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Solid-state electrolytes (SEs) have attracted great attention due to their advantages in safety,

electrochemical stability and battery packaging; especially, they can match with high-voltage cathode
materials and the Li metal anode to further increase the energy density and electrochemical cycling
property. In the past decade, great breakthroughs have been made in the research of electrodes,

electrolyte materials and electrode/electrolyte interfaces of high-voltage all-solid-state lithium batteries

(ASSLBs). Herein, we summarize the emerging high-voltage cathode materials and their matched solid-

state electrolytes; we also analyze the interface problem from a new perspective (corrosion). The
authors provide their perspectives on the state of current ASSLBs research, and aim to propose possible
research directions for the development of high-voltage ASSLBs in the future.
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1. Introduction

Since the world has entered the new century, the development
of renewable energy such as solar energy,' wind energy”® and
ocean energy’ ° has achieved tremendous progress, and
rechargeable batteries as an energy storage device have thus

entered a prosperous period. Among them, lithium metal
batteries have broad prospects due to their light weight, long
service life and low maintenance costs." All-solid-state lithium
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Fig. 1 Early history from solid-state ionic conductors to composite solid-state electrolytes.

batteries (ASSLBs) have become one of the important develop-
ment directions of next generation lithium metal batteries
because of their unique advantages of high safety and high
energy density."" They would develop into the technology that is
the focus of attention and competition for scientists and power
battery enterprises all over the world.

Compared with traditional liquid lithium metal batteries,
the internal structure of solid-state lithium metal batteries is
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greatly simplified. In the whole battery, the solid electrolyte
replaces the liquid electrolyte, the separator and the binder, not
only conducting Li* during the charging and discharging
process, but also acting as a separator to prevent the positive
and negative electrodes from directly coming into contact.'?
Meanwhile, solid-state batteries have more advantages and
greater development space."® First of all, the electrolyte exists
in a solid form, and multiple electrodes can be connected in
series to prepare a high-voltage single battery. It can also be
manufactured in a large-area roll-to-roll manner to improve
production efficiency. Secondly, there is no electrolyte leakage
or corrosion problems, making the battery safe and environ-
mentally friendly. The solid electrolyte itself is light in weight
and high in energy density, which can effectively reduce the
weight of batteries and is crucial for practical applications.
Thirdly, the solid-state electrolyte has a wide electrochemical
window and can be matched with high-voltage cathode materi-
als. Therefore, the selection range of battery materials is
significantly broadened, and the power density can also be
effectively improved. Finally, solid electrolytes have a long
service life and can be used as a soft pack battery. It is precisely
because of the unique advantages of solid-state lithium metal
batteries that they have considerable potential in many aspects.
Fig. 1 summarizes the early history from solid-state ionic
conductors to composite solid-state electrolytes.'* The current
research on solid-state lithium metal batteries mainly focuses
on the following two aspects. On the one hand, solid-state
lithium metal batteries mainly use LiFePO, as the cathode
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material, which can match the operating voltage range of most
solid electrolytes. However, the operating voltage and energy
density are still relatively low compared with those of commer-
cial liquid lithium metal batteries. High voltage and large
capacity are two important pursuit directions on the positive
side, and a high voltage means the transfer of a single electron
that can store more energy.'>'® Large capacity means more
charge transfer at the same potential, which can also improve
energy density. As the amount of delithiation increases, the
difficulty of delithiation also increases, and higher voltages are
required to improve energy density and material capacity.'”” On
the other hand, the research on solid-state batteries mainly
focuses on the interface between the electrolyte membrane and
the positive and negative electrodes. Usually, during the first
charge and discharge of the battery, the electrode material
reacts with the solid electrolyte interface to form an interface
film."® During subsequent cycling, this film is continuously
formed and decomposed, consuming lithium ions in the
electrode material that can participate in cycling. It also reacts
with the residual solvent molecules in the solid electrolyte
components, resulting in attenuation of battery capacity and
a decline in cycle performance.'® Especially in practical appli-
cations, lithium metal batteries are inevitably applied under
extreme conditions such as high temperature and high pres-
sure. Under such conditions, the physical and chemical pro-
cesses of the interface between the electrode and the solid
electrolyte become more complicated. Therefore, reducing the
occurrence of side reactions at the interface between high-
voltage electrode materials and solid-state electrolytes is also
important for improving the performance of solid-state
batteries.>°
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Fig. 2 (a) The development direction of solid electrolytes and (b) a
schematic diagram of battery composition with weight ratio.
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Considering the importance of solid-state electrolytes for
efficient energy storage and conversion in next-generation
batteries, it is necessary to summarize the current development
of high-voltage solid-state lithium metal batteries (Fig. 2a). In
this review, firstly, we introduce the development of high-
voltage cathode materials and high-voltage solid-state electro-
Iytes, which are the main components of high-voltage solid-
state lithium metal batteries. Secondly, the interface problems
between solid electrolytes and high-voltage cathode materials
are summarized and analyzed from a corrosion perspective.
Finally, the research on high-voltage solid-state lithium metal
batteries and interface problems is predicted.

