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The energy crisis and environmental pollution drive more attention to the development and utilization of renewable energy.
Considering the capricious nature of renewable energy resource, it has difficulty supplying electricity directly to consumers
stably and efficiently, which calls for energy storage systems to collect energy and release electricity at peak periods. Due to their
flexible power and energy, quick response, and high energy conversion efficiency, lithium-ion batteries stand out among multiple
energy storage technologies and are rapidly deployed in the grid. Pursuing superior performance and ensuring the safety of
energy storage systems, intrinsically safe solid-state electrolytes are expected as an ideal alternative to liquid electrolytes. In this
review, we systematically evaluate the priorities and issues of traditional lithium-ion batteries in grid energy storage. Beyond
lithium-ion batteries containing liquid electrolytes, solid-state lithium-ion batteries have the potential to play a more significant
role in grid energy storage. The challenges of developing solid-state lithium-ion batteries, such as low ionic conductivity of the
electrolyte, unstable electrode/electrolyte interface, and complicated fabrication process, are discussed in detail. Additionally, the
safety of solid-state lithium-ion batteries is re-examined. Following the obtained insights, inspiring prospects for solid-state
lithium-ion batteries in grid energy storage are depicted.
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1 Introduction

Environmental pollution and energy shortage are still the
most important concerns of human society [1,2]. Nowadays,
the over-reliance on fossil energy has put the world in a
plight. On the one hand, the greenhouse gas emissions and
the environmental pollution caused by fossil fuel consump-
tion result in an increasingly worsening the loving place for
human beings. For example, global climate change has be-

come human development’s greatest non-traditional security
challenge [3,4]. On the other hand, the increasing energy
demands for economic growth conflict with the limited non-
renewable resources and the unstable supply chains due to
markets and policies [5]. Therefore, developing efficient and
economical energy storage systems that serve as a bridge of
power supply and consumption is necessary and promising
to tackle renewable energy’s time and space limitations.
Renewable energy capacity, such as hydropower, solar,

wind, bioenergy, accumulates yearly, and the corresponding
global weighted average levelized cost of electricity (LCOE)
declines [6]. Expanding their share of the existing energy
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supply is very favorable. However, the conventional gen-
eration and distribution infrastructure require a highly deli-
cate, low error rate and nearly-instantaneous balance
between power supply and demand on the grid system. The
intermittent nature of renewable energy is a significant
constraint to its large-scale deployment in the power system.
Therefore, it is necessary that efficient and economical en-
ergy storage systems serve as a bridge to connect the dif-
ferent power requirements on the power supply side, the
electric power distribution side, and the customer side [7].
The development of energy storage systems is usually

application-oriented, and no single energy storage technol-
ogy can fully meet the demand for large-scale energy storage
in the grid. Mechanical energy storage, represented by
pumped-hydro storage, is currently the dominant high-ca-
pacity energy storage technology due to its long service life
and low maintenance costs. However, it has the dis-
advantages of being influenced by environmental terrain,
high initial capital investment, and a long engineering con-
struction cycle. Besides the mechanical-type, chemical-type
and thermal-type are also conventional forms of energy
storage, while their storage and conversion are limited to
widespread use. Electrochemical energy storage, which has
the characteristics of pollution-free operation, and high
charging and discharging efficiency, has been developing
rapidly in recent years [8,9]. Batteries, as the most re-
presentative electrochemical energy storage devices, are
considered to be more suitable for the large-scale energy
storage and can be deployed in homes far from the grid, in
cities, and in places inaccessible to traditional electricity
infrastructure. The recent progress and challenges of several
battery technologies with great application potential in grid
energy storage are systematically summarized [10].
In recent decades, the development of lithium-ion batteries

(LIBs) has entered a golden period, occupying most of the
consumer electronics and powered vehicle markets. LIBs are
expected to play a full role in the power system due to their
superior performance. For example, they can track and
smooth planned powder output, provide auxiliary services,
improve the power supply’s quality and reliability, adjust the
electricity load [11].
Unfortunately, traditional LIBs use flammable organic

electrolytes, which are prone to fire and explosion when the
batteries undergo thermal runaway [12]. Fire safety chal-
lenges for grid-scale LIBs-based energy storage were dis-
cussed in detail [13]. Although researchers have done much
work on electrode and electrolyte design, the safety hazards
of LIBs are still not fully solved. Solid-state electrolytes
(SSEs) discard flammable organic solvents to the greatest
extent, less prone to thermal runaway and gas production.
Furthermore, SSEs with wider electrochemical stability
windows and better interfacial compatibility are expected to
avoid side reactions as much as possible and prolong cycle

life. Besides, solid-state LIBs give more opportunities for
extending integration approaches to satisfy the implementary
demand of the grid large-scale energy storage.
Solid-state batteries are recognized by academic and in-

dustrial circles as the next mainstream direction of battery
development, and rapid progress has been made in the past
decade. Nickel-rich layered oxide cathodes with the high
capacity are considered to be one of the most promising
candidate materials for solid-state batteries. Their bulk
structure evolution and interfacial reactions during long-term
cycling in solid state batteries have been deeply explored
[14,15]. Alloy anodes are also worthy of attention as key
materials for high energy density solid-state batteries [16].
The NCM811||μ-Si full-cell prepared by Meng et al. [17]
exhibited excellent cycle life. Furthermore, the safety of
solid-state batteries is supported by more experimental evi-
dence and quantitative analysis [18]. These surprising results
show us the promise of solid-state LIBs for grid energy
storage.
Hence, we summarize the application of conventional

LIBs in large-scale energy storage, comprehensively assess
their development status and problems, and discuss the op-
portunities of solid-state LIBs. Although we have high ex-
pectations for solid-state LIBs, many problems remain to be
addressed. The review comprehensively discusses several
solid-state electrolytes and electrodes potentially used in
solid-state LIBs for grid energy storage. The interface pro-
blems and processing difficulties around these materials are
deeply analyzed. Additionally, whether solid-state batteries
are safe is assessed from multiple perspectives. After solving
the problems of material preparation, interface modification,
battery processing, etc., the application of solid-state LIBs in
grid energy storage is worth waiting.

2 LIBs for grid energy storage

Different energy storage technologies have been developed
for large-scale energy storage, which can be divided into the
following several types: mechanical (e.g., pumped hydro
system (PHS), compressed air energy storage (CAES) and
flywheels), electrical (e.g., capacitor and supercapacitor en-
ergy storage (SCES)), chemical (e.g., hydrogen storage with
fuel), thermal (e.g., heat storage using phase-change mate-
rials) and electrochemical (e.g., lithium-ion, lead–acid,
nickel–cadmium, sodium–sulfur, sodium nickel chloride and
flow batteries) [19,20]. According to statistics from the
China Energy Storage Alliance (CNESA) energy storage
project database (Figure 1a), by the end of 2020, the global
operational energy storage project capacity is 191.1 GW, an
increase of 3.4% in comparison to that in the previous year
[21].
The conventional PHS is still the largest energy storage
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capacity contributor, which accounts for 90.3% of all world-
wide installed storage capacities. Then, the second largest
energy storage contributor is the electrochemical storage
system, occupying 7.5% (14.3 GW) of all capacities. Espe-
cially, among all the electrochemical storage capacities, LIBs
account for 92.0% (13.1 GW), which is undoubtedly the
most predominant electrochemical energy storage technique.

2.1 Priorities of LIBs in grid energy storage

LIBs were firstly introduced to the market by Sony Cor-
poration in the 1990s and ever since they were widely used in
all kinds of portable electronics and power tools. Currently, after
over thirty years of fast growth, LIBs have made significant
progress in achieving higher energy density (~250 Wh kg−1),
longer calendar (>10 years) or cycle life (>1,000 cycles)
[22–24]. Except for the continuing popularity in consumer
electronics, they are expected to play a crucial role in dealing

with global climate change and creating a sustainable world
[22,25]. For example, due to the high energy density and
long cycle life, the state-of-the-art LIBs can be applied as a
single power source for electric vehicles (EVs) to replace the
internal combustion engine in conventional fuel vehicles, so
as to reduce the depletion of limited oil resources and carbon
dioxide emissions in transportation sectors [26,27]. In the
meantime, in order to integrate more renewable energy (such
as wind or photovoltaic power) into gird, LIBs have been
receiving much more attention and become the most im-
portant and fastest growing electrochemical energy storage
technique, due to its high round trip efficiency (up to 95%),
high energy and power density, low self-discharge rate, no
memory effects, rapid response time (in milliseconds), low
toxicity, long calendar and cycle life [28].
The reversible intercalation chemistry between the anode

(graphite) and cathode (such as lithium nickel cobalt alu-
minum oxides (NCA), lithium nickel manganese cobalt

Figure 1 (a) The global operational energy storage market by installed capacity from 2000 to 2020. (b) A comparison of energy and power density of
different energy storage systems. Reproduced with permission from Ref. [19]. (c) The annually decreased pack price of LIBs. (d) Integration of renewable
energy sources into grid (color online).
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(NMC), lithium iron phosphate (LFP), lithium cobalt oxides
(LCO) and lithium manganese oxides (LMO)) in LEs en-
dows LIBs excellent stability and high voltage. Even though
the organic electrolyte is thermodynamically unstable with
electrode materials, a solid electrolyte interphase (SEI) on
the graphite anode and cathode electrolyte interphase (CEI)
on the cathode would be formed during the first charge–
discharge process, which will protect the further reaction
between LEs and electrodes during cycling, and ensure the
super stable cycling of LIBs [26]. Compared with other
electrochemical energy storage techniques (lead–acid, Ni–
Cd, Na–S, NaNiCl2 and flow batteries), LIBs exhibit the
highest volumetric and gravimetric energy density (Figure
1b). As shown in Table 1, a comparison of different large-
scale energy storage technologies is summarized. An out-
standing overall performance, including high power and
energy density, long duration time, millisecond response
time, high round-trip efficiency, low self-discharge, and long
lifespan, can be achieved for LIBs, which also explains their
dominating role in the electrochemical energy storage mar-
ket. Currently, MW-grade LIBs-based energy storage sta-
tions are operating and installing worldwide, and also are
playing an important role in balancing the grid systems
(electricity production, transmission, and consumption) and
bridging the renewable energy (wind and solar) with grids
[20,29].
LIBs are expected to grow rapidly in grid energy storage

over the next several years. Except for the overall perfor-
mance advantages compared with other batteries, relatively
high cost is a key challenge for the broader expansion of
LIBs in grid energy storage. In fact, the price of LIBs has
experienced a great reduction compared to that of ten years
ago (e.g., 1,100 $ kWh−1 in 2010 vs. 137 $ kWh−1 in 2020)
(Figure 1c) [24,30]. In the future, with the growth of market
and large-scale production, the average cost of LIBs will
undoubtedly continue to decrease [31]. Firstly, a production
improvement, by employing advanced manufacturing
equipment, the integration of battery packs and streamlining

the formation process, will further reduce their cost [32].
Secondly, developing innovative materials, such as cobalt-
free cathodes, high specific energy electrode materials (e.g.,
Si-based anodes, high-capacity and high-voltage cathodes),
aqueous binders (eliminating the use of expensive organic
solvent during electrode production), will reduce the material
or fabrication cost and increase the volumetric and specific
energy density of LIBs, so as to contribute to a cost reduction
of LIBs in per-kWh [33–39]. Thirdly, improving the per-
formance and making LIBs with longer cycle life will also
greatly reduce the life cycle cost of LIBs, even if a relatively
higher prior-period investment is probably involved [24,40].
Finally, the reutilization of retired automotive batteries into
the gird energy storage and building a closed-loop recycling
of spent LIBs will provide additional cost reduction of LIBs
[41–43].

