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a b s t r a c t

In recent years, due to the increasing demand for portable electronic devices, rechargeable solid-state

battery technology has developed rapidly. Lithium-ion batteries are the systems of choice, offering high

energy density, flexible and lightweight design, and longer lifespan than comparable battery technologies.

Therefore, a better understanding of the relationship between electrochemical mechanism and structural

properties from theory and experiment will enable us to accelerate the development of high-performance

and security batteries. This review discusses the interplay between theoretical calculation and experi-

ment in the study of lithium ion battery materials. We introduce the application of theoretical calculation

method in solid-state batteries through the combination of theory and experiment. We present the con-

cept and assembly technology of solid-state batteries are reviewed. The basic parameters of solid-state

electrolytes, especially sulfide-based solid-state electrolytes and their interface mechanisms with high-

voltage cathode materials, are analyzed by theoretical methods. We present an overview on the scientific

challenges, fundamental mechanisms, and design strategies for solid-state batteries, especially focusing

on the issues of stability on solid-state electrolytes and the associated interfaces with both cathode and

electrolyte. Owing to the theoretical models, we can not only reveal the unprecedented mechanism from

the atomic scale, but also analyze the interface problems in the battery thoroughly, thus effectively de-

signing more promising electrolyte and interface coating materials. It blazed a new trial for engineering

an interphase with improved interfacial compatibility for a long-term cyclability.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The worldwide revolution on decarbonization continues to

drive the construction of renewable energy networks in modern

life [1–3]. Compared with traditional ones, new energy sources ac-

count for an increasing proportion. However, the new energy must

be applied through energy storage and conversion. Li-ion batteries

(LIBs), as the predominant technology of electrochemical energy

storage, have been expanded for deployment into emerging decar-

bonized areas [4–6]. Obviously, to obtain a higher energy density

battery, it is inseparable from the lithium metal anode [7,8]. How-

ever, in traditional batteries, the organic liquid electrolyte (LE) used

in contact with the metal lithium is easy to form lithium den-

drites, which is a short circuit of the battery and causes safety
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problems [9,10]. As an essential component of solid state batteries

(SSBs), solid electrolytes (SEs) overcome the shortcomings of liquid

counterparts, such as low thermal stability, flammability, and leak-

age, thus playing a critical role for improved safety [11–14]. At the

same time, it also further meets the development demand of spe-

cific capacity of electric vehicle in the market. Whereas, in order

to achieve a wide range of market penetration and meet the mar-

ket demand on the development of electric vehicles, it is urgent to

exploit a new generation of energy storage devices with increasing

energy density (>350Wh/kg) and safety [15–17].

SSBs that employ a SEs instead of organic LE are the promising

direction of battery development [14,18–21]. Besides, the resulting

SSBs could offer substantially increased energy density by enabling

the combination of high-specific-energy lithium metal anodes and

prevalent high-voltage layered oxide cathodes [22]. In recent years,

owing to the enormous advantages of SSBs, it has continuously set

off exploratory boom in the field of new energy. However, there

https://doi.org/10.1016/j.cclet.2023.109173
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are still many factors that hinder its practical application. SEs are

the key components of SSBs, and their intrinsic nature play a de-

cisive role in the overall performance of SSBs. The properties of

ideal SEs applied in SSBs should include (1) the high ionic conduc-

tivity greater than 1 mS/cm [23], (2) not sensitive to humidity, (3)

great thermodynamic stability, (4) wide electrochemical window to

accommodate both of the electrode [24,25], (5) electrically insulat-

ing to avoid self-discharging, and (6) appropriate stiffness and frac-

ture toughness. At present, no SEs can meet all the above demands,

which is also the first major challenge for SSB. At present, there are

four categories of SEs that have been developed, mainly including

oxides, halides, sulfides, polymer and composite solid electrolytes.

Due to their bcc-like anion framework of sulfide-based electrolyte,

it has been proven to be equipped with higher ion transport ability

than the other electrolytes [26,27].

At present, the main sulfide solid electrolytes (SSEs) that

have attracted people’s research interest are as follows:

Li7P3S11 (LPS) (17 mS/cm), Li10GeP2S12 (LGPS) (12 mS/cm),

and Li9.54Si1.74P1.44S11.7Cl0.3 (25 mS/cm) [28–30]. However, this

electrolyte system generally has similar problems such as water

sensitivity, narrow band gap, and incompatibility with metal

lithium anodes and high-voltage cathodes materials [17,31–34].