2. Research progress of high-voltage
cathode materials

As shown in Fig. 2b, the cathode material accounts for the
highest proportion of the battery, about 38% by weight. There-
fore, the cathode material has an important influence on the
performance of the whole battery. It is one of the most
important raw materials in lithium batteries, as it directly
determines the safety performance of the battery and whether
the battery can be produced on a large scale. At present, the
lithium-ion battery uses the cathode material as the lithium
precursor, and its cost accounts for more than 30% of the total
material cost. Therefore, the preparation of cathode materials
with low cost and high energy density is an important goal in
the research and production of lithium metal batteries.*®

At present, high-voltage cathode materials mainly include
the spinel structured LiNi,sMn, 504 (LNMO), layer structured
LiCoO,, ternary cathode material Li(Ni, Co, Mn/Al)O,, lithium
rich manganese based cathode material LiMn,0;-LiMO, (M =
Co/Mn/Ni), olivine structured LiCoPO, and LiNiPO, and so on
ref. 37. Among them, LiCoO, and Li (Ni, Co, Mn/Al) O,
materials have become the focus of attention due to their low
cost, high energy density and easy commercialization. Li (Ni,
Co, Mn/Al) O, materials are the focus of research and develop-
ment of enterprises and research institutes in various coun-
tries, and LiCoO, is favored by consumer battery product
manufacturers. However, there are still some problems with
high-voltage cathode materials, including recyclability, power
and safety.*® Table 1 shows some common high-voltage cath-
ode materials. Fig. 3a and b compare the electrochemical
performance of some representative high-voltage ASSLBs from
the perspectives of capacities under 0.1C and their cycle stabi-
lity, respectively.

2.1 LiCoO,

LiCoO, was one of the earliest commercialized layered oxide
cathode materials.”” As one of the main cathode materials for
rechargeable lithium metal batteries, LiCoO, has a high pack-
ing density, and its application in 3C electronics
dominates.*®>® As shown in Fig. 4a, LiCoO, is a layered
structure of the o-NaFeO, type, belonging to the R3m space
group. The lattice constants are a = b = 2.816 A and ¢ = 14.052 A,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Table1 Common high-voltage cathode materials

High voltage Theoretical Actual

cathode capacity capacity Voltage Number
material (mAhg™) (mAhg™) (V) of cycles Ref.
LiMn,0, 148 100-120 3.8-4.25 300 39
LiCoO, 274 200-210 3.0-4.6 100 40
LiNi,Co,Mn,0, 285 200-210 2.7-4.3 100 41
LiNiO, 274 140-150 2.5-4.5 100 42
LiNi,Co,Al,O, 279 190-200 3.7 100 43
LiCoPO, 167 90-100 4-5 15 44
LiNiPO, 170 90-100 4.1-5.2 50 45
LiNigsMn, ;0, 148 105-115 3.45-4.95 100 46

Li occupies the 3b site, Co occupies 3a sites, and O occupies 6¢
sites.”**> Among them, the oxygen ions form a cubic close
packed structure, and there is a strong interaction between Co
and O, which enables layered materials containing Co to have
more perfect layered characteristics than those containing Ni or
Mn. The theoretical specific capacity of LiCoO, is 274 mAh g™ .
However, the capacity of most LiCoO, materials is about
140 mA h g ', which means that only about half of LiCoO, is
deintercalated with Li*, and the reversible capacity would
decrease rapidly when the deintercalation amount of Li*
exceeds 50%.°° As shown in Fig. 4b, under 4.2 V, the transition
of two hexagonal phases (H1 — H2) occurs at 0.75 < x <
0.95.>” At x = 0.5, there is a transition from order to disorder in
the lithium ions and a transition from hexagonal to
monoclinic.?® In the high-voltage region, x < 0.2, the transition
of O3 — H1-3 occurs first, followed by the transition of H1-3
— 03.>>%% As shown in Fig. 4c, during the whole delithiation
process, the lattice constant of LiCoO, increases first and then
decreases; especially when the O3 — O1 transition occurs, the
c-axis shrinks more violently.®* The lattice oxygen of LiCoO,
participates in charge compensation at high voltage, and a
schematic diagram of its energy levels in different delithiation
states is shown in Fig. 4d. When the Li content is less than 0.5,
the Fermi energy level moves to the region where the Co and O
orbitals coincide, and they provide electrons at the same time.
Because the oxygen ion is an element constituting the crystal
structure, when its valence changes, the whole structure
becomes unstable.®
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In general, a high cut-off voltage can effectively increase the
capacity of a material. However, LiCoO, undergoes an irrever-
sible phase transition during the delithiation process, which
leads to problems such as rapid capacity decay and poor long
cycle stability.®” In recent decades, several improved strategies
have been reported to improve the cycling stability of LiCoO, at
high voltage. Although some progress has been made, it
remains a great challenge to improve the long cycling stability
of LiCoO, at a high voltage of 4.2 V. At present, the mechanism
of LiCoO, capacity fading at high voltage is still unclear.’® In
response to the problems of LiCoO,, researchers have proposed
various methods to improve LiCoO,. The long cycle stability,
thermal stability and rate capability of LiCoO, were improved
by bulk doping and surface coating of the crystal structure of
LiC00,.°*7° As shown in Fig. 4e, Zhou® studied the attenua-
tion mechanism of LiCoO, using density functional theory
(DFT). In LiCoO,, lithium ions are released during charging,
and the volume increases, which can easily cause battery
deformation. In particular, the c-direction size changes greatly,
which leads to an increase of the lithium layer space, so the
transition metal ion Co can easily enter the Li layer, resulting in
capacity attenuation of LiCoO,. At the same time, an alkaline
environment can also lead to degradation of the performance
of LiCoO,. As shown in Fig. 4f, Kong®® reported that the escape
of oxygen on the surface of LiCoO, and the formation of the Li
insulator Co;0, are the main reasons for the capacity attenua-
tion of LiCoO, under high-voltage (4.6 V). The band centers of
Cosd and O,P were modified by doping MgF,, while the band
gaps of Cozd and O,P were enlarged to suppress the escape of
surface oxygen and improve the stability of LiCoO, at 4.6 V.