2.2 Applications of LIBs in grid energy storage

The applications of energy storage in grid can be categorized
by different ways, for example, the power (e.g., frequency
and voltage regulation) and energy (e.g., peak shaving, load
leveling and energy arbitrage)-related applications, in front
of the meter (balancing the transmission and distribution)
and behind the meter (load or consumer side), the power
rating (small (≤1 MW), medium (10–100 MW) and large
scale (≥300 MW)), and the voltage (high, medium, and low
voltage grid) [29,44–47]. Due to the flexible power and en-
ergy, quick response, high round-trip efficiency character-
istics, LIBs are able to satisfy different applications in grid
energy storage. Firstly, LIBs-based energy storage systems
can provide services to ensure the flexibility, stability, and
reliability of grid systems. Secondly, LIBs-based energy
storage systems play a crucial role in smoothing the in-
tegration of renewable energy into grid systems.

2.2.1 Peak shaving and load leveling
The electric power system transmits and distributes elec-

Table 1 Comparison of different large scale energy storage technologies [44,45,48–52]

Number Types Specific energy
(Wh kg−1)

Volume energy
(Wh L−1)

Power
(W L−1)

Efficiency
(%)

Discharge
time

Response
time

Lifetime
(year)

Self-discharge
(%/day)

1 PHS 0.5–1.5 0.5–1.5 0.5–1.5 65–87 1–24 h+ min 40–60 0–0.02

2 Flywheel 5–100 20–200 1,000–2,000 90–95 ms–min ms 15+ 24–100

3 CAES 30–214 3–6 0.5–2 50–89 1–24 h+ min 20–40 0–1

4 Lead–acid 30–40 50–90 10–400 70–90 s–h ms 3–15 0.033–1.10

5 Ni–Cd 50–75 60–150 150–300 60–90 s–h ms 10–20 0.07–0.71

6 Na–S 150–240 150–250 150–230 80–90 s–h ms 10–15 20

7 NaNiCl2 90–120 150–180 220–300 85–90 s–h ms 10–14 11.89–26.25

8 LIBs 100–265 200–700 500–2,000 90–97 min–h ms 5–20 0.03–0.33

9 Flow battery 25–85 16–90 40–100 60–85 12 h ms 5–15 Small

10 SCES <10 2.5–15 500–5,000 85–98 ms–h ms 20+ 0.46–40
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tricity from power plants to consumers in one-way method,
which means that the power generation should always match
the load. However, the demand for electricity varies mo-
mentarily, daily, and seasonally, and the maximum demand
may last for only a short period of time. In this case, building
power generation to meet the peak loads or adjusting the
generation capacity frequently to match the loads would be
inefficient and expensive. Therefore, a peak shaving and load
leveling function is highly necessary to the grids [47]. Peak
shaving serves to store energy in low-demand periods and
release energy to the grid at peak periods, so as to shift the
peak demand to the off-peak periods. Load leveling tries to
flatten the entire load curve, which reduces the power de-
mand during high-demand periods by discharging and stor-
ing energy immediately during low-demand periods by
charging. Peak shaving and load leveling require that the
energy storage technology must be able to store and release a
large quantity of energy for some minutes to some hours.
Due to the high power and energy density, and high round-
trip efficiency, LIBs exhibited promising potential for peak
shaving and load leveling applications [19,47].

2.2.2 Voltage and frequency regulation
The electric power system needs to control its voltage and
frequency within a standard limit so as to maintain the sta-
bility and reliability of grid. The flow of reactive power and
the existing of transients and harmonics in the grid systems
will lead to a voltage fluctuation [19,47]. The mismatching
of power consumption and generation within a grid will lead
to the slow down or speed up of generators, and therefore the
decrease or increase of grid frequency [47]. Especially, due
to the intermittent and fluctuating feature, the integration of
renewable energy will cause increasingly serious voltage and
frequency fluctuation. The imbedding of energy storage
systems with local real power–frequency and reactive pow-
er–voltage droop controllers could enhance the voltage and
frequency stability effectively [53]. Correspondingly, it re-
quires the energy storage system with a quick response, high
rate and power performance, which could be well satisfied
by the LIBs-based energy storage technique [54]. Char-
acterized by high power and energy density, long duration
time, millisecond response time, high round-trip efficiency,
low self-discharge, long lifespan, pollution-free operation
and low maintenance, LIBs represent one of the most at-
tractive electrochemistry energy storage technologies for the
grid storage applications.

2.2.3 Integration of renewable energy
Renewable energy sources, such as wind and solar energy,
are widely and abundantly distributed on earth. Making full
use of these renewable energy sources will largely reduce the
depletion of nonrenewable fossil-based energy, so as to
contribute to a sustainable world. Especially, integrating

more renewable energy sources into grid systems is be-
coming a global consensus. Over the past few decades, the
share of installed capacity by wind and photovoltaic power
has been increasing continuously, and unquestionably, the
growth will be accelerated in the future [49,55]. One problem
is that the renewable energy sources are usually intermittent
and fluctuating. Directly integrating renewable energy
sources into a grid will cause unacceptable disturbance or
even failure to the grid. Therefore, an energy storage system
that functions to ensure the energy quality and security by
renewable energy sources is inevitable. Besides, the un-
predictability of renewable energy sources (especially for the
wind power) will result in frequently mismatch between
power generation and demand. In this case, the energy sto-
rage system storing excess energy from renewable sources
and releasing them in the peak demand is quite necessary. In
short, the energy storage system serves to make better use of
the renewable energy sources and ensure their smooth in-
tegration into the grid systems (Figure 1d) [49,56,57]. LIBs
could offer high specific power/energy density, high round-
trip efficiency and longer cycle life, and is becoming more
and more popular for utilizing renewable energy sources. A
fast-growing LIBs’ market that aims to promote the in-
creased penetration of renewable energy into the grid is
highly expected in the coming years. For example an in-
crease from 2 GWh per year in 2020 to 30 GWh per year in
2030 has been estimated [49,58,59].

2.3 Degradation and safety issues of LIBs in the grid
energy storage

At present, most of the LIBs used for energy storage are
composed of an anode, a cathode, a plastic separator, and a
liquid non-aqueous electrolyte. Reversible Li+ intercalation
and deintercalation occurred between the anode and cathode
during charging and discharging. The Li+-intercalated gra-
phite anode or deintercalated cathode is thermodynamically
unstable to the liquid non-aqueous electrolyte. A passivated
SEI and CEI would be formed at the electrode/electrolyte
interfaces during charging and discharging, providing the
dynamic stability of LIBs. Nowadays, under the deep cy-
cling, the state-of-the-art LIBs can maintain thousands of
cycles, and no maintenance is required. However, an aging or
degradation process, caused by the complex side interactions
of all cell components, will inevitably happen after LIBs
have been activated [60]. LIBs represent one of the most
promising and fastest growing electrochemical energy sto-
rage technologies. Studying and understanding the aging or
degradation process of LIBs is significantly important for
enhancing their performance and safety.

2.3.1 Degradation of LIBs for grid energy storage
The degradation of LIBs is caused by a series of complex
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side reactions, which involves all the components in the cell,
including electrodes, electrolytes, separators, and current
collectors. The degradation of LIBs can be divided into
mainly two parts: during the storage (at rest) and during the
operation (cycling) [61–63]. The aging process during the
storage may lead to self-discharge, capacity loss, potential
change, increased impedance, and thus affect the calendar
life of LIBs. During the initial charging, lithiated graphite
and delithiated cathodes are formed, which are thermo-
dynamically reactive to the organic solvents (e.g., ethylene
carbonate (EC), diethyl carbonate (DEC), dimethyl carbo-
nate (DMC), ethyl methyl carbonate (EMC), and propylene
carbonate (PC)) and Li salts (mainly, lithium hexa-
fluorophosphate (LiPF6)) in liquid electrolytes. A compli-
cated redox reaction will happen at the electrode/electrolyte
interfaces to form a passivated SEI layer on the graphite
anode and CEI layer on the cathode, accompanied with the
gas release and consumption of active Li (Figure 2) [61]. The
SEI or CEI layer, to some extent, prevents the further reac-
tion between the electrolyte and charged anode or discharged
cathode, and ensures the dynamically stable cycling of LIBs.
However, during the storage, the SEI will continue to grow

with time and consume active Li, thereby leading to in-
creased impedance and capacity loss. Meanwhile, a positive
potential shift would be caused by the continuous loss of
active Li, promoting the overcharge and degradation of
cathodes. As for the cathode, a growth of CEI by oxidizing
electrolytes, and a phase change and dissolution of transition
metal of cathodes will happen continuously, resulting in re-
duced charge capacity and increased resistance. The aging of
LIBs at rest is also related to their storage temperature and
the state of charge (SOC). Higher temperature and higher
SOC will lead to an accelerated aging of LIBs [61,64]. Ex-
cept for the aging on the anode and cathode, other electrode
components, like conducting agents, binders, current col-
lectors, separators and electrolytes, may become deteriorated

with time and lead to the degradation of LIBs [63].
The degradation of LIBs during the operation is related to