The above problems result in the low capacity and cycle per-

formance of sulfide-based SSB. In addition, owing to the serious

solid-solid interface contact, internal grain boundaries and elec-

trochemical reaction in the SSBs, the internal resistance between

the electrode and the electrolyte has increased, which makes the

SSBs have a higher polarization than LE cells [35]. Such issues are

also related to the morphology and structural characterization of

solid electrolytes. The SSEs with a narrow electrochemical window

imply that its oxidation potential is low, and the electrolyte is

easily decomposed into intermediate phase and the structure

is destroyed during the electrochemical test. For example, the

decomposition voltages of LGPS and LPS are low, which are 2.15V

and 2.41V, respectively [36].

Furthermore, due to the chemical potential incompatibility of

SSEs with cathode/anode materials, the internal interface of the

battery is unstable during the cycle. Such reactions will form a

detrimental anode–electrolyte interphases (AEI) and undesirable

electrolyte-cathode interphases (CEI), thereby hindering the diffu-

sion and charge transfer of lithium ions inside the SSBs [37,38].

Aiming at the complex interface problems in SSBs, both theoret-

ical calculations and experimental methods can be applied. Den-

sity functional theory (DFT) calculations and molecular dynamics

simulations can analyze the interface mechanism from thermody-

namic and kinetic stability and microscopic interactions between

atoms. For example, the combination of LiCoO2 (LCO) and SSEs is

thermodynamically unstable at high voltage, and it is easy to re-

act to form LixP and LixS at the interface [39,40]. Through calcula-

tion, it is found that Li10GeP2S12 and Li6PS5Cl are unstable with Li

[41,42]. Meanwhile, a large number of experimental work has also

exposed the interface problem between the electrode and sulfide

electrolyte in the solid-state battery [43–48]. There is a good con-

tact area of the ion transport pathway between the cathode and

the electrolyte, which leads to high capacity and energy density of

the lithium battery. In general, the main interface problem is due

to the poor mechanical contact of the cathode/sulfide, since the

volume change is caused by the repeated shrinkage/expansion of

the active cathode material during the long-term charge and dis-

charge process [22]. Similarly, the instability of the cathode/SEs in-

terface involves poor oxidation side reactions between the cathode

and metal sulfides electrolyte due to electrochemical incompatibil-

ity, as well as interface aging/evolution during the long-term cycle

of the battery [49].

Typically, in-depth analysis of complex interfacial engineer-

ing requires advanced characterization techniques, such as in-situ

Fig. 1. The application of theoretical calculations in SSB. Reprinted with permis-

sion [42]. Copyright 2021, Wiley. Reprinted with permission [53]. Copyright 2016,

Chinese Physical Society and IOP Publishing Ltd.

XPS, nuclear magnetic resonance (NMR), in-situ Raman and cryo-

electron microscopy [50]. Recently, some groups have proposed

the use of time-of-flight secondary ion mass spectrometer (TOF-

SIMS) to study the surface and interface information [51]. In ad-

dition, researchers have also tried to develop computational sim-

ulation of interface morphology, analyzed the reaction mechanism

between cathode/SEs, and then made up for the defects in the ex-

perimental process. The combination of theory and experiment can

deeply explore the thermodynamic and kinetic reaction processes

inside the interface, and more effectively propose interface protec-

tion strategies [52]. The application of theoretical calculations in

SSBs is shown in Fig. 1.

Since high energy and safety are the direction of battery re-

search, the focus of this work is to analyze the key of materials in

SSBs, pay attention to the interface problems in battery, and pro-

pose effective solutions for interface design. Some reviews summa-

rize the development of electrolyte materials and the optimization

technology of battery assembly, but rarely discuss the application

and research progress of theoretical simulation in SSBs [25,41,53–

64]. Here, we primarily focus on the preparation technology of

SSBs, especially the assembly of SSBs with metal sulfides as solid

electrolyte, because that sulfides exhibit outstanding battery per-

formance and can maintain the SSBs cycle without adding LE. Sec-

ondly, we present the fundamental understanding of the establish-

ment of the interface model between the sulfide SEs and the cath-

ode in SSBs and the reaction mechanism, existing challenges and

potential solutions. Finally, we propose an effective strategy to alle-

viate the interface problem by using coating materials. The recent

application of high-throughput calculation methods in the design

of new coating materials is discussed. Combined with experimen-

tal research, it is further verified that coating materials can effec-

tively alleviate the incompatibility between interfaces. At the same

time, the relationship between the materials’ properties and phase

structure was discussed by combining electrochemical characteri-

zation, physical phase, and morphology characterization. A deeper

understanding of the mechanism of SSBs provides guidance for us

to develop new SEs and interface modification materials. The in-

formation can promote the practical application of interface engi-

neering and make it possible to assemble high-energy SSBs.
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2. Solid-state battery technologies

2.1. State-of-the-art solid-state batteries

Compared with the traditional flammable LE, the SEs may also

give additional mechanical stability to slow down the dendrite

growth in the alkali metal anode. Table 1 lists the recent devel-

opment status of sulfide-based SSBs [27,42,65–70]. Although the

addition of a small amount of LE between the electrolyte and

the electrode interface in the SSB can enhance the cycle perfor-

mance of the battery to a limited extent, it does not fundamentally

solve the interface problem in the battery. Moreover, this solid-

liquid mixed battery assembly method cannot be clearly defined

as a solid-state battery in the whole sense. In some literatures,

solid-state batteries are defined as “quasi-solid”, “mixed solid” or

“semi-solid” batteries according to the amount of LE added [64].