2.2 High nickel ternary cathode material

After the commercial application of LiCoO, in 1991, people
began to pay attention to and study LiNiO, and the related
high-nickel cathode materials because LiNiO, and LiCoO, have
similar structures. However, when the temperature is higher
than 700 °C, it is difficult to ensure that all Ni is positive
trivalent, and some Ni*>* is generated, so it is difficult to
synthesize LiNiO, with a strict stoichiometric ratio. In addition,
the LiNiO, structure is seriously mixed with lithium and nickel,
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Fig. 3 Electrochemical performance comparison of some representative high-voltage ASSLBs: (a) discharge specific capacities under 0.1C and (b) long-

term cycle stabilities.
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modified LiCO,.%®

resulting in serious capacity fading and poor stability. Modifi-
cation of LiNiO, can effectively improve its cycle stability.
Deng71 modified LiNiO, using trace nano-TiO,, which can
effectively homogenize the size of primary particles, adjust
the surface morphology and reduce the specific surface area
of materials. This morphological adjustment was conducive to
reducing the contact area between LiNiO, and electrolyte and
establishing a stable electrode/electrolyte interface. The trace
nano-TiO, modified LiNiO, cathode materials showed good
cycle stability. In order to obtain a structurally stable high-
nickel cathode material, different elements (Al and Mn)’>"®
have been used to replace part of the nickel, resulting in ternary
cathode materials such as LiNi,Co,Mn,0, (x +y + z = 1, NCM)
and LiNi,Co,AL,O, (x +y + z) = 1, NCAl). Over the past decade,
Ni-based transition metal oxides have successfully dominated
cathode materials.”® Compared with an ordinary cathode, a
nickel rich cathode has two obvious advantages: a higher
specific energy capacity (200-250 mA h ¢~ ") and higher working
voltage (~4.3 V vs. Li'/Li). In 2001, Ohzuku®" introduced
ternary cathode materials into lithium metal batteries for the
first time. Since then, ternary cathode materials have begun to
develop rapidly. At present, the most commercialized ternary
cathode materials in the market are nickel-cobalt-manganese
ternary cathode materials. Researchers have used Ni and Mn to
partially replace Co in LiCoO, to obtain the ternary cathode

1272 | Mater. Chem. Front., 2023, 7,1268-1297

material LiNi,Mn;Co;_,_,0, with a layered structure, so as
to reduce cost and improve capacity. Its crystal structure is
shown in Fig. 5a.%" In the nickel-cobalt-manganese ternary
material, the Ni element plays a major role in the capacity,
and both the Co element and Mn element mainly optimize
the auxiliary function of the material. It can be roughly divided
into two types: the first type is equal. This ternary material
has the same proportion of nickel and manganese, and the
nickel content is relatively low. There are two kinds of equiva-
lent ternary materials: LiNij;3Mn;3C04,30,(NCMy;;) and
LiNiy 4Mng 4C0,0,(NCM,4). In these two types, the valence
states of Ni and Co are +2 and +3, respectively, and that of Mn is
+4. During charging, divalent nickel ions lose two electrons and
are oxidized to tetravalent nickel ions, so the material has
higher capacity.®>%

The other type is the nickel rich type, which accounts for a
high proportion of nickel in cathode materials. There are three
types of ternary high nickel cathode materials: LiNiysMng ;.
C00.2,05(NCMs5,3),”%7786788  LiNig ¢Mn 5C00,02(NCMgy,)*
and LiNiy gMny gC0g 10,(NCMgy;).>> % In these three types of
ternary cathode materials, Ni has two valence states, namely +2
and +3, while Co is in its +3 state and Mn still maintains its +4
state, which is used to keep the material structure stable. When
the charging voltage is lower than 4.4 V, Ni**”*" is oxidized to
Ni** in the reaction. However, when the voltage increases, Co*