much more factors, including the depth of discharge (DOD),
rate, structure evolution, overcharge, heat generated during
the charging and discharge, SEI or CEI breaking and re-
building, mechanical degradation, Li metal plating. As
shown in Figure 2, Li metal plating may occur on the gra-
phite anode during over-charging, fast charging, or charging
at low temperature, which is extremely detrimental to LIBs
[65]. During repeated charging/discharging cycling, volume
changes by phase transformation of cathode materials will
lead to particle cracking, mechanical disintegration, and
contact loss with conductive carbon or current collectors
[66–68].
In practical applications, LIBs for grid energy storage are

assembled by more than thousand cells in parallel or in series
in order to achieve a specified current and voltage capability,
which also makes the operation of each cell under quite si-
milar conditions extremely challenging [69]. In this case,
when LIBs were fully charged, some of the cells may be
overcharged. Overcharging of cathodes often occurs when
the active Li content is low within a cell, leading to irre-
versible phase transformation, lattice imperfection, ac-
celerated side reactions, and poor thermal stability of cathode
materials [60,70,71]. Due to lower cost and very stable lat-
tice structure, the olivine-structured LFP cathode shows
much more advantages than other cathode materials (e.g.,
NCA, NCM, LMO), making it the most popular and the
fastest-growing LIBs’ type for grid energy storage applica-
tions in the future [62,72]. In addition, the generated ohmic
heat during the charging and discharging can also aggravate
the side reactions within cells, and thus accelerate the de-
gradation of LIBs. The degradation and the aging of LIBs
involve a series of complicated physical and chemical re-
actions within the cells, and are related to all aspects of
batteries including fabrication, operation, and storage. Un-
derstanding the degradation mechanism of LIBs is essential
for developing realistic models for lifetime prediction and
battery diagnosis, exploring novel strategies to further en-
hance the performance and safety of battery, and thus making
LIBs a more powerful tool for grid energy storage.

2.3.2 Safety issues of LIBs for gird energy storage
LIBs are a promising technology for the grid energy storage
application and the globally installed capacity by LIBs has
experienced a rapid growth in the past few years. However,
the frequently occurring fire or explosion incidents involving
LIBs-based energy storage stations have posed serious threat
to the public safety and caused great concerns to this tech-
nology [73]. For example, more than 20 energy storage-re-
lated fire incidents have been reported in South Korea
between August 2017 and December 2018, which led to
significant stagnation of local energy storage industry

Figure 2 Schematic degradation mechanisms of LIBs. Reproduced with
permission from Ref. [61] (color online).
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[73,74]. According to the investigations, many faults, in-
cluding the failure of the protection systems during the bat-
tery operation, fluctuated ambient temperature, lack of an
overall control and protective system, could be summarized
as the causes that triggered the thermal runaway of LIBs.
Usually, LIBs are safe when they are stored and operated at

manufacturer-recommended nominal conditions [75]. LIBs
are fragile and prone to thermal runaway, fire, or even ex-
plosion under the off-nominal conditions, such as over-
charge, over-discharge, short circuit, overheat, mechanical
crash, vibration, shock [76–78]. The recommended max-
imum operating temperature for LIBs is around 45 °C. Due
to some internal or external causes, the temperature of LIBs
starts to rise. Once the temperature exceeds the normal op-
erating range, side reactions within the cell will be ac-
celerated and some exothermic reactions tend to occur,
which makes the battery unstable with high risk of thermal
runaway. As shown in Figure 3, when battery temperature
rises to ~69 °C, the SEI on the graphite anode starts to de-
compose, leading to the exposure of lithiated anode to
electrolyte [12]. The exposed lithiated anode will react with
liquid electrolyte to release flammable hydrocarbon gases
(e.g., methane, ethane) accompanied with heat generation.
When the battery temperature is above ~130 °C, the poly-
ethylene (PE)/polypropylene (PP) separator begins to melt
and shrink, so that an internal short-circuit occurs and the
battery becomes deteriorated rapidly. At a temperature of
~200°C, the layered metal oxide cathode starts to decompose
and release oxygen [79]. In the end, the sharply accumulated
chemical energy will be released in the form of fire or ex-
plosion in most cases [12,77,78]. More seriously, the thermal
runaway in a single cell will initiate thermal runaway in
adjacent cells, and finally result in the disastrous con-
sequences of the entire battery system [78].
Among all the components that make up a cell, the liquid

electrolyte (consisting of flammable organic solvents and
thermally unstable lithium salts) and plastic separator (PP/
PE) are recognized as the most flammable and fragile parts
during thermal runaway. The severe volatility and decom-
position of electrolyte could be initiated at a lower tem-
perature range (130 °C–200 °C), and produce a lot of

flammable gases. It is reported that the electrolyte combus-
tion can release an energy several times larger than the
electrical energy stored in a battery [80]. The porous se-
parator plays a crucial role in preventing the physical contact
between the cathode and anode, and providing the Li+-
transporting channels between them [77]. However, the
commonly employed PP and PE separators will suffer from
severe shrinkages at a temperature above 130 °C, so that an
internal short circuit and rapidly accelerated thermal run-
away will happen in the LIBs. As a result, developing safe
electrolyte and separators, which can mitigate the thermal
runaway of LIBs under abusing conditions, is significant to
enhance the safety and eliminate the safety concerns on LIBs
[12,77,78].

3 Opportunities of solid-state LIBs in grid en-
ergy storage

3.1 Superiority of solid-state LIBs in grid energy
storage

As the representative technologies of energy storage, re-
chargeable batteries, especially LIBs, play a key role in the
decarbonization. Due to the great advantages of a short
construction period, low investment, no geographical re-
striction, strong electricity regulated ability and high energy
efficiency, the global LIBs’ market has been moving into the
surge mode judging from the figures reported in recent years.
Given the economic and sustainable development of LIBs, it
is important to take the revolution of high safety, low cost,
and facile recycle into consideration for large scale energy
storage based on LIBs [26]. However, as described above,
conventional LIBs apply flammable liquid electrolyte in the
system, which very likely results in the primary thermal
runaway risks [81,82]. Besides, complicated side reactions
accompanied with the charging and discharging process
usually reduce the electrochemical performance of batteries
[83,84]. However, safety and cycling stability issues are
extremely important especially for MW- and even GW-grade
energy storage concerning the huge amounts of energy
containing inside the system. On the other hand, the cost of
the rechargeable LIBs has fallen dramatically over decades
benefiting from the rapid growth of processing technologies.
However, in view of the large scale of energy-storage sys-
tem, service life and cost of maintenance, great efforts still
need to be made for reducing the cost of batteries, and much
attention should be paid for ensuring the green and sustain-
able development of LIBs, simultaneously. Effective strate-
gies for averting a looming e-waste crisis are designing
batteries for easier recycling, which will create pathways for
battery manufacturers to build sustainable production-to-re-
cycling full lifecycle processes and reduce the likelihood of a
battery waste crisis in the coming decade [85].

Figure 3 The schematic thermal runaway process of LIBs. Reproduced
with permission from Ref. [12] (color online).
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Solid-state LIBs employ ionically conductive SSEs
(oxide-based, sulfide-based ceramics, solid polymers, or
their composites) as opposed to the LEs used in conventional
LIBs [86,87]. Active material, SSEs, and conductive carbon
are mixed to obtain ion- and electron-conductive electrode
composite. Solid-state LIBs are prepared by stacking cathode
composite, SSEs, and anode composite layer by layer. In
principle, the basic mechanism for energy storage is not
changed. During the process of charging, Li+ are extracted
from the cathode and migrate to the anode via the solid
electrolyte, while electrons transfer from the cathode to the
anode through external circuit. In this process, oxidation and
reduction reactions take place at the cathode and anode sides,
respectively [88]. However, solid-state LIBs show prominent
strength over conventional LIBs for applying in grid energy
storage.

3.1.1 Enhance the safety of energy storage batteries
It is expected that making the solid electrolyte enables lesser
safety issues than LE-based conventional LIBs [89]. Usually,
the easy growth of Li dendrites during the charging process
resulted from inhomogeneous structure of electrodes, dis-
proportion of the ion concentration, overcharge, and polar-
ization, leading to the battery short-circuit and poor safety
problems [90]. Besides, the risk of solvent flammability at
elevated temperatures is especially apparent when the battery
encounters accidently abuse or damage by unpredicted im-
pact or crush.
SSEs usually have a high shear modulus which is con-

sidered to suppress the dendrite growth and to prevent short-
circuit [88]. The characteristics of no corrosion, no volatili-
zation, no leakage for the SSEs reduce the probability of
battery combustion, and abrupt temperature rise resulting
from internal short-circuit. Especially for solid-state LIBs,
thermally stable electrodes and SSEs, and moderate energy
density are beneficial to improve the safety compared with
conventional LIBs or lithium-based high energy batteries
[91,92]. Besides, thermal stability of some SSEs allows the
battery to operate at relatively high temperatures which is
fatal for LE-based conventional LIBs as the lithium salt like
LiPF6 decomposes above 55 °C [93]. In general, the intrinsic
safety features of SSE strategy for LIBs will lead to the
development tendency and realize the iteration of grid energy
storage quickly [94].

3.1.2 Extend integration approaches
Considering the demand for outputting high energy and
power, conventional LIBs are usually integrated in grid en-
ergy storage systems. Voltage and total energy will be ex-
tended by connecting the batteries in series [95]. Similarly,
the capacity and total energy will be extended by connecting
the battery in parallel. In fact, series and parallel connections
are both applied in energy storage systems for improving the

voltage, capacity, and total energy at the same time. As for
conventional LIBs, the series connections are realized only
outside the batteries (in-series connection will have the
short-circuit problem, see Figure 4a). As shown in Figure 4b,
bipolar stacked solid-state LIBs can be fabricated by layering
two or more single-layer batteries without short-circuit due
to the introduction of solid electrolytes. In this way, solid-
state LIBs can highly enhance the capability of cell design by
carrying out the in-series stacking and bipolar structures
within a single package. The reduction of the unused room
between single cells for conventional LIBs equals the in-
crease of mass and volume energy density. Besides, the
parallel stack structure is also available for solid-state LIBs
to improve the capacity like conventional LIBs (see Figure
4c) [96]. Besides, liquid-free environment in solid-state LIBs
provides the convenience of implanting functional sensors in
the cells for operando monitoring the data of temperature,
resistance, voltage and current, etc. [97,98]. In summary,
solid-state LIBs give more opportunities for extending in-
tegration approaches to satisfy the complementary demand
of grid large scale energy storage.