Since the battery performance appears differently due to the ad-

dition of LE, this description may arise controversy. Therefore, we

classify the battery through the way whether it contains liquid to

avoid confusion (Fig. 2): (1) Liquid electrolyte battery. Such LIBs

are mainly composed of electrodes, separators and liquid elec-

trolytes. The LE is mainly composed of two categories: aqueous

and nonaqueous electrolytes. For the gel electrolyte, the gel poly-

mer is added to LE, thereby improving the plasticity and mechan-

ical strength of the electrolyte, while the transmission of lithium

ions only occurs in the liquid phase. (2) Semi-solid battery. In or-

Fig. 2. Schematic illustration of the classifications of prevailing lithium ion batter-

ies. According to the amount of liquid added, the battery type is divided into three

types. Reprinted with permission [64]. Copyright 2020, American Chemical Society.

der to alleviate the interface problem in the LIBs, the solid-liquid

mixing method is used as the electrolyte, and the expression of the

semi-solid battery is proposed. (3) All-solid-state battery (ASSBs).

This type of LIBs completely uses SEs as the transmission medium

of Li+, such as inorganic SSBs, polymer SSBs.

2.2. All solid-state batteries and assembly

Based on the various advantages performed by sulfide-based

solid electrolytes, a series of follow-up studies on the exploratory

synthesis of their derivatives have been initiated. Consequently, the

sulfide solid electrolytes family has grown substantially and can be

classified into five types in light of crystalline state and specific

crystal structure, including glasses [71,72], glass-ceramic [73,74],

thio-LISICON [75–77], LGPS-type [29,78–81], and argyrodite-type

[82–85]. In the experiment, the synthesis process of SSEs with dif-

ferent crystal structures is similar to Fig. 3a, and each step needs to

be operated in an inert gas [68]. At present, there are three types

of processes for assembling ASSBs using SSEs (Figs. 3b–d). Each as-

sembly technology has advantages and deficiencies. The method of

hot pressing is safe with great voltage compatibility, while the in-

terface contact is in an unfavorable position. The overall pressur-

ized battery is featured with high ionic conductivity and interface

contact, except for the vulnerability of the leak in the air. The tech-

nology of roll to roll has good flexibility, but short circuit is more

likely to appear in the process.

2.3. Challenges in ASSBs

Although, ASSBs are well-performed, there is still a long dis-

tance from the actual industrial application [11,86]. In order to ex-

plore the potential mechanism in the above problems, thorough re-

search have been carried on [14,31,87,88]. The challenges that need

to be overcome in ASSBs include persistent interfacial adverse re-

actions, limited electrochemical windows, surface/interface physi-

cal contact problems, easy decomposition of exposed humid air,

and crack or pulverization issues [35,89]. The sulfide-based SSBs

with better performance should have advantages as follows: (1)

During the charge-discharge cycle, the volume change of any part

of the battery system is small; (2) The low interfacial stress is at-

tributed to the ductility of the electrolyte and the sufficient com-

patibility between the interface phases for small lattice; (3) There

is no harmful interfacial reaction in the formation of insulating

phase or inhomogeneous interfacial phase layer; (4) High cross-

interface bonding; (5) Voltage platform matching between posi-

tive and negative electrode materials; (6) Remarkable ion trans-

port ability between positive and negative electrode materials; (7)

The electrode should be endowed with great conductivity. The con-

Table 1

Performance of reported SSBs with metal sulfide-based electrolyte.

Year Initial capacity

(mAh/g)

Cycle performance Conductivity

(S/cm)

Battery configuration Classification Ref.