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 5 (a) Schematic diagram of the structure of the ternary cathode material.®* (b) and (c) Schematic diagram of the structural principle and cycle

performance of F-modified NCM.84

participates in the reaction and is oxidized to Co®"."*»'%* With
the increase of Ni content, although the storage capacity
increases, the electrode stability also decreases, and the high
delithiation amount would also destroy the layered structure,
resulting in a rapid decline in performance and poor electro-
chemical stability."®>'%* The higher the Ni content, the easier it
is for the surface of the material to react with moisture in the
air to generate lithium hydroxide, which in turn reacts with
carbon dioxide to generate lithium carbonate. These sub-
stances can not only increase the charge transfer resistance,
but also generate carbon dioxide by side reactions with the
electrolyte during the charging and discharging process, caus-
ing potential safety hazards.'>'°® Sung-Beom Kim®* prepared
F-doped nickel-rich ternary cathode materials (LiNiggCog -
Mn, ;0, ,F,) by using different amounts of fluoride as a
dopant. Compared with the undoped NCM samples, the F-
doped cathode material exhibits improved cycling and rate
performance due to the relatively strong bond between the
transition metal and F~, and the improved Li" ion transport
behavior; however, excess F doping worsened Li" migration and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

(d) and (e) Microscopy image and cycling performance of Na* doped and SiO, coated NCM.®>

reduced the cycling stability of the material (Fig. 5b and c).
Zeng® improved the cycling stability of the ternary cathode
material LiNig sC01Mn, 10, by a combination of Na* doping
and SiO, coating. Na" doping can reduce the shuffling of nickel
and lithium, and SiO, coating can prevent the active material
from being dissolved by the electrolyte during the cycle (Fig. 5d
and e). The research results showed that the single-crystal
nickel-rich cathode material can achieve a higher energy den-
sity and power density in ASSLBs. Yi'®’” systematically com-
pared the electrochemical performance of single-crystal
LiNiy ¢Mng 1C0g 30,(SC-NMCg;3) with conventional polycrystal-
line LiNiy ¢Mn, ;C0y 303(PC-NCMg;3). The results showed that
SC-NCMsg;; had a higher initial specific capacity, better
cycling performance and better rate performance in ASSLBs
than PC-NCMg, 3 even without modification. The poor interface
stability between nickel rich ternary cathode materials and the
solid electrolyte easily led to poor cycling performance of the
ASSLBs. Li'®® coated the LiNi, gCoo:Mng 0, cathode material
with LiNbO; to improve the interface stability between the
LiNi, gCo 1Mngy 10, cathode material and Li;,GeP,S;, solid

Mater. Chem. Front., 2023, 7,1268-1297 | 1273
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electrolyte. The results showed that the LiNi,gCop1Mng 0,
cathode material coated with LiNbO; exhibited a higher dis-
charge capacity and better cycling performance than the
reported oxide electrode material in ASSLBs. Heo'%° encapsu-
lated the LiNiy gCoy1Mn, 0, cathode material with an amor-
phous garnet-type solid electrolyte and La,(NigsLig5)O4
nanoparticles. Compared with the unmodified LiNigg.
Cop.1Mn, 10, cathode material, the performance of the ASSLBs
assembled using the oxide-based organic/inorganic hybrid
electrolytes was greatly improved.

2.3 Other types of high-voltage cathode materials

2.3.1 High voltage spinel LiNi, sMn, 50, (LNMO). Spinel
lithium nickel manganate (LiNiy sMn, s0,) is one of the high-
voltage cathode materials with attractive prospects. Its struc-
ture is shown in Fig. 6a. It has a high actual discharge specific
capacity, stable structure, high cycle stability, and fast lithium
ion conduction and the voltage platform reached 5 v."'%'" In
2010, Lucht'"? studied the change of cathode-electrolyte inter-
phase (CEI) composition of the LNMO cathode with increasing