3.1.3 Improve the performance of batteries
The substitution of LEs into SSEs introduces enormous ad-
vantages on the performance for the battery system. Usually,
the dissolution of transition-metal elements, such as Mn, Co,
Ni and Fe from the cathode to the liquid electrolyte and their
subsequent deposition on the anode, results in ongoing liquid
electrolyte reduction, electrode–electrolyte interface and
impedance growth as well as the significant capacity de-
gradation upon cycling [99]. Besides, LEs show higher

Figure 4 The schematic of internal connections for LIBs. (a) In-series
stacking of conventional LIBs. (b) In-series stacking of solid-state LIBs. (c)
Parallel stacking of solid-state LIBs (color online).
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chemical reactivities than SSEs when they come to the
charging and discharging process in LIBs, and the constant
side reaction between LEs and electrodes also leads to the
capacity degradation similarly [100]. The high reliabilities of
solid-state LIBs are derived from both the wide electro-
chemical window of SSEs, and no solvation–desolvation
process between the electrode and electrolyte interface [101].
Besides, SSEs also show low chemical reactivity with elec-
trodes and coatings, impeding the shuttle effect of transition-
metal elements. Furthermore, the sensibility of the in-
troduction of impurities during the manufacturing of LIBs
will be reduced, and some novel processing technology like
dry electrode manufacturing and prelithiation solution can be
easily integrated with the practical processing route
[102,103]. In this way, the productivity efficiency increases
and cost reduction realizes simultaneously. According to the
aforementioned analysis, excellent cycling performance with
no capacity loss over ten thousand of cycles is expected to be
realized in solid-state LIBs [104]. Cost per kilowatt hour of
energy storage will be reduced owing to the extension of
solid-state LIBs’ lifetime. This is another promising ad-
vantage solid-state batteries claiming to offer in the large-
scale energy storage application scenarios.

3.1.4 Improve the recyclability of LIBs
As discussed before, the recycle of LIBs is a burning issue
especially at this era in which the market of grid scale energy
storage grows exponentially. However, conventional LIBs
we used are highly complicated and sophisticated in struc-
ture with the consideration of safety, and not designed for the
recyclability at the end of life [105]. Greater efforts must be
made to conduct the recyclable design for solid-state LIBs.
Besides, novel green recycling technologies, such as cascade
utilization, green dissolution, transition-metal element-based
selective extraction and biological recovery, are in the urgent
stage to be developed [106–109]. As solid-state LIBs are still
developing, there is a significant opportunity and time to
design and develop recycling processes with the guidance of
sustainable principles. In fact, the recycling of solid-state
LIBs is intrinsically safer than that of conventional LE-based
LIBs without using flammable components [110]. This fea-
ture dramatically reduces the complexity and cost of re-
cycling, and processing like crush can be safely realized for
solid-state LIBs even with stored energy inside [111].

3.2 Application of solid-state LIBs in grid energy
storage

The solid-state LIBs are thought to be a major competitor to
conventional LIBs and show a promising strategy to satisfy
the requirements for grid scale energy storage in a safer way,
as the liquid electrolyte is replaced by a solid-state coun-
terpart. However, we must acknowledge that it will be years

to realize the industrialization of solid-state LIBs even
though scientists and engineers worldwide show great in-
terest on them [112]. The research and the development of
solid-state LIBs (focus primarily on lithium metal-based
solid-state batteries for electric vehicles) are mainly con-
centrated in five countries and regions: the United States,
Europe, Japan, South Korea, and China. In the United States,
both governments and companies have invested heavily in
the research and innovation of solid-state batteries. As the
key materials in solid-state batteries, novel SSEs (such as
oxide-, sulfide-, halide-based ceramics or glasses) and their
composites are intensively investigated. For example, the
U.S. Department of Energy (DOE) funds a number of solid
electrolyte-based laboratory projects to advance the devel-
opment of lithium batteries [113], and some emerging in-
novative companies like Solid Power [114], Solid Energy
Systems [115], Ionic Materials and Quantum Scape [116]
have accumulated distinctive advantages on organic and in-
organic solid electrolytes. The Europe also approves abun-
dant funding to support the development of highly
innovative and sustainable technologies for LIBs (liquid and
solid-state electrolytes) that last longer, have shorter char-
ging times, and are safer and more environmentally friendly
than those currently available [117]. Japan and South Korea
starts the industrial layout of solid-state batteries in an early
stage, with the highlight of sulfide-based solid electrolytes.
Some challenges still need to be conquered in sulfide-based
electrolytes even though great breakthrough has been made
by companies like LG Chem [118], Samsung SDI [119],
Toyota Motor Corporation [120]. Despite a late start, China
takes much motivational action for the promotion of the
development of solid-state batteries in the field of electric
vehicles and scale energy storage according to the outline of
the 13th, 14th Five-Year Plan and the Long-range objectives
through the year 2035 [121,122]. Over the past two decades,
China has come to dominate the conventional liquid elec-
trolyte-based LIBs’ market from end to end. As the perfor-
mance reaching the fundamental limitations, industry
leaders, such as Contemporary Amperex Technology Co.
Limited (CATL) [123], Ganfeng Lithium Group [124], and
Prologium [125], are proceeding rapidly on the research and
industrialization of solid-state batteries.
According to statistics, more than 600 lithium-ion battery

energy storage systems with different scales have been
widely deployed around the world [126]. Representative
projects such as Hornsdale Power Reserve [127], Clinton
County BESS [128], and Germany Residential Energy Sto-
rage Systems [129], have been put into operation. In the
pursuit of safer and superior performance, solid-state LIBs
are considered to be a better choice for energy storage sys-
tems. Zendure, as the first company to announce the appli-
cation of semi-solid-state battery technology in home energy
storage system, released SuperBase V series of products with
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a single module capacity of 6.438 kWh, which can break a
maximum capacity of 64 kWh [130]. Furthermore, advanced
solid-state batteries have been used in grid-scale energy
storage projects. China Electric Power Research Institute
applied solid-state LIBs to a 1 MWh energy storage con-
tainer demonstration project [131]. Shandong Power Grid
started construction of a 300 MW/600 MWh energy storage
demonstration project in August 2022, which would adopt
lithium-ion batteries, sodium-ion batteries and solid-state
batteries to work together [132]. In summary, the facing
challenges now are only temporary, and both academia and
industry are fully confident in the development prospects of
solid-state LIBs.

4 Challenges of solid-state LIBs in grid energy
storage

Although numerous studies are devoted to developing solid-
state LIBs, there is still a gap compared to conventional
LIBs. The key to improving the performance of solid-state
LIBs lies in preparing SSEs with high ionic conductivity.
The main directions of current research are solid polymer
electrolytes, solid inorganic electrolytes, and composite
electrolytes. We know that none of them may perfectly re-
place the existing liquid systems. The reasons behind it are
the mist shrouding the electrode/electrolyte interfaces and
the many challenges in processing SE. Especially preparing
large-capacity cells with inorganic electrolytes and reducing
the manufacturing cost of solid-state batteries are crucial for
scale applications.
Up to now, the research on solid-state batteries has mainly

focused on lithium metal batteries with high energy density
instead of LIBs. Low-cost, long-life, and high-safety battery
systems for grid energy storage lack a systematic summary.
This chapter will systematically review solid-state lithium-
ion battery key materials and advanced technologies suitable
for large-scale energy storage. Combined with the thermal
runaway mechanism of LIBs, the safety of solid-state LIBs is
comprehensively evaluated.

4.1 Key material design for solid-state LIBs

4.1.1 Electrolyte design
Various SSEs have been recently investigated, including
solid polymer electrolytes (SPEs) and solid inorganic elec-
trolytes and their composites. Solid inorganic electrolytes
can be roughly categorized into oxide- and sulfide-based
electrolytes. The characteristics of each solid electrolyte are
summarized in this section.
Solid polymer electrolytes. Since Wright’s report on the

conductivity of the mixture of alkali metal ions and poly
(ethylene oxide) (PEO) [133], Armand further expanded the

PEO as a solid electrolyte for LIBs, which set off a wave of
research on SPEs [134]. The main problems of solid polymer
batteries are that they can only operate at high temperatures
due to low ionic conductivity and are not resistant to oxi-
dation. In recent decades, extensive research has been carried
out around monomers synthesis, structural design, poly-
merization methods, and preparation of composite materials,
aiming to address both challenges.
The Li+ transport in PEO originates from the high donor

number for Li+ of EO units and the intense mobility of the
PEO segment. Thus, the most direct approach is the
screening and design of easily dissociated lithium salts.
Compared with traditional inorganic lithium salts, more
designable organic lithium salts have the advantages of high
ionic conductivity, wide electrochemical stability windows,
and good thermal stability. Zhang et al. [135] systematically
explored the effects of LiTFSI, LiFSI, and CF3SO3Li on
battery performance. The SPE with LiTFSI has a higher
ionic conductivity and discharge specific capacity, which
benefited from the low crystallinity and the high Li+ trans-
ference number. Meanwhile, the existence of LiFSI is con-
ducive to generating smoother and denser SEI.
Regulating macromolecular structures is a unique ap-

proach to improving ionic conductivity [136]. Crosslinking
is the most common method of polymer modification, which
imposes restrictions on the chains’ motions to assume the
correct position for crystallization. Duan et al. [137] con-
structed an in-situ plasticized PEO-based electrolyte with a
double network by regulating the chain length of two oli-
gomers. The prepared SPE exhibits enhanced ion con-
ductivity (5.4×10−5 S cm−1), a wide electrochemical window
(4.7 V vs. Li+/Li), and impressive mechanical flexibility. In
addition to chemical crosslinks that form covalent bonds
between molecules, the interpenetrating polymer network
(IPN) is a novel type of polymer blend composed of cross-
linked and linear polymers. The IPN morphology could also
reduce the existence of crystalline domains to nearly dis-
appear. Homann’s work [138] proves that IPN improves
ionic conductivity, enhances mechanical stability, and
broadens the electrochemical window.
Hyperbranched polymers are highly branched macro-

molecules with three-dimensional dendritic architecture
[139,140], so they are entirely amorphous and have many
free chain ends, which is propitious to Li+ transport. Chen
et al. [141] prepared a polymer electrolyte with hyper-
branched PEO as the core and linear PS as the arms. As
shown in Figure 5a, the intermolecular entanglement of PS
fragments constructed rigid domains, which did not limit the
activity of the flexible PEO segment. The hyperbranched
structure design is crucial for balancing the enhanced con-
ductivity and mechanical properties.
Some advanced synthesis methods and novel design con-