2022 600 80.8% retention after 500 cycles,

200mA/g at 0.3 C and 60 °C
∼10−3 PMTH/Li6PS5Cl/Li−In All solid-state battery [65]

2023 600 77.5% retention after 2500 cycles

at 0.5 A/g, 1–3 V and 25 °C
6.2× 10−3 a-NbS4.5/20% super P@15%

Li7P3S11/Li10GeP2S12 + Li2S-24%

P2S5–1% P2O5/Li

All solid-state battery [66]

2022 200.7 87% retention after 500 cycles 1.54× 10−3 NCM88-S/Li6PS5Cl/Li4Ti5O12 All solid-state battery [67]

2021 188.4 74.45% retention after 210 cycles 3.17× 10−3 LCO@LNO/Li3.875Sn0.875As0.125S4/LTO All solid-state battery [68]

2023 256 90.1 mAh/g at the 50th cycle 2.45 (AQ)/Li7P3S11/Li1.5BP3DME10 Solid-state battery [69]

2022 151.9 60% of the capacity after 450

cycles at 0.1 C

2.8 Li-Li6.25PS4O1.25Cl0.75-LiCoO2 All solid-state battery [42]

2023 101.0 Capacity retention of 94.8% after

1000 cycles at 1 C

12× 10−3 LiNbO3@LiCoO2/LiF@Li10GeP2S12/Li All solid-state battery [70]

2023 550.00 550.00 mAh/g at 0.5 A/g after

1000 cycles

0.17 Li/Li6PS5Cl/MoS6–CNT20@15%Li7P3S11 All solid-state battery [27]
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Fig. 3. (a) The synthesis processes of solid-phase method. Reprinted with permission [68]. Copyright 2021, Wiley. (b-d) Different types of assembly methods in ASSBs.

Reprinted with permission [64]. Copyright 2020, American Chemical Society.

struction of ASSB with excellent performance is an important goal

of our research, and also establish foundation for the industrializa-

tion of ASSB [42,68].

3. Theoretical computation of sulfide based solid-state

electrolytes

At the end of the 19th century, with the continuous explo-

ration of the microscopic world, the shortcomings of classical the-

ory were gradually discovered. In order to more accurately study

the electrons and atoms in the microscopic world, physicists cre-

ated quantum mechanics in the 20th century. Quantum mechan-

ics can accurately explain and describe all the basic interactions

except the gravity described by general relativity. The Schrödinger

equation used to explain wave mechanics and quantum mechanics

can simplify the multi-electron system into a single-electron sys-

tem for processing. The Schrödinger equation is established based

on the variation of the state of the particles with time. The first-

principles calculation method based on density functional the-

ory (DFT) solves the problem of solving multi-particle Schrödinger

equation. The multi-body problem is transformed into a simple

single-body problem. The accuracy of DFT is dependent upon the

exchange-correlation (XC) functionals, which involves approxima-

tions.

This review discusses the interaction between theoretical cal-

culation and experiment in the design of new materials for bat-

teries, accelerating the prediction and development of advanced

materials. The theoretical calculation method is mainly based on

the first principle of DFT. Theoretical simulation in the field of en-

ergy storage materials and the calculation methods are mostly mi-

croscopic simulation at the atomic or molecular level. In order to

accurately evaluate the overall performance of the battery, macro-

scale simulation is essential to describe all components of the bat-

tery as a whole, which is conductive to promote a new field of

high-throughput battery system design. The properties of battery

materials that can be calculated at present and the corresponding

calculation methods for simulation (Fig. 4) [90].

The main calculation methods commonly used are ab initio

molecular dynamics (AIMD), molecular dynamics (MD), climbing

image nudged elastic band (CI-NEB), and alloy-theoretic automated

toolkit (ATAT). It has been shown that the activation energies from

AIMD and CI-NEB often agree well, as long as the identified path-

ways from the latter are dominant in the statistic process typi-

cally experienced in a molecular dynamic process. MD molecular

dynamics is a calculation method based on Newton mechanics to

Fig. 4. Calculation method of key materials in solid-state batteries. Reprinted with

permission [90]. Copyright 2016, Chinese Physical Society.

simulate the interaction and motion between molecules, without

considering the interaction between electrons. ATAT is a generic

name that refers to a collection of alloy theory tools developed by

Axel van de Walle, in collaboration with various research groups.

The most stable phase and the lowest energy structure of each

component phase can be determined by using ATAT. The compari-

son between different calculation methods is shown in Table 2.

3.1. Ion diffusion mechanism

The ionic conductivity is dictated by long-range diffusion, which

usually follows an Arrhenius form of relationship. First-principles

ab initio molecular dynamics (AIMD) [91,92] is then carried out to

study the ionic transport behavior of Li ions at elevated tempera-

tures, thus providing further insights through statistic processes. In

recent works, AIMD explains the transport mechanism of lithium

ions by counting the diffusion distance of lithium ions in the elec-

trolyte system at different times. In the process of data statistics,

the influence of errors caused by periodic boundary conditions on

the actual MSD is considered and corrected. Thus, the assessment

of diffusion coefficient D for Li+ ions by AIMD simulation at ele-

vated temperatures can be extracted via Eq. 1.