View Article Online
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charging voltage. XPS results showed that the electrolyte (EC/
DMC, DEC + LiPFy) is continuously oxidized and decomposed
when the first cycle of charging occurs above 4.5 V and the
reaction between LiPF, and the cathode surface is a thermal
reaction rather than an electrochemical reaction. The decom-
position products LiF and Li,PF,Q, of the lithium salt do not
increase significantly. This means the change of CEI is mainly
reflected in the increase of EC oxidation decomposition pro-
duct polycarbonate. During the preparation of LNMO materi-
als, long-time high-temperature calcination was often required,
which led to the generation of oxygen vacancies and the
appearance of Mn®* ions as compensation for the resulting
LNMO cathode materials. Zhu'"® used a wet chemical method
to prepare Li;BO; (LBO) coated on the LiMn; sNi, 50, (LNMO)
surface. The LBO coating can prevent the electrolyte from
directly etching LNMO, and forms strong chemical interaction
with LNMO, which changed the local chemical composition
and stabilized the crystal structure of the LNMO active material
(Fig. 6b and ¢). LBO@LNMO maintained a high capacity (76%)
even after 1000 cycles at 10C. Wang''* showed that CuO coating
can stabilize the surface structure of LNMO cathode materials.
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The CuO coating increased the disordered phase of the LNMO
material, accelerated the diffusion of Li" and suppressed the
dissolution of Mn in LNMO, which enabled excellent cyclic
stability (Fig. 6d). Li'*® explored the electrochemical activity,
stable configuration and delithiation mechanism at the atomic
level by doping Cr in LNMO. The results showed that Cr atoms
prefer to replace Ni rather than Mn. The Cr atom preferred to
substitute a Ni atom rather than a Mn atom and the configu-
ration with Cr doping has a lower energy in F-LiNipsMn; 50,
than P-LiNij sMn; 504. Cr doping induced a reduction of Mn
ions, and the emergence of the reduced Mn ion not only
reduced the energy barrier of Li ion diffusion, but also reduced
the Li vacancy formation energy (Fig. 6e and f). Shimizu'*® used
LNMO cathode materials and a lithium phosphorus oxide
nitride (LiPON) solid electrolyte to form a thin-film battery.
The battery was still stable after 600 cycles at 5 V-class high
voltage, and the average coulomb efficiency was greater than
99%. This showed that LNMO cathode materials can maintain
structural stability at 5 V-class high voltage, and have excellent
interface stability with a solid lithium phosphorus oxynitride
(LiPON) electrolyte. Kim'"” studied the electrochemical proper-
ties of LNMO thin films based on the correlation between the
ordering of cations (Ni and Mn) in LNMO and oxygen vacancies
(Vo). ASSLBs were assembled with the LiPON solid-state elec-
trolyte and thin-film Li anode, and they showed excellent
electrochemical performance and good cycle performance.
2.3.2 Lithium-rich manganese-based LiMn,0;-LiMO, (M =
Co/Mn/Ni) materials. Manganese-based cathode materials are a
new type of layered cathode material that can break through the
limitation of traditional layered structures and achieve greatly
improved specific capacities. Their working voltage is usually
2-4.8 V, which falls in the range of new high-voltage cathode
materials. The ordered arrangement of lithium ions and transi-
tion metal ions enables additional lithium ions to be intro-
duced into the transition metal layer, thereby greatly increasing
the theoretical specific capacity of the material. At present, the
specific capacity of lithium-rich manganese-based cathodes is
in the range of 280-300 mA h g™ ', however the actual reversible
capacity of lithium-rich manganese-based materials reported
by Xia has reached 400 mA h g *.'*? The first cycle charge-
discharge curve of a lithium-rich manganese-based material is
shown in Fig. 7a: the charging curve in the first cycle can be
divided into two stages, showing a step-like shape. The slope
below 4.4 V is related to the oxidation of Ni and Co, which is
similar to ternary cathode materials, and the plateau around
4.5 V corresponds to the oxidation of lattice oxygen. During the
first cycle of discharge and subsequent charge and discharge,
the oxygen valence platform disappeared, showing an S-type,
which is due to the loss of lattice oxygen and structural
rearrangement in the first cycle of charge and
discharge.’*®**' As shown in Fig. 7b, the Li,MnO; material
(monoclinic system, C/2m space group) is the most representa-
tive lithium-rich material. In addition to the uniform distribu-
tion of lithium ions in the lithium layer, lithium ions are also
regularly distributed in the transition metal layer. Manganese-
based cathode materials are susceptible to the dissolution of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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transition metal ions and the escape of oxygen, and their
capacity tends to decay rapidly. Zhu'®* constructed a stable
layer of LipsMny;0 (LMO) out of Li; ;Mng¢Nip,0, (LMNO)
using in situ acetic passivation and a following calcination
process, and the composite material showed prominent rate
performance. For lithium-rich manganese-based cathode mate-
rials with higher lattice oxygen activity, lattice oxygen is prone
to oxidation reactions above 4.5 V, forming the oxidative groups
0,"" (including oxygen), which undergo side reactions with the
electrolyte."”*'** Hong'** found that Li,CO; decomposed dur-
ing the first cycle of charge and discharge, and was regenerated
during the discharge process. The oxidizing group continuously
participated in the reaction to consume the electrolyte, and
H,0 was also generated during the whole process, which
further formed HF, LiF, POF; and other substances; HF can
further corrode the surface of the active material. The oxygen
absorption reaction mechanism of layered lithium-excess
metal oxides in a closed system is shown in Fig. 7c. The results
of Yabuuchi'*® were slightly different. They believed that
the formation of Li,CO; can improve the cyclability of surface
redox reactions, but this cannot be a fully reversible reduction
after oxidative decomposition in the charged state. The Li,CO;
content was significantly reduced. Nowadays, Li-rich
manganese-based materials face problems such as voltage
decay, poor rate performance, low compaction density, a wide
voltage range and gas production. If all of these problems
cannot be effectively solved, the final application of Li-rich
manganese-based materials will be limited.