cepts have brought new brilliance to PEO electrolytes in
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recent years. Zhang et al. [142] proposed a top-down design
concept and synthesized PEO-based electrolyte with multi-
arm topological structures. Due to the introduction of su-
pramolecular interactions and multi-arm topological struc-
tures, the comprehensive properties such as high voltage
stability, mechanical strength, thermal stability, ionic con-
ductivity, and Li+ transference number were improved.
Multiple Li+ coordination sites and complex hydrogen-
bonding networks worked together for superior ion transport
properties (Figure 5b). The resulting improvement for elec-
trochemical performance was confirmed in various full alkali
metal cell configurations. Numerous articles have demon-
strated the effectiveness of structure design for improving
ionic conductivity, while further theoretical guidance is still

lacking.
Besides PEO-based SPEs, tremendous solid polymer

electrolytes including polyacrylonitrile (PAN), poly-
carbonate (PC), polymethyl methacrylate (PMMA), poly-
vinylidene fluoride (PVDF), and poly(vinylidene fluoride-
hexafluoropropylene) (PVDF-HFP) have been attracting
wide research attention [143]. These materials overcome the
shortcomings of PEO-based electrolytes to a certain extent
[144].
The introduction of strong polar groups into the polymer

molecular structure is beneficial to improving its ionic con-
ductivity. For example, poly(vinylene carbonate) (PVC),
polyethylene carbonate (PEC), and polypropylene carbonate
(PPC) have attracted widespread attention [145]. Chai et al.

Figure 5 Solid electrolytes design. (a) Illustration of hyperstar polymers topology. Reproduced with permission from Ref. [141]. (b) Schematic of the
interactions in the composite electrolyte. Reproduced with permission from Ref. [142]. (c) Skeleton-retained cationic exchange approach to producing
Li3Zr2Si2PO12. (d) Single-ion migration mechanisms of Na

+ ions and Li+ ions from solid electrolytes. Reproduced with permission from Ref. [152]. (e) Ionic
conductivity of the LGPS family and Li9.6P3S12 and Li9.54Si1.74P1.44S11.7Cl0.3. (f) Discharge behavior of the sulfide-based all-solid-state cell with different
current densities. (g) Charge-discharge curves of the sulfide-based all-solid-state at 0.1 C. Reproduced with permission from Ref. [163] (color online).
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[146] prepared a novel kind of PVC/lithium difluoro(ox-
alato) borate (LiDFOB)-integrated SPE via in-situ thermally
initiated polymerization, providing improved interfacial
compatibility with the electrodes. The traditional PEO
electrolyte has poor oxidation resistance, and its decom-
position at the cathode interface is one of the reasons for the
failure of polymer-based batteries. According to theoretical
calculation, the HOMO of PAN and PVDF was lower than
that of PEO, which means that the former has better com-
patibility with high-voltage cathodes [147]. Therefore, many
researchers aimed at PAN- or PVDF-modified composite
solid electrolytes with wide electrochemical windows, which
will be discussed later.
Considering environmental and climate changes, batteries

for grid energy storage need to maintain normal operation
under wide temperature range. The decline in the ion trans-
port performance of solid-state electrolytes at low tempera-
tures is a fatal blow to batteries. Li et al. [148] designed a
homogeneous solid-state polymer electrolyte which enabled
a LiFePO4 cathode to achieve a superior cycling life and
remain 82% of room-temperature capacity at 0 °C. Besides
the low ionic conductivity of solid electrolytes, poor inter-
face contacts greatly limited the long-term operation stability
of batteries at low temperatures. A quasi-solid polymer
electrolyte was fabricated by in-situ ring-opening poly-
merization of 1,3-dioxlane with fluoroethylene carbonate as
the plasticizer, giving it a remarkable ionic conductivity and
Li+ transference number (2.4×10−5 S cm−1 at −60 °C and 0.55
at −20 °C) [149].
Inorganic solid-state electrolytes. Inorganic solid electro-

lytes are a class of super ion conductor materials. Their bulk
ionic conductivity greater than 1 or even 10 mS cm−1 has
been achieved at room temperature. However, the oxide-type
SSEs’ growth has been limited by high resistance at grain
boundaries. The ubiquitous brittleness of ceramic materials
also complicates the processing of oxide-based SSEs. Sul-
fide-based solid-state electrolytes exhibit high conductivity
via cold pressing, so there have been a few examples of
large-capacity cell preparation in all-solid-state batteries.
However, sulfide is very sensitive to water, which requires
strict control of low humidity during the production. It is
worth noting that although S is abundant and cheap, battery-
grade Li2S as a precursor used in sulfide-based electrolytes is
too expensive for large-scale preparation. Hence, many
technical challenges still need to be improved through ma-
terial design. The following paragraphs will discuss the
performance and recent progress around oxide-type SSEs,
such as NASICON-type and garnet-type, and sulfide-type
SSEs, including crystalline and amorphous materials.
The ion conductivity of NASICON materials is limited by

the bulk phase and grain boundary resistance. Researchers
have worked hard on these two aspects to improve their
conductivity. Presently, the prevailing NASICON-type SSEs

are derived from Al-doped Li1+xAlxTi2–x(PO4)3 (LATP) and
Li1+xAlxGe2–x(PO4)3 (LAGP) systems. Li1.3Al0.3Ti1.7(PO4)3
electrolyte prepared by Aono et al. [150] has an ionic con-
ductivity as high as 7×10−4 S cm−1. The mechanisms behind
the Li-ion conductivity enhancement are attributed to the
increase of the sintered pellet density and the formation of
less-resistive grain boundaries. In addition, the substitution
of Al increases the number of charge carriers to balance the
valance. Similar effects caused by trivalent cation doping are
also observed in the LAGP phase [151].
Recently, Tang et al. [152] proposed a skeleton-retained

cationic exchange approach to preparing a novel solid elec-
trolyte of Li3Zr2Si2PO12(LZSP) originating from the NASI-
CON-type ionic conductor of Na3Zr2Si2PO12 (NZSP) (Figure
5c). The calculated migration paths with corresponding re-
lative energies of NZSP and LZSP are shown in Figure 5d. It
achieves low activation energy of 0.21 eV and the highest
ionic conductivity of 3.59×10−3 S cm−1 among oxide-type
SSEs at room temperature. LZSP without noble or rare ele-
ments has a wide electrochemical window and good air
stability, which is very suitable for low-cost requirements in
the field of grid energy storage.
Garnet-type SSEs are another class of promising electro-

lytes with high ionic conductivity and wide electrochemical
windows. Thangadurai et al. [153] first prepared and char-
acterized Li5La3M2O12 (M = Nb, Ta) with lithium-ion con-
ductivity of 10−6 S cm−1 at room temperature. Substituting
tetravalent Zr for the pentavalent position yields cubic
Li7La3Zr2O12(LLZO) with ionic conductivity of 3×10

−4 S cm−1,
which has drawn attention to Garnet-type SSEs [154]. While
the ionic conductivity of tetragonal LLZO synthesized by
Awaka et al. [155,156] was two orders of magnitude lower
than that of the cubic phase. This change comes from the
isotropic three-dimensional ion transport channel of the cu-
bic structure, which is more conducive to the migration of
Li+. Besides crystal structure, lithium-ion conductivity in
garnet-type structures is affected by lithium concentration
[155] and grain boundaries [156].
The ionic conductivity of solid-state electrolytes is diffi-

cult to approach that of liquid electrolytes (10−3 S cm−1) until
a series of sulfide-based electrolytes was reported [157–159].
Kanno et al. [160,161] first replaced O in LISICON-type for
S to obtain thio-LISICON-type SSEs, including binary Li2S–
GeS2 and ternary Li2S–SiS2–P2S5 systems. Subsequently, it
was found that Li10GeP2S12 (LGPS) and Li9.54Si1.74P1.44S11.7Cl0.3
had ionic conductivity comparable to or exceeding that of
liquid electrolytes [162,163]. In addition to being the solid
electrolyte material with the highest ionic conductivity of
2.5×10−2 S cm−1 so far, the all-solid-state cells exhibited
excellent rate capabilities and cyclability (Figure 10e–g).
Li9.54Si1.74P1.44S11.7Cl0.3 has a lower cost than LGPS because
of the abandonment of Ge, which is hugely exciting for
aiming to replace traditional electrolytes with solid-state
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electrolytes.
Halide-substituted lithium argyrodites form a new class of

Li-rich solids with an unusually high Li mobility. Inspired by
the similar radii of Cu+ and Li+, Deiseroth et al. [164] pre-
pared and characterized a series of argyrodites with the
general formula of Li6PS5X (X=Cl, Br, I). Based on mole-
cular dynamics simulations, the origin of the Li-ion con-
ductivity in argyrodite solid electrolytes is the presence of
lithium vacancies and the distribution of the halogen ions
[165]. On the one hand, the presence of halogen determines
the distribution of Li vacancies. On the other hand, the dis-
ordered distribution of halide ions such as Cl− and Br− at
multiple sites is responsible for high ionic conductivity,
while I− lacks the disorder. Furthermore, Si4+ replacing part
of P5+ increased the ionic conductivity of Li6+xP1–xSixS5Br to
2×10−3 S cm−1 due to increased unit cell volume and Li+

concentration because of larger Si [166].
Compared with crystalline solid electrolytes, the isotropic

characteristics of amorphous solid electrolytes make ion
channel connection easier, thus allowing the amorphous
structure to obtain higher total ionic conductivity. The most
well-studied glass sulfides are the binary xLi2S·(100–x)P2S5
system, where high conductivity of 1.58×10−3 S cm−1 was
achieved in the solid electrolyte of 70Li2S·30P2S5 [167].
Inorganic-polymer composite solid-state electrolytes. It is

difficult for a single type of SSEs to meet the practical ap-
plication requirements of solid-state batteries, so preparing
inorganic-polymer composite materials is an expected
choice. Composite SSEs inherit high ion conductivity and
thermal stability of the inorganic component and the flex-
ibility and scale-up processability of the polymer component,
making them particularly suitable for the mass production of
solid-state LIBs [168].
A large amount of studies around composite electrolyte