D = 1

2dt
< [�r(t)]

2
> (1)

which is obtained through the average mean square displacement

(MSD) 〈[�r(t)]2〉 from molecular dynamics (MD) runs at each tem-

4
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Table 2

The comparison between different calculation methods.

Calculation

method

Application in lithium battery Advantages Disadvantages

AIMD Ionic transport capacity

Diffusion activation energy

Accuracy Large amount of calculation; Time-consuming; The number

of atoms in the calculated system is less than 100

MD Calculate the motion of molecules,

ion, and clusters

A large number of single atoms or molecules

can be calculated

Inaccuracy

CINEB Showing an ion migration path Visualization of energy changes during ion

movement

The initial state and final state are not easy to be determined

in the calculation process

ATAT Is a generic name that refers to a

collection of alloy theory tools

By calculating the energy of the system,

various properties of the structure are

obtained (oxidation/reduction potential,

voltage platform, volume change, etc.)

Large amount of calculation; Time-consuming

Fig. 5. (a-e) The Arrhenius plot of the d overall diffusion coefficient and the diffusion coefficient in the c direction Dc and e in the ab plane Dab. Reprinted with permission

[95]. Copyright 2012, American Chemical Society. (f) The energy change of a single Li+ diffusion along the c-axis direction. (g) The migration energy of Li+ in LGPS diffuses

along the c direction to the next site. Reprinted with permission [93]. Copyright 2017, Springer Nature.

perature T over a period of time t. And d is the dimensionality fac-

tor. Using the Arrhenius relation,

D = D0 exp

(
− Ea

kBT

)
(2)

the ionic conductivity σ can be derived using the Nernst-Einstein

equation,

σ = ρz2F2

RT

D = ρz2F2

RT
D0 exp

(
− Ea

kBT

)
(3)

= A0

T
exp

(
− Ea

kBT

)

where ρ is the molar density of diffusing alkali ions in the unit

cell, z is the charge of alkali ions (+1 for Li+), F and R are the Fara-

day’s constant and the gas constant, respectively, D0 is a constant,

Ea is activation energy for diffusion, kB is the Boltzmann constant,

and A0 =ρz2F2D0/R.

AIMD can simulate the actual diffusion path of ions and an-

alyze the diffusion mechanism, so a visual ion migration process

can be obtained, which can be used as input for the nudged elas-

tic band (NEB) method (Fig. 5) [93,94]. AIMD cannot only simulate

the actual diffusion mechanism of atoms, but also visualize the ion

migration path. Mo et al. employed AIMD simulation to confirm

fast Li diffusion in a 1D diffusion channel along the c direction

of Li10GeP2S12 (LGPS) but also predicted two additional diffusion

pathways in the ab plane (Figs. 5a–c) [95]. The diffusion coefficient

D reveals the effective path of Li+ diffusion, so the diffusion effi-

ciency along the c-axis direction is higher. The ionic conductivity

of alkali metals is obtained from the diffusion coefficient by the

Nernst-Einstein equation. The diffusion coefficients of LGPS from

600K to 1500K are given (Figs. 5d and e). The calculated ionic

conductivity at room temperature is as high as 9 mS/cm, and the

overall activation energy barrier is about 0.21 eV, which is consis-

tent with the experimental results. From the perspective of ma-

terial design, AIMD is an effective means to predict the transport

properties of lithium ions below room temperature by high tem-

perature diffusion data (Figs. 5f and g). The emergence of LGPS has

aroused great interest among energy storage researchers, so that

more and more efforts have been made to study the replacement

of expensive Ge elements so as to obtain better ionic conductivity

[79–81].

3.2. Electrochemical window

For inorganic electrolyte, it is very essential to have a wide elec-

trochemical window. It can be obtained not only by testing, but

also by DFT analyzing the thermodynamic properties, and then cal-

culate the electrochemical window value [96]. An overall assess-

ment of change of configurational energy for a SEs with respect

to content of lithium ion, x, can be established through energy

minimization, for example, using ATAT [97,98]. Ceder et al. cal-

culated the electrochemical windows of different components of

SE (Fig. 6a) [99]. It shown that the stability of different types of

electrolytes has been determined by their binary phase, or in the

case of mixed anion materials. Therefore, Li1.3Al0.3Ti1.7(PO4)3 ex-

hibits high oxidation performance due to the formation of strong

covalent bonds between P and O [31]. The oxidation potential of

the sulfide electrolyte is poor, which is mainly related to the S2−

in the binary phase Li2S. The electrochemical window of Li6PS5Cl

5
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Fig. 6. (a) The electrochemical window of SE with different components. Reprinted with permission [99]. Copyright 2016, American Chemical Society. (b) The phase diagram

of LPSCl at different voltages shows a stable voltage range of 1.7–2.3V. Reprinted with permission [31]. Copyright 2020, American Chemical Society. (c) Describe the nature

and practical testing electrochemical window diagram in SE. Reprinted with permission [100]. Copyright 2015, American Chemical Society.