3. Progress on electrolytes for high-
voltage ASSLBs

The electrolyte material is an important part of the lithium
battery, and the performance of the battery is directly affected
by the electrolyte material.'*® Li-metal batteries with liquid
electrolytes exhibit good performance, electrical conductivity
and interfacial contact."®® However, liquid batteries have some
disadvantages, such as low ion selectivity, insufficient stability
and high volatility, especially due to the presence of flammable
organic liquids, which have major safety hazards.*® In recent
years, due to the advantages of safety, long cycle stability and
thermal stability, all-solid-state batteries have attracted more
and more attention, especially because of the obvious safety
advantages.’®" Solid electrolytes are mainly divided into three
types: inorganic solid electrolytes,***'** organic polymer solid
electrolytes**?® and organic-inorganic composite solid
electrolytes.”*”'*® In order to obtain a higher energy density
than traditional liquid batteries, it is necessary to develop solid
electrolytes that can match a higher voltage."*® This section
mainly summarizes the research progress on all-solid-state
inorganic electrolytes, all-solid polymer electrolytes and
organic-inorganic composite solid-state electrolytes in terms
of high voltage capability. Table 2 shows the ionic conductiv-
ities and electrochemical stability windows of some represen-
tative solid-state electrolytes (SEs) after modification as well as
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the electrochemical performance of their corresponding high-
voltage ASSLBs.

3.1 Inorganic solid electrolytes

A high voltage usually requires a relatively wide operating
voltage range (2.5-5.0 V), and a solid electrolyte must have
strong anti-oxidation and reduction capabilities within this
voltage range, otherwise it cannot remain stable under a high
voltage.” In recent years, high-voltage inorganic solid-state
electrolytes have received more and more attention. Inorganic
solid-state electrolytes mainly include oxide solid-state electro-
lytes, sulfide solid-state electrolytes and other types of solid-
state electrolytes. The research results showed that the stable
voltage range of an inorganic solid electrolyte obtained
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Subsequent discharge
125
126

experimentally is much wider than the theoretical calculation
results. The stable working voltage ranges of the common
inorganic solid electrolytes LGPS, LLTO, LLZO, LATP and LAGP
calculated by DFT are 1.71-2.15, 1.75-3.71, 0.05-2.91, 2.16-4.31
and 2.7-4.27 V.**® In experimental studies, the modification of
oxide solid electrolytes has mainly focused on the improvement
of ionic conductivity and the study of interface problems. It was
reported that oxide solid electrolytes can be matched with high-
voltage cathode materials without modification.’*>'®* Oxide
solid electrolytes have been actively explored due to their high
Li-ion conductivity and high electrochemical stability.'®*'¢>
The electrochemical window of inorganic oxide solid electro-
Iytes is usually high, such as the electrochemical window of
LLZO, which can reach over 5 V.'®*'%* However, it is difficult for

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023


https://doi.org/10.1039/d2qm01071b

Published on 15 February 2023. Downloaded on 1/20/2026 9:56:34 AM.

Review

View Article Online

Materials Chemistry Frontiers

Table 2 lonic conductivities and electrochemical stability windows of SEs after modification and battery performance of resultant high-voltage ASSLBs

Solid electrolyte

Conductivity (S cm™") Stable window Cell constitution

Capacity (mA h g™')  Cycle performance Ref.

PEO + LiTFSI + wheat flour electrolyte 2.62 x 10>

PMA + PEO 2.05 x 1074 —

PAN + PAN@LAGP + PEGDA 3.7x10°* 0-5V
PEO + SN + LiTFPFB + LITFSI 0.5 x 1072 0-5V
P(PO/EM) + LITFPFB 1.55 x 10~* —
PS/PEG/PS 1.1 x 1073 0-4.5V
Ca-Ce0,/PEO 1.3 x 1074 0-4.5V
LLZTO/PVDF 2.73 x 1074 0-4.77V
PAN-in situ 3.5 x10°* —
PVEC-LITFSI-SiO, 1.35 x 107° 3.0-4.6 V
PVA-g-PCA-IL-HT 478 x 1073 0-5.17 V
PME-LiPVFM-LITFSI 3.57 x 10°* 0-5V
PPC-PCDF-LLZTO-LITFSI 1.3 x 107* 0-5.1V
PTFE + LigPSsCl + Li;InClg + LLZTO 5.2 x 10~* —
Lis_,Yb;_,Zr,Clg 1.1 x 107 —
PDOL + LiDFOB 2.46 x 1074 -4.9V
PVAC + TAGDA + AIBN 1.02 x 10°* 0-5.2 V
PSiOM 0.41 x 10™* 0-4.8V
PEO + LITFSI + Lil 2.1 x 1074 —

