE interfaces.
(4) Designing a stable interface. Interfacial engineering

strategies of applying artificial coating layers were accepted
to effectively improve the interfacial stability and electro-
chemical performances of SSLBs. But the specific roles and
the required properties of these coatings are unclear, and
need more estimation to offer guidance for future strategy
design. On the other hand, the mechanical stress issues also
pose a serious threat to the cycling performance but the an-
swer is still up in the air. Hence, there is a need to design a

proper interfacial modification strategy to improve the
thermodynamical and kinetical stability, as well as the
morphological stability.
(5) Grasping key factors. What are the main limitations at

the interface varying from scene to scene in different types of
SSLBs? For examples, for oxide electrolytes, we mainly
focus on the physical contact with electrodes in present
stage. The bond between electrolytes and electrode materials
is too weak to provide enough percolation networks for
successful working. For sulfides, stability issues and SCL
problems dominate the agenda, and which one is responsible
for the fast degradation is still in debate. And the effect of
mechanical stress cannot be ignored in both systems. Hence,
the origin of high interfacial resistance and sluggish charge
transfer needs to be carefully checked at different interfaces.
All in all, many scientific and technological challenges still

remain at present. Enhancement of compatibility and re-
duction of interfacial resistivity are the critical steps to
achieve advanced SSLBs, which relies on a full under-
standing of the essential scientific problems. Innovative ex-
perimental methods, powerful computational methods and
advanced characterization techniques will provide critical
new insights to these complex interfacial phenomena and
shed light on the design and optimization of future solid-state
lithium batteries.
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