design can be categorized into ‘ceramic-in-polymer’ and
‘polymer-in-ceramic’. The ceramic-in-polymer composites
have a small amount of fillers dispersed in a polymer elec-
trolyte, designed to reduce polymer crystallinity, increase
ionic conductivity, and improve mechanical properties.
LLZO, a representative oxide-based electrolyte, is a widely
used active inorganic filler in composite polymer electrolytes
[169–171]. Nan et al. [172] found that the La atom of LLZO
could exhibited Lewis base properties after complexing with
suitable solvents, which induced the chemical dehydro-
fluorination of the PVDF skeleton. On this basis, a fireproof
PVDF-HFP-based composite polymer electrolyte is in-situ
synthesized with LLZO-Ga as initiator and ion-conductive
filler. This in-situ cross-linking method avoided the influ-
ence of initiator residues on battery performance while re-
ducing the use of organic solvents [173]. In addition to
garnet-type ceramics filler, composites with various fillers
and polymer hosts have also been extensively studied [174–
180]. Compared with the abundant application of oxide fil-

lers in composite polymer electrolytes, the development of
sulfide/polymer composite electrolytes has encountered
further obstacles due to the chemical instability of the sulfide
electrolyte in diverse solvent media as well as the potential
parasitic reactions between the components of the composite
electrolyte [181].
The polymer-in-ceramic composites comprise compact

inorganic electrolyte particles in the presence of a handful of
polymers that bind particles and improve the electrode and
electrolyte interface. Chen et al. [182] synthesized a
LLZTO@PAN composite electrolyte with ultrahigh ceramic
content of 94.3% via a solution-based precipitation process.
The Lewis basicity of sulfinyl was elevated under the cou-
pling between DMSO and LLZTO, which was responsible
for the dehydrocyanation of PAN on the LLZTO surface and
then the formation of the conjugated polymer coating, con-
firmed by TEM in Figure 6a. The conjugated structures
served as continuous Li conduction pathways in the com-
posite electrolyte, and were identified by solid-state nuclear
magnetic resonance and density functional theory calcula-
tions (Figure 6b).
Tuning electrode–electrolyte interfacial stability and

maintaining good interfacial contact are essential con-
siderations in solid-state batteries. Constructing hetero-
geneous multilayered structures and engineering Janus
interfaces are effective methods to meet the different char-
acteristics of compatible cathodes and anodes [183–185].
Liang et al. [185] designed a bifunctional modified ceramic
electrolyte with integrated functions of superior wettability
toward electrodes and reduction resistance by fully utilizing
each layer. Wang et al. [186] developed an in-situ poly-
merized composite electrolyte comprised of Li6PS5Cl and
polyethylene glycol methyl ether acrylate (PEGMEA),
which solved the problem of poor interfacial contact to a
considerable extent confirmed by cross-sectional view and
element mapping analysis. As illustrated in Figure 6c, d, the
transport route priority of Li+ in the composite electrolyte
was in the order of Li6PS5Cl, Li6PS5Cl/polymer interface,
and polymer.
At present, there are many kinds of inorganic electrolytes

whose ionic conductivity exceeds that of liquid electrolytes
in a wide temperature range [187]. Due to the immobility of
the anionic framework, inorganic solid electrolytes present
negligible bulk polarization. Indeed, the effects of solid
electrolytes/electrode interfacial resistance are difficult to be
ignored [188]. Zhang et al. [189] fabricated an asymmetric
bilayer solid-state electrolyte by a selective adsorption and
in-situ polymerization process. Li-based batteries with this
composite electrolyte showed superior cycling stability from
−20 °C–70 °C and long cycle performance at 0 °C.

4.1.2 Electrode design for solid-state LIBs
The design of solid-state electrodes mainly revolves around
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material-level modification and electrode’s structural con-
struction, aiming to improve the compatibility of the elec-
trode/electrolyte interface.
The high Young’s modulus of the cathode-active materials

(CAMs) leads to poor interface compatibility with solid-state
electrolytes. Moreover, the complex composition of the
cathode compartment leads to unstable chemistry, electro-
chemo-mechanical breakdown, space-charge layer, etc.
[190]. Among these problems, electrode material coating and
structure design of cathodes are effective solutions.
LFP without precious metal elements has long cycle life

and excellent safety performance, making it ideal for grid
energy storage. Its relatively low operating voltage range and
stable structure are feasible for solid electrolytes. One major
obstacle is poor solid−solid contact between LFP and solid
electrolyte material, which requires good adhesion by sin-
tering the cathode and electrolyte at high temperatures. Yu et
al. [191] performed a systematic study on the chemical sta-
bilities between LATP and LFP at their adhesion tempera-
tures of 500 °C–900 °C, which offered a fundamental
understanding of LATP/LFP reaction mechanisms. The XRD
results showed that the electrically insulating product (Li3Fe2-
(PO4)3) was responsible for the deterioration of the electro-
chemical performance (Figure 7a). Similarly, the extra in-
terface layers were formed between LAGP and LFP after

being sintered at 650 °C, which increased interface im-
pedance and exacerbated the cycle [192].
Compared with LFP, the higher charging voltage of NCM

makes the stability of the cathode side of the solid electrolyte
face more severe challenges. Constructing a protective
coating on the surface of CAMs to prevent direct contact
with sulfide electrolytes is an effective strategy to improve
interfacial stability [193,194]. The function of ideal CAM
coatings for solid-state LIBs should involve lithium-ion
transport, electron barrier, inhibition of side reactions, and
buffering of CAMs strain. Although such material has not
yet been found, many studies have given principles for the
design of coating materials through high-throughput calcu-
lations. Several polyanionic oxides including LiH2PO4,
LiTi2(PO4)3, and LiPO3, were highlighted for their superior
performance as coating materials in solid-state LIBs [195].
Some cases demonstrate that oxide-based coatings may re-
duce interfacial contact impedance and improve the strength
of CAMs, while detailed systematic studies are still rela-
tively rare. More importantly, the working mechanisms be-
hind functionalized coatings are worth further exploration
[196].
To find effective methods to regulate the cathode/oxide–

electrolyte interface, it is a prerequisite to clarify the me-
chanisms of the interfacial reaction at high temperatures.

Figure 6 Advanced composite electrolytes design. (a) TEM images of LLZTO@PAN particles. (b) Solid-state MAS NMR measurements on
LLZTO@PAN. Reproduced with permission from Ref. [182]. (c) Schematic illustration and cross-sectional analysis of the in-situ polymerization within 3D
sulfide skeleton. (d) Li+ migration behavior within the composite electrolyte. Reproduced with permission from Ref. [186] (color online).
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Zhang et al. [197] proposed that Li, La, and Ni were suffi-
ciently reactive to participate in diffusion at the interface. It
was worth noting that Li in LLZO diffused to the Ni sites of
NCM to form a Li depletion layer, which worsened the cycle
performance. The peaks of pyrochlore phase (La2Zr2O7)
could be observed in co-sintered samples instead of ball-
milled mixture, indicating that side reactions happen at
873 K (Figure 7b). The thermal stability of NCM is strongly
affected by its composition. Fewer secondary phases ap-
peared when Ni-rich NCM811 and LLZOwere co-sintered at
high temperatures [198].
The combination of CAMs and sulfide solid electrolytes

faces more serious interfacial instability problems.
Auvergniot et al. [199] observed that the greater reactivity of
LMO with Li6PS5Cl compared to LCO and NCM could be
caused by its greater potential. There is limited evidence that
the oxidation products of sulfide electrolytes were detected
in the pristine electrodes by XPS, implying the decomposi-
tion of electrolytes even before the beginning of the charge
or discharge (Figure 7c). Exploring the ion transport path is
instructive for the design of electrode structures in solid-state
LIBs. Otoyama et al. [200] monitored the dynamic changes
of ionic conduction path in the graphite anode using oper-
ando confocal microscopy. Introducing image analysis for
rating and scoring the color changes by considering the SOC
values, it was revealed that the deterioration of Li+ ion
conductivity originated from the voids and cracks (Figure
8a). And this failure was further exacerbated during charge–
discharge cycling. Similar results were verified by operando
time-of-flight secondary ion mass spectrometry (TOF-
SIMS). The formation of the Li concentration gradient in-
dicated that the charge–discharge reaction of the graphite

depended on the diffusion of Li+ within itself [201]. Al-
though the ion transport in solid-state electrolytes is inferior
to that in liquid electrolytes, the modification and optimi-
zation of the material preparation process could improve it
and even achieve better rate performance than that in liquid
electrolytes [202,203].
The composition of solid-state LIBs’ electrodes includes

active materials, conductive additives, and solid-state elec-
trolyte, which is equivalent to the liquid electrolyte im-
mersed in the electrode. The presence of inactive
components reduces the energy density of the battery. Kim
et al. [204] designed an electrode in which lithium-ions were
accepted from the solid electrolyte interface and diffused
through the electrode particles instead of the solid-state
electrolyte (Figure 8b). High electronic conductivity and
mechanical deformability allow graphite to independently
conduct ions and electrons without electrolyte and con-
ductive additives. The feasibility of this diffusion-dependent
electrode design has been demonstrated in the practical and
scalable slurry process with high loading.
The silicon-based anode is an alternative for graphite in

high-energy battery systems. However, the irreversible vo-
lume deformation of silicon-based anodes in conventional
LIBs leads to material fragmentation and continuous re-
construction of the SEI. Lee et al. [205] first reported the
application of silicon anodes in glass–ceramic Li2S–P2S5-
based solid-state batteries. Then they optimized the particle
size, conductive agent, and cut-off voltage to improve the
performance of Si-containing anode in sulfide-type solid-
state LIBs. Thin-film anodes once have attracted some at-
tention [206,207], but the research interest has rapidly shif-
ted a scalable slurry approach for preparing large-capacity

Figure 7 Interfacial parasitic products at cathode/electrolyte interfaces. (a) Chemical reactivities between LFP and LATP at various temperatures.
Reproduced with permission from Ref. [191]. (b) Powder XRD patterns of the different cathodes and LLZO. Reproduced with permission from Ref. [197].
(c) XPS spectra of the composite LMO/Li6PS5Cl electrode. Reproduced with permission from Ref. [199] (color online).
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cells [208–210]. Tan et al. [17] enabled the stable operation
of a 99.9% micro-silicon anode which removed the carbon-
based conductive additive to reduce sulfide electrolyte de-
composition and unwanted side reactions. Benefiting from
the passive Si/sulfide electrolyte interface preventing un-
wanted side reactions (Figure 8c), a full pouch cell achieved
a capacity of 2,800 mAh g−1, and 80% capacity retention
with an average CE% of >99.9% at 5 mA cm−2.
The proportion of active materials in the electrodes di-

rectly determines the energy density of the fabricated cell,
but many studies tend to ignore it in pursuit of performance.
The inherent rigidity of oxide electrolytes brings point-to-
point contact on the cathode side and increases the com-
plexity of electron and ion transport. It is inevitable to in-
troduce additives to improve the battery performance, which
decreases active material loading and deviates from practical
test conditions. For this reason, a thick cathode electrode is
generally paired with polymer or sulfide electrolytes, albeit
with other problems.
In addition to matching conventional electrode materials,

solid electrolytes conquer enormous insurmountable diffi-
culties occurring in liquid batteries and meet the require-
ments of advanced battery systems. For example, Li–S
batteries with high energy densities are considered as one of
the most promising energy storage devices. Some critical
challenges such as Li dendrite growth, polysulfide shuttling

effects, unstable interfaces, are re-evaluated in solid-state
batteries [211,212]. Innovative materials and battery design
are expected to promote the application of solid-state Li–S
batteries in energy storage systems in the future [213].