PVEC 2.08 x 1073 -4.8V

solid-state electrolytes to reach the tested electrochemical
window. Han'®® proposed the limited contact area between
solid-state electrolytes and noble metals to explain the over-
estimated electrochemical stability window. The research
showed that the interface between LLZO and LNMO started
to decompose continuously at 3.8 V. This process promotes
phase transition on the surface of the positive electrode and
generates Lig 35Ni 05NiO,, which increases the interface impe-
dance. Eventually, the battery can no longer be charged and
discharged.'®® The electrochemical stability window of sulfide
solid-state electrolytes is reported to be in the 0-5 V
range.'®*'®” Research on sulfide solid electrolytes showed that
sulfide solid electrolytes and high-voltage cathode materials
began to produce decomposition products such as elemental S
when the charge is above 3.8 V in the first cycle, resulting in a
significant decrease in the coulombic efficiency and a signifi-
cant increase in polarization in the first cycle.'®® Its decom-
position products also increase the interface impedance, and
its poor stability prevents the direct use of 4 V-grade LiIMO, (M =
Co, Ni, and Mn) cathode materials."®*"”" However, if the
sulfide solid electrolyte is not in direct contact with the high-
voltage cathode material, it still enables high electrochemical
stability. Wang'”> performed sulfide treatment on LNMO
(Fig. 8a), and it was reported that the sulfide solid electrolyte
could remain stable at a high voltage of 5 V (Fig. 8b). S in the
sulfide solid electrolyte reacted with water vapor easily to
produce an irritating odor and toxic H,S gas, which led to
electrolyte deterioration and failure. Therefore, sulfide solid
electrolytes have serious potential safety hazards, and their
preparation process needs to be completed in a strict inert
atmosphere.

In recent years, some other types of high-voltage inorganic
solid electrolytes have also been reported. As shown in Fig. 8c,
the Li,Iny/;3Scy/3Cly solid electrolyte exhibited excellent electro-
chemical performance at potentials as high as 4.8 V, and the
capacity retention rate was still as high as 80% after 3000 cycles

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

NCMg;,4/Li 133 mAhg ' (0.1C) 47.3% 140
LiCO,/Li 119mAhg ' (0.1C) 91.2% 141
NCMg,,/NCMg,4/Li 185 mA h g7* (0.5C) 81.5% 142
LiCO,/Li 152mAhg ' (0.1C) 83.5% 143
LiFe,,Mng g PO4/Li 141.1 mA h g~ (0.1C) 92.1% 144
NCMs;,3/Li 130 mAhg ' (0.1C) 96.1% 145
LiCO,/Li 113 mAhg ' (0.1C) 70.7% 146
LiCO,/Li 120mAhg™! (0 1C)  94.1% 147
NCMg,,/Li 177.3 mAh g ' (0.1C) 93.7% 135
LiCO,/Li 153 mAhg ' (0.1C) 94% 148
LiCO,/Li 188.7 mAh g (0.2C) 97% 149
LiCO,/Li 196.3 mA h g ' (0.1C) 91.9% 150
NCMg;,4/Li 200mAhg ' (1C)  82.8% 151
NCMg,,/Li 173.6 mA h g (1/3C) 94.4% 152
NCMeg,,/Li 170.6 mA h g~ " (0.2C) 80% 153
NCMg;,4/Li 175mAhg ' (02C) — 154
NCMg,,/Li 200 mA h g™! (0.1C)  90% 155
NCMg;,,/Li 138 mAhg ' (0.1C) 90% 156
NCMg,/Li 125 mAhg ' (0.5C) 80% 157
LiCO,/Li 140 mAhg ' (1C)  89% 158

at 3C."”* The lithium-ytterbium-based halide solid electrolyte
(Fig. 8d) can remain stable in the presence of uncoated bare 4 V
cathode materials (LCO and NCMg,,)."”* Zheng'”® generated
pure Li;InClg (LIC) on the surface of LiCoO, (LCO) by using a
vacuum drying assisted method to improve the electrochemical
stability of the electrolyte/electrode solid-solid interface and
solid electrolyte under high voltage. The assembled ASSLBs
showed excellent cycle stability. Kochetkov'’® studied the
dynamic evolution of the interface between three different
halide solid electrolytes (LizInClg, Li,Scy/3In,,3Cly and Lis;,Yy,
»Zr1,Clg) and the surface of nickel rich NCMgs or NCM;q;
cathode material particles, revealing the influence of cation
metal substitution on the interface chemistry. The results
showed that metals played a key role in determining the high
voltage stability. Considering the difference between semi-
closed batteries and real batteries, it is important to reveal
their electrochemical stability windows in practical solid-state
electrolyte applications in the future.™®

3.2 Organic polymer solid electrolytes

Since soft and porous polyolefin films such as polyethylene (PE)
and polypropylene (PP) cannot inhibit lithium dendrite growth,
the risk of short circuits cannot be avoided."”” Polymer solid
electrolytes with sufficient mechanical properties, wide electro-
chemical windows and excellent properties have attracted
extensive attention.'””"”® The electrochemical stability of poly-
mer electrolytes varies by type of polymer, lithium salt and test
conditions. Table 3 summarizes some common high-voltage
organic polymer solid electrolytes. As shown in Fig. 9a and b, a
polyvinylidene fluoride (PVDF) electrolyte was modified with
tetramethylene sulfone (TMS), and the capacity retention rate
of the subsequent battery reached 85% after 200 cycles at room
temperature.'’® A solid electrolyte was prepared by mixing
bis(oxalic acid) lithium borate(LiBOB) and bis (trifluoromethyl-
sulfonyl) imine lithium salt (LiTFSI) with the solid plasticizer
succinonitrile (SN) in poly(ethylene glycol) diacrylate (PEGDA).
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Table 3 Common high-voltage organic polymer solid electrolytes

High voltage polymer Voltage Number of

electrolytes Molecular formula (V) cycles Ref.