(LPSCl) is shown in Fig. 6b [31]. It can be seen that LPSCl is about

at 1.7V, while LPSCl is oxidized above 2.3V, and its stable electro-

chemical window is only 1.7–2.3V.

The voltage window calculated by the theoretical calculation is

not completely consistent with the experimental results (Fig. 6c)

[100]. In fact, the difference between the initial potential and the

electrochemical window observed in the experiment is mainly due

to the difference in the chemical potential of Li between the in-

termediate phase as well as the electrolyte and the electrode. The

valid electrochemical window of SE not only includes the intrinsic

electrochemical window of SE, but also the electrochemical win-

dow of the interphases. Therefore, in the design process of new

electrolytes, we should pay attention to the (de)lithiation redox po-

tential of SSEs.

3.3. Electrochemical stability

The electrochemical stability of the SE is directly related to

the integrative performance of the battery. It was verified with

galvanostatic intermittent titration technique (GITT) analysis, elec-

trochemical charge/discharge profiles, cyclic voltammetry (CV) and

other electrochemical techniques in the experiment. DFT can ex-

plain the thermodynamic stability of the electrolyte and analyze

the electrochemical stability of SE by energy calculation (Fig. 7).

When an ion migrates from state A to state B, the average

electrochemical potential VA-B, for the transition between state A

(Akx
∏
) and state B (Akx+�x

∏
), with reference to electrochemical

potential vs. alkali Ak related to total energies (Etotal) can be calcu-

lated as follows [101,102]:

VA−B = 1

z

{[
Etotal

(
Akx+�x

∏)
− Etotal(Akx

∏]
/�x − Etotal(Ak)

}

(4)

where x is the number of alkalis in the formula unit of Akx
∏
,

charge value z=1 for alkali ion, �x is the difference value of al-

kali atoms, and
∏

refers to the collection of other constituents. For

SSEs, with the change of lithium content, the corresponding de-

composition phase and electrochemical potential are different, and

the difference of voltage plateau between two adjacent states is

the corresponding electrochemical platform, (Figs. 7a and b) [42].

Fig. 7. The electrochemical windows of electrolytes with different compositions are

calculated theoretically: (a) Li6PS5Cl and (b) Li6PS4OCl against stable constituent

phases. (c) Experimental cyclic voltammetry (CV) tests for the battery. Reprinted

with permission [42]. Copyright 2022, Wiley.

This is consistent with the oxidation potential and reduction po-

tential of the sulfide electrolyte obtained by CV test (Fig. 7c).

4. Cathode-SSEs interface

The electrochemical performance of cathode matching different

SSEs in ASSBs is quite obvious, and its internal mechanism is still

unclear. Since the interface products are embedded in the compos-

ite cathode, it is difficult to characterize and accurately quantify

the interface and products, which greatly limits the study of the

interface reaction mechanism. In this part, we focus on the analy-

6
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Fig. 8. Schematic illustration of interfacial phenomena experienced in ASSBs.

Reprinted with permission [31]. Copyright 2020, American Chemical Society.

sis of the interface between SSEs and cathode by establishing the-

oretical interface model and experiment.

Compared with LE batteries, most ASSBs have serious polar-

ization, poor capacity, as well as inferior power and cycle abil-

ity, which is not only related to the properties of each com-

ponent, but also attributed to serious interface problems [35].

The interface contact, internal grain boundaries, and chemical and

electrochemical reactions all lead to an increase in the interfa-

cial resistance between the various parts of the battery (Fig. 8)

[31].

The battery mentioned above is mainly composed of anode,

cathode and electrolytes. The properties of each component

and the interaction between them have a significant influence

on the integrated performance of the battery [36–38]. Diverse

types of electrolytes should be selected to match the appropriate

cathode to achieve the best ASSB properties. In the system of

sulfide SE assembled ASSB, the use of cathode materials with

high oxidation potential is the key to achieve high energy density

ASSBs [20,21,103]. However, the poor compatibility of sulfide

electrolyte with high voltage cathode materials such as LCO,

LiNiaCobMn(1−a−b)O2, LiNiO2 and olivine LiFePO4 has brought

about electrochemical incompatibility at the interface. Therefore,

how to control and design the interface in ASSB has become a

critical problem in recent years.