4.2 Advanced technologies for solid-state LIBs

Despite the remarkable progress achieved by researchers in
the ionic conductivity of solid electrolytes, the superb per-
formance of solid-state LIBs was still challenged by more
complicated issues such as interface stability and processing
method [214]. The unpredictable reactions at the electrode/
electrolyte interface are attributed to complex interactions
thermodynamically and kinetically. Interfacial instability
under multi-field coupling is the culprit limiting cell per-
formance. Also, the imperfection of processing methods in
preparing thin and robust SSEs is the obstacle to realize low
resistance and cost for practical use.

4.2.1 Stability of electrode/electrolyte interfaces
Interfacial stability issues in solid-state LIBs include che-
mical stability, electrochemical stability, thermal stability,
and mechanical stability. We will sort out the recent progress
made in interface stability, focusing on battery systems for
grid energy storage.
The chemical stability of solid-state electrolytes typically

refers to the compatibility with electrode materials and air
sensitivity. Polymers are deemed to be chemically stable
attributed to their superior compatibility with cathode/anode
materials and insensitivity to water, oxygen, and carbon di-
oxide in the air. Therefore, a variety of polymers have been
used as a protective layer for inorganic electrolyte materials
[215–218]. Meanwhile, it is a caution that lithium salts in
polymer electrolytes may decompose in the air.
The garnet-type LLZO, a representative of oxide electro-

lytes, was considered to be air-stable in previous research.
However, the Li+/H+ exchange phenomenon widely reported
in oxide-based lithium conductors resulted in the formation
of a protonated LLZO phase, thus deteriorating Li+ mobility
at the interface [219]. Besides, the Li2CO3 generated on the
surface is a decisive factor for the failure of LLZO (Figure
9a). Li2CO3 is partially derived from the direct reaction of
LLZO and CO2, and the remainder originated from the fur-
ther reaction product of LiOH developed from LLZO and
moisture in air and CO2 [220]. As for other electrolytes in
trend, perovskite-type LLTO possesses similar air stability to
LLZO, while NASICON-type LATP electrolytes exhibit
superior air stability and even increased ionic conductivity
after brief exposure to air [221].
Sulfide electrolytes are extremely sensitive to moisture in

the air and inevitably release H2S with simultaneous struc-
ture collapse. Hard–soft acid–base (HSAB) theory is the
dominant hypothesis to explain the stability of sulfide solid-

Figure 8 Collaborative design of anodes and solid-state electrolytes. (a)
Operando confocal microscopy images of graphite electrode, correspond-
ing charge–discharge curves, and image analysis results. Reproduced with
permission from Ref. [200]. (b) Transport path of Li+ in the composite
electrode and diffusion-dependent electrode. Reproduced with permission
from Ref. [204]. (c) Lithiation process of carbon-free micronsilicon anodes.
Reproduced with permission from Ref. [17] (color online).
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state electrolytes in the air. Based on the empirical evidence,
softer bases (S) tend to combine with soft acids such as Sn
and As [222]. Zhu et al. [223] carried out thermodynamic
analyses on the moisture stability of lithium ternary sulfides
(Li–M–S) based on the first principles computation database,
providing an integrated understanding of the moisture sta-
bility for sulfide solid-state electrolytes to pave the way for
the development of solid-state LIBs.
Electrochemical stability is employed to evaluate the

ability of materials to resist undesirable redox reactions
during charge–discharge cycling. Currently, PEO-based
SPEs are widely studied, but their comparatively narrow
ESW (<4 V) restricts their application in high-energy density
solid-state LIBs [224]. Although numerous strategies are
utilized to improve the oxidation resistance of PEO, it mainly
matches LFP batteries with low charging voltage now. The
electrochemical stability of SPEs generally depends on the
polymer matrix, lithium salt, fillers, and plasticizers.
Marchiori et al. [225] evaluated how ESWs change when the
polymers interact with the salts through density functional
theory calculations. In addition, the potential catalytic effect
of high-valence transition metals in cathodes on polymer
electrolytes may significantly affect the interface stability,
which still lacks a precise theoretical study.

Inorganic electrolytes, especially oxide-based electrolytes,
generally have wider ESWs than liquid systems. None-
theless, the impurity generated during co-sintering with
cathodes is a primary cause of interfacial instability during
charge–discharge cycling. The performance of solid-state
battery is inevitably hindered by unexpected formation of
high-resistance layers during heat treatment. Yoshinari et al.
[226] operated and constructed a LATP-based solid-state
LIB in a hot-press setup at 150 °C without high-temperature
processing, which effectively suppressed the interface re-
sistance.
Although the previous experimental results manifested

that the ESWs of sulfide electrolyte cover the conventional
cathode charge cut-off voltage, a narrower ESWof 1.7–2.3 V
was obtained based on first-principles calculations (Figure
9b), indicating that undetected decomposition may result in
the electrochemical failure [101]. Höltschi et al. [227] sys-
tematically investigated the effect of particle size, tempera-
ture, electrode thickness, and conductive additives on the
cycling performance of graphite in sulfide solid-state LIBs.
With the help of normalized cumulative irreversible charge,
they proposed that the decomposition products of graphite
and LPS were continuously generated throughout the cycle.
Tan et al. [17] assembled a full cell with a nearly 100 wt%
microsilicon anode, and realized over 500 cycles, because
the elimination of carbon suppressed the decomposition of
the LPSC at the electrode/electrolyte interface. For the
cathode side, oxidative decomposition is an inevitable ther-
modynamic property of the sulfide electrolyte during the first
cycle [228].
Thermal stability is defined as the ability of a compound to

retain its original properties at elevated temperatures. The
difference in the physical state between solid-state and li-
quid-state electrolytes determines that the former has natural
advantages. The traditional PE/PP separator shrinks ob-
viously at 150 °C, resulting in a short circuit inside the bat-
tery. The reported solid-state electrolytes can generally
withstand more than 200 °C, and the decomposition tem-
perature of oxide electrolytes even exceeds 1,000 °C. Al-
though the formation of by-products at high temperatures
may lead to the uncontrollable thermal stability of the sys-
tem, it has been reported that the oxygen release from the
cathode was suppressed by re-lithiation by accepting li-
thium-ions supplied by LLZTO [229]. Already, numerous
studies qualitatively judge that solid-state LIBs possess
better safety but lack more detailed quantitative character-
ization.
Mechanical stability refers to the capacity of a material to

resist changes in stress with its original properties main-
tained. The parameters of its primary concern include stiff-
ness, strength, hardness. Many efforts are devoted to
improving the adaptability and tolerance of the electrolyte to
the volume change of the electrode during cycling [230]. The

Figure 9 (a) The formation of Li2CO3 on the surface of LLZO. Re-
produced with permission from Ref. [220]. (b) The difference between
theoretical calculation and experimental results of ESWs. Reproduced with
permission from Ref. [101]. (c) Integrated interface through in-situ poly-
merization. Reproduced with permission from Ref. [232] (color online).
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results of operando synchrotron X-ray computed micro-
tomography elucidated that interfacial void formation and
contact loss were responsible for cell failure, even for rela-
tively soft sulfide electrolytes [231]. Jiang et al. [232] pro-
posed a strategy to obtain polymer–sulfide composite
electrolytes by in-situ polymerization, in which the polymer–
sulfide composite acted as a binder to integrate the cathode
and electrolyte into a coherent entity. In contrast to the
composites fabricated via ex-situ processing, the preferable
performance of the in-situ integrated batteries may be at-
tributed to tight interfacial contact and reduced internal re-
sistance, as shown in Figure 9c.

4.2.2 Processing methods
The challenges for large-scale fabrication of different types
of solid electrolytes are quite different. To achieve close
contact and compatible interfaces, the processing of solid-
state batteries requires supplementary steps, which are rarely
discussed in battery modules and packs. Next, we will focus
on the optimization of the battery preparation process at
different levels.
The preparation of solid-state electrolytes and the assem-

bly of the corresponding batteries are at the heart of the
whole process. The polymer electrolytes are more likely to
be compatible with the roll-to-roll fabrication process ap-
plied in conventional LIBs. It’s worth noting that the in-situ
polymerization strategy could effectively fill voids between
electrode particles and reduce the interface resistance, which
has received considerable attention in recent years [233]. As
illustrated in Figure 10a, in-situ polymerization could ef-
fectively fill voids between electrode particles, thus forming
a continuous ion transport network.
Processing of oxide electrolytes encounters more complex

challenges due to their brittle and stiff characteristics. Fur-
thermore, the thickness of the electrolyte is inversely related
to the mass and volumetric energy density of the battery.
According to calculations, if the thickness of the solid
electrolyte is reduced to less than 25 μm, the energy density
of the pouch cell may exceed 350 Wh kg−1 [234]. However,
the challenges associated with thin electrolyte mainly lie in
the dilemma between minimizing the thickness and sus-
taining the mechanical strength. To date, there has been re-
markable progress in developing oxide electrolytes and
preparation of inorganic ceramic powder. In sharp contrast,
the fabrication and optimization of thin-film oxide electro-
lytes was frequently overlooked. For example, the ionic
conductivity of LATP powders is up to 10−3 S cm−1, while
that of the thin film is at least an order of magnitude lower
[235]. In spite of the initial success in the utilization of va-
cuum-based techniques for fabricating thin-film batteries,
the hardships in large-scale manufacturing impede their
commercial implementation in grid energy storage [236–
238].