4.1. Inerface stability

Since the liquid electrolyte is easy to diffuse through the

porous electrode and wet the electrode surface, a surface-to-

surface contact is formed between the SSEs and the electrode

material with irregular particle shape, while the SSEs as a granular

contact with the granular electrode material will form hole and

point-point contact, which is unfavorable to the transport of

Li+ at the interface. Hertz et al. has used two elastic spheres to

simulate the point-to-point contact between balls [104]. In the

interior of the solid-state battery, the holes and poor contact

surfaces that original existed in the electrode-SSEs will further

deteriorate under the action of the electric field. Xu et al. cal-

culated the comprehensive performance of common commercial

cathode materials by first-principles. It was found that most

electrode materials shall undergo phase transition, lattice expan-

sion/contraction or structural changes during the deintercalation

of lithium, resulting in volume changes after charge and discharge

[87–89].

In order to further research the interface reaction mechanism in

ASSBs, not only some efforts have been made in theoretical sim-

ulation [34,98], but also effective strategies have been proposed

during the experiment [30,33,38]. Although, the soft nature of the

SSEs, the pressure applied when assembling the battery alone is

not enough to make SEs contact closely with cathode. Many work

reports that maintaining a certain pressure during the charge and

discharge cycle is contribute to improve the overall performance

of the ASSBs. However, the choice of pressure should be appropri-

ate, because the lower pressure will affect the interface contact,

the larger one will induce the rupture of the electrolyte piece, and

even cause the short circuit of ASSBs [99,100]. Even if pressuriza-

tion has improved the battery performance of sulfide electrolytes,

it may not be effective for other types of electrolytes. There-

fore, a more effective interface solution is needed in the following

content.

4.2. Interface space charge layer

It is noticeable that the factors affecting the stability of the in-

terface are also the space charge layer (SCL) formed by the battery

during charging and discharging. Theoretically, all SEs/electrode in-

terfaces possess SCLs. Yoshitaka et al. theoretically simulated the

interface between LCO and Li3PS4 (LPS) and found that LCO de-

composed into CoO6 during the cycle, and lithium was adsorbed

on the O site of the CoO6 octahedron, resulting in the formation of

SCL [105–107].

Haruyama et al. [108] firstly studied the most representative

LCO/LPS and LCO/LiNbO3/LPS interfaces in ASS-LIB composed of

oxide cathode/sulfide electrolyte by DFT+U calculation combined

with systematic solid-solid interface matching method and clar-

ified the SCL mechanism and the influence of buffer layer on

these interfaces (Fig. 9a). Recently, Xu et al. used Raman and

TEM characterization techniques to visualize the reaction at the

LCO/Li6.25PS5.25Cl0.75 interface (Figs. 9b–h). It presented that the

interface of LCO/ Li6.25PS4O1.25Cl0.75 (LPSOC) will form Li3PO4 in

situ during charging and discharging, and the ionic conductivity

of Li3PO4 is poor, which will affect the overall performance of the

battery.

4.3. Chemical and electrochemical stability

The prediction in the performance of battery materials is mostly

based on energy calculation. Ceder et al. researched the electro-

chemical stability of cathode/SSEs by DFT and calculated the re-

action energy of various cathode/SEs interfaces (Fig. 10a) [99]. It

can be seen from that the SEs with lower reaction energy with

the cathode exhibits better stability. In general, the reaction energy

between oxide electrolyte and cathode is lower than that of SEs.

Thiophosphate materials often have high reaction energy, which

is mainly due to the strong reaction between PS4 group and ox-

ide cathode, forming PO4 group and transition metal sulfide. Mo

et al. calculated the thermodynamic stability of a series of SSEs

with four different cathodes in charged and discharged states (Figs.

10b and c) [109]. Through thermodynamic analysis illustrated that

the stability between the cathode and SEs is related to the change

of Li content and cation, and the change of chemistries is related

to the anion type of both.
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Fig. 9. (a) The change between cathode and SEs before and after charging at atomic

scale. Reprinted with permission [108]. Copyright 2014, American Chemical Soci-

ety. Characterization of the LCO|LPSOC interface in ASSB: (b) Raman test at the

LCO|LPSOC interface. Reprinted with permission [42]. Copyright 2022, Wiley. (c-h)

TEM test and HRTEM image of at the LCO|LPSOC interface. Reprinted with permis-

sion [42]. Copyright 2022, Wiley.

4.4. Artificial interface buffer layer

Up to now, investigators have proposed to introduce a buffer

layer material between the cathode and SEs, which can effectively

alleviate the above interface problems. The buffer layer material

introduced should have the following characteristics: (1) excellent

ionic conductivity; (2) Stable physical and chemical properties; and

(3) a high oxidation potential.

Such a buffer layer material can prevent the electrolyte from

contacting directly with cathode and reduce the occurrence of in-

terfacial side reactions. For instance, using SSEs and LiNbO3-coated

LCO as a composite cathode to assemble battery, the system can

improve the rate performance [110–112]. Most of the coatings have

good chemical stability with the cathode and SSEs, thereby the

original highly active interface can be converted into a more sta-

ble interface [113].