Up to now, the main methods of synthesizing sulfides are
melt-quenching, solution precipitation, and solid-state
synthesis. Among them, solid-state synthesis, mainly ball
milling, is the most widely adopted method due to its sim-
plicity and ease of scalability. The abrasive and the sample
are rolled at high speed in the grinding tank to produce strong
shearing, impacting and rolling on the material to achieve the
purpose of grinding (Figure 10b). The early exploration of
the ball milling process was considered as a trial-and-error
approach to material synthesis. Recently, Schlem et al. [239]
detailed the basic function of ball milling and how the
parameters affect the phase and structure of materials as well
as the resulting battery performance.
Advanced electrode preparation processing, especially

solvent-free dry-film technology, is a key step for solid-state
batteries to be practical [240,241]. Meng et al. [242] pro-
posed that the morphology of the binder obtained by the dry
process is fibrous, which is more conducive to ion transport.
Meanwhile, dry processing realizes much fewer binders and
denser packing of SSE particles. A blueprint for the fabri-
cation of solvent-free all-solid-state batteries is presented in
Figure 10c.
As the research of solid-state batteries moves towards

practicality and scale, reports of Ah-level solid polymer
pouch cell are nothing new [243–245]. Recently, remarkable
progress has been made in the preparation of inorganic solid
cells, especially the sulfide-type. Since Kanno et al. [246]
first developed all-solid-state pouch cell prototype, sheet-
type solid-state pouch cells were confirmed [247,248]. Then
Jung et al. [249] systematically investigated the electro-
chemical performance of conventional dry-mixed electrodes
and wet-slurry fabricated electrodes. An 80×60 mm2

LiNi0·6Co0·2Mn0·2O2/graphite full-cell exhibited a high en-
ergy density of 184 Wh kg−1. Furthermore, to overcome the
chemical instability of sulfide electrolytes to polar solvents,
Hippauf et al. [250] developed a dry-film technology and
verified it in pouch cell. The key indicators for evaluating the
practicability of solid-state batteries are the thickness and
quality of the SSE membrane. Lately, Nan et al. [178] fab-
ricated a flexible LPSCl@P(VDF-TrFE) composite mem-
brane with 30–40 μm via an electrospinning-infiltration-hot-
pressing method. The assembled pouch-type cell presented a
high capacity retention of 81% after 200 cycles at
1.0 mA cm−2. With more research on practically accessible
solid-state pouch cells, the commercial blueprint of solid-
state batteries has gradually become clear.
Compared to batteries with liquid electrolytes, solid-state

LIBs may offer a unique series (bi-polar) stacking designs
without internal short-circuit issues caused by liquid elec-
trolytes (Figure 10d). The design of bi-polar reduces the
inactive current collector share of pouch cells, improving the
energy density of the module and pack [251]. It is worth
considering that the current collector acts as both positive
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and negative electrodes, beyond the commonly used alumi-
num and copper foils.
Previous researches have substantiated that solid-state

LIBs require a certain amount of pressure to operate prop-
erly. Configuring the pressure-holding device for the cell is
necessary (Figure 10e), but it somehow sacrifices the energy
density. Meng et al. [242] calculated the cell-to-module
conversion efficiencies of solid-state LIBs with various stack
pressures. They pointed out that the cell-to-module conver-
sion efficiency of solid-state LIBs with the capacity over 10
kWh exceeds that of the liquid system when the applied
pressure is less than 5 MPa. Additionally, the construction of
the battery module, the integration of the battery pack, and
the design of the built-in battery management system will be
gradually perfect after the solid-state battery technologies
become mature.

4.3 Safety of solid-state LIBs

In recent years, the frequent fires and explosions of tradi-
tional LIBs have seriously damaged the confidence of con-
sumers and caused panic in the application of LIBs.
Obviously, advanced solid-state electrolyte materials poten-
tially address the limitations of commercial separators and
electrolytes, while their role in battery safety still remains in
vague understanding.

Compared with the analysis of intrinsic safety of electro-
lytes, the evaluation of solid-state LIBs is still lacking. Inoue
et al. [252] developed an all-inclusive-microcell for differ-
ential scanning calorimetry analysis to clarify the role of
each component in thermal runaway. Exothermic reactions
associated with liquid electrolytes are eliminated, reducing
the total heat release of solid-state LIBs to 30% of conven-
tional LIBs. Unfortunately, solid electrolytes fail to suppress
the deterioration of the electrode, such as the melting of
lithium metal. Gas formation in LIBs means heat accumu-
lation, a precursor to thermal runaway. The source of the gas
mainly originated from the decomposition of SEI and the
lattice oxygen release from the cathode. Torsten et al.
[253,254] demonstrated that gas evolution caused by nickel-
rich cathodes was also inevitable in thiophosphate-based
solid-state LIBs. In addition to O2, the decomposition of
lithium carbonate on the cathode surface also produced CO2,
highlighting the importance of controlling impurities.
Recently, thermodynamic models were first presented to

quantitatively analyze heat release from Li/LLZO/NCM111
solid-state LIBs under several failure scenarios [255]. Al-
though solid-state LIBs show better safety when exposed to
external heating, they are not necessarily safe enough in the
events of internal short-circuits and mechanical failure of the
SE. This distinction comes from substituting lithium metal
for graphite in the high-energy-density solid-state LIBs.
Additionally, a small amount of liquid electrolyte introduced
into solid-state LIBs increases the total heat release, which is
still significantly smaller than that of conventional LIBs.
It should be pointed out that previous research on solid-

state batteries mainly revolves around lithium metal bat-
teries, which is likely to exaggerate the safety risks of solid-
state LIBs. For grid energy storage-oriented battery systems,
such as LFP/graphite cells, the main risk of thermal runaway
comes from unstable liquid electrolytes. Replacing all
flammable and explosive organic components with thermally
stable SSEs is a highly prospective solution which will sig-
nificantly promote the application of LIBs in grid energy
storage.

5 Summary and outlook

With the proposal of “carbon peak and neutrality” goals,
optimizing the energy structure and increasing the installed
capacity of renewable energy is an inevitable choice. How-
ever, the uncertainty of renewable energy supply and the
stability of electric power system requirements constitute a
sharp contradiction. Energy storage systems serve as a bridge
to connect renewables’ generation and distribution and have
the potential to address this problem. LIBs stand out from
multiple types of energy storage technologies based on their
superior performance. Unfortunately, the frequent safety

Figure 10 Fabrication of solid-state LIBs. (a) In-situ and ex-situ con-
struction of polymer electrolytes. Reproduced with permission from Ref.
[233]. (b) Schematic diagram of the planetary ball mill. Reproduced with
permission from Ref. [239]. (c) Dry processing of solid-state LIBs. (d)
Solid-state LIBs stack configuration. (e) Schematic of typical solid-state
LIBs module assembly under stack pressure. Reproduced with permission
from Ref. [242] (color online).
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accidents of LIBs in recent years have irritated people’s
nerves. For safety and performance considerations, the
iteration from traditional LIBs containing liquid electrolytes
to solid-state LIBs has been in full swing. State-of-the-art
solid-state LIBs exhibit high safety and excellent cycling
stability, attracting widespread attention. There are still many
challenges restricting their large-scale applications. The
stability and safety of solid-state LIBs still need to be ver-
ified in large-capacity cells. Here are some perspectives on
the application of solid-state LIBs in grid energy storage.
First, LIBs with outstanding overall performance are ex-

pected to play a predominant role in the grid energy storage
market over the next several years. Understanding the de-
gradation process and safety hazards of LIBs is critical for
further optimizing LIBs’ design. It is worth noting that the
liquid electrolytes, composed of flammable organic solvents
and thermally unstable lithium salts, are primarily re-
sponsible for the failure caused by interfacial parasitic re-
actions and thermal runaway. More attention should be paid
to exploring intrinsically safe solid-state electrolytes to per-
fect the safety and cycling performance concerned by grid
energy storage.
Secondly, solid-state LIBs inherit the working mechanism

and preparation process of traditional LIBs, except for the
upgrade of electrolytes. The characteristic of remarkable
thermal stability, no volatilization, and leakage for solid-state
electrolytes significantly reduce the possibility of battery
thermal runaway. In addition, solid-state electrolytes offer
unique cell stacking and integration of modules and packs.
These advancements have accelerated the iteration of solid-
state LIBs and their application in grid energy storage.
Thirdly, the research on solid-state batteries is still at the

laboratory level, mainly limited by the imperfection of solid-
state electrolytes. Polymer electrolytes exhibit superior sta-
bility and process compatibility, making solid-state polymer
batteries close to mass production. However, introducing
liquid plasticizers to boost their low ionic conductivity may
cause other problems. For oxide electrolytes, large interfacial
impedance caused by the inherent solid–solid point contact
seriously affects the performance of solid-state LIBs. In
addition, the preparation of large-capacity oxide-based solid-
state LIBs still remains a thorny challenge. The rise of sulfide
electrolytes has boosted confidence in the industrialization of
solid-state LIBs to a certain extent. Although limitations
such as narrow electrochemical windows and poor air sta-
bility still exist, its characteristics of high ionic conductivity
and compatibility with scalable roll-to-roll fabrication satisfy
the expectation of academia and industry. Furthermore,
composite electrolyte design provides a promising strategy
to balance stability, conductivity, and safety for practical
solid-state LIBs.
Last but not least, interfacial stability and safety in solid-

state batteries still face many challenges. In particular, the

integrated design of electrolytes and electrodes needs to
consider the impact of possible parasitic reactions on battery
performance. The failure of the electrode/electrolyte inter-
face during cycling is elusive due to the multi-field coupling
effect. Combining theoretical calculations and advanced
characterization techniques, these problems are the potential
to be addressed. On the other hand, quantitative assessment
of the safety of solid-state LIBs is still lacking despite the
consensus on the intrinsic safety of solid-state electrolytes.
Thus, more pieces of evidence need to be supplied for the
safety analysis of solid-state LIBs for grid energy storage.
In summary, the remarkable superiority of solid electro-

lytes will drive solid-state LIBs to play a greater role in grid
energy storage. The practical progress of solid-state LIBs is
built on the optimization of solid-state electrolyte properties
and the improvement of processing methods. Although the
developing solid-state LIBs have some drawbacks, including
the large interface impedance, complex processing, they will
not affect the confidence of academia and industry in solid-
state LIBs. It is believable that solid-state LIBs are set to
have a place in future grid energy storage.
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