However, the coating technology mainly utilizes the favorable

chemical/electrochemical reaction between coating and SEs, so it

is important to select the matching coating materials for differ-

ent SEs. Not all coating materials can improve the cycle perfor-

mance of ASSB. For different electrolyte systems, it is necessary

to select a suitable coating. At present, the development of most

coating materials still reliant on trial-and-error approaches, which

takes a long time. Therefore, Yang et al. proposed a specific high-

throughput screening scheme to filter the functional materials by

comprehensively evaluating their functionality (Fig. 11a). Hierar-

chical screening of 48 coating materials with optimal properties

was carried out. Ceder et al. used a high-throughput search for

suitable materials for cathode coatings in ASSBs [114]. In addition,

Cao et al. reported that an amorphous Li0.35La0.5Sr0.05TiO3 (LLSTO)

coating stabilized the interface between LiNi1/3Mn1/3Co1/3O (NMC)

Fig. 10. (a) Calculation of interfacial reaction energy for different cathode/electrolyte combinations. Reprinted with permission [99]. Copyright 2015, American Chemical

Society. (b) Calculation of decomposition energy of different lithium oxides. Reprinted with permission [109]. Copyright 2019, American Chemical Society. (c) Columnar

diagram of decomposition energy of all cathode materials. Reprinted with permission [109]. Copyright 2019, American Chemical Society.
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Fig. 11. (a) The flowchart of screening the coatings. Reprinted with permission [113]. Copyright 2023, Royal Society of Chemistry. (b) Schematic of a configuration of ASLBs

with/without interface engineering. Reprinted with permission [115]. Copyright 2020, American Chemical Society.

and Li6PS5Cl in ASSBs [115]. A schematic of the stabilization mech-

anism of the LLSTO layer is shown in Fig. 11b. In short, the calcu-

lation provides a strong support for the selection of the interfacial

coating materials, which can correctly guide the experiment, facil-

itating the high performance ASSBs with long-term cycling.

5. Conclusion and prospects

In this review, we firstly introduce the types of all-solid-state

batteries and the latest assembly techniques. Then, the key per-

formance parameters of sulfide electrolytes in ASSBs, including

ionic conductivity and electrochemical stability, are analyzed by

theoretical simulation and experiments. The interface problems in

ASSBs are also discussed, mainly including the stability of the in-

terface between SSEs and electrode, space charge layer, chemical

and electrochemical stability. Finally, this review proposes an ef-

fective strategy for the interface problem in ASSBs, that is, using

the coating material to block the cathode and electrolyte interface

to improve the overall performance of the battery. At the same

time, the latest progress of theoretical calculation in the interface

problem of ASSBs and the screening of interface coating materials

is also introduced. Theoretical computations have gradually begun

to be widely used in the development and design of new energy

materials, but some deficiencies still exist. So far, a large number

of theoretical simulations on advanced materials have focused on

solids crystals, while the amorphous polymer electrolytes and the

interface with electrodes are not simulated enough.

Although theoretical calculations provide a visual interface

model for the interface and have a more intuitive understanding of

the hidden interface, these simulations still rely on the energy and

bulk phase properties of the materials. However, the microstruc-

ture, crystal state and defects of the material and interface in the

electrochemical state are not the same. Simply relying on a cal-

culation method cannot accurately analyze the interface problems

hidden in the battery. The ASSBs is a complex phase system in-

volving chemical-electrochemical-physical-material surface, inter-

face and other behaviors. Therefore, more efforts need to be done

to develop new models and methods to achieve a more accurate

simulation of the real situation of ASSBs materials and interfaces,

combined with experiments to verify, so as to obtain more infor-

mation to guide the further design and development of ASSBs.

In addition to the improvement of calculation methods, the im-

provement of sulfide electrolyte performance is also the key to im-

prove the overall performance of solid-state batteries. At present,

the design of composite electrolyte is a good way to be applied

and expected to realize industrial production. The polymer with

stable performance and wide electrochemical window is combined

with sulfide electrolyte to prepare a composite electrolyte with a

3D ion-conducting framework, which can effectively alleviate the

interface problems inside the battery. The advantages and disad-

vantages of sulfide electrolyte systems are very obvious. The devel-

opment of solid-state lithium batteries in the future still depends

on sulfide electrolytes, but more effective strategies are needed to

solve the problems in solid-state batteries.

In summary, the research for ASSB is a systematic project and

the development of ASSB should be considered as a whole, rather

than focusing on a single breakthrough. Foreseeably, with the con-

tinuous efforts of scientists and engineers worldwide, commercial

SSEs-based ASSBs/SSBs with high safety and high energy densities

can be achieved for large applications in the not too distant future.
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