PPC — 2.5-4.4 80 181

PVDF —(CH,CFy),~ 3.0-4.5 200 179

PVDF-HFP —~(CH,CFy),~ 3.0-4.3 200 182
(CF,CF(CF3)-

PAN -(CH,CH(CN)),~  3.0-4.3 200 18

After 1000 cycles at 1C, the average coulomb efficiency exceeded
99.99% and the capacity retention rate was 66% (Fig. 9c and
d)."® Niu®® prepared a covalent organic framework (COF) based

1278 | Mater. Chem. Front., 2023, 7,1268-1297

solid electrolyte by introducing lithiophilic groups and electro-
chemically stable quinolyl aromatic ring linkages. ASSLBs
assembled using the COF based solid electrolyte and a nickel
rich cathode (NCMgq;) showed stable cycle performance and a
high coulomb efficiency after 400 cycles.

At present, the main methods to improve the electrochemi-
cal stability of polymer solid electrolytes are:

(1) Using a polymer with high electrochemical stability as
the polymer matrix;

(2) Improving the stability of the
polymer matrix by cross-linking polymerization and copoly-
merization;

electrochemical
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Fig. 9 (a) Schematic diagram of interface modification of a PVDF/PVAC

solid electrolyte with TMS.*”® (b) Long cycle performance of a PVDF/PVAC

battery.”® (c) and (d) Photographs of the solid state electrolyte and long cycle performance diagram.8°

(3) Selecting a suitable lithium salt to improve the overall
performance of the polymer, thereby improving the electroche-
mical stability of the polymer matrix;

(4) Preparing a double-layer or multi-layer electrolyte
membrane, with one side of a high-voltage-resistant solid
electrolyte close to the high-voltage positive electrode material,
and the other side close to the lithium negative electrode;

(5) Synthesis of a new polymer matrix.

3.3 Organic-inorganic composite solid electrolytes

The ionic conductivity of inorganic solid electrolytes is gener-
ally good, but their relatively poor mechanical properties and
large interfacial impedance between electrodes limit their
large-scale applications.’®® Unlike brittle crystalline inorganic

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

electrolytes, polymer electrolytes are lightweight, flexible, scal-
able and more compatible with advanced manufacturing pro-
cesses. However, polymer electrolytes also suffer from poor
mechanical properties and poor thermal stability.'®* In order
to overcome the respective shortcomings of inorganic solid
electrolytes and polymer solid electrolytes and take advantage
of their respective advantages, recent studies have shown
that the performance of batteries assembled with organic-
inorganic composite solid electrolytes has been improved to
varying degrees."®>'®” With the addition of inorganic materials
to the polymer matrix, regardless of whether the filler is
active or inactive, the final solid-state electrolytes exhibit stron-
ger electrochemical stability than those without inorganic
dopants.'®%° For example, the electrochemical stability
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window of PVDF-LIiTFSI is 4.58 V, but when LLZTO is added to
the polymer matrix, its electrochemical window increases to
4.82 V."! Recent research showed that different fillers had
different effects on the electrochemical stability of PEO electro-
lyte. Zhao'®> added Lig;sLasZr; 55Ta,501, (LLZTO) to PEO
electrolyte. Through the interaction between ceramic particles
and polymer matrix, the anion of the electrolyte was effectively
fixed, and the electrochemical stability was also greatly
improved. The electrolyte showed an electrochemical window
up to 5.5 V. Li'®® improved the electrochemical window of PEO
electrolyte by adding fluoromethyl modified polyamines to
PEO electrolyte. The solid-state battery composed of modified
PEO electrolyte and the NCMjg,; cathode material showed
excellent cycling performance. The three-dimensional (3D)
porous garnet framework reinforced PEO based composite
solid electrolyte broadened the electrochemical window of
PEO electrolyte, and the ASSLBs assembled with the LiCoO,
cathode material showed excellent cycle stability."®* However,
Lei'®”® did not change the electrochemical window of PEO
electrolyte after adding SiO, to PEO electrolyte. Fan'*® wetted
both sides of the inorganic solid electrolyte Lig35Gag.1s-
LazZry gNbg 01, (LGLNZO) with PEO electrolyte, and tested
the electrochemical window of the composite solid electrolyte.
The results showed that the electrochemical window of the
composite solid electrolyte was mainly controlled by PEO
electrolyte, and LGLZNO particles affected the dynamics of
the electrode process.

The main reasons for the enhanced oxidative stability of
organic-inorganic composite solid electrolytes are as follows:
(1) Inorganic matter itself has strong oxidation stability;

(2) More anions are adsorbed to the surface of the filler
through Lewis acid-base interaction between the polymer and
the filler;

(3) Dipole-dipole interactions between fillers and polymers,
which can alter the electronic transition energy levels of the
latter, increase their oxidative decomposition potential.

Although the electrochemical stability of polymer-based
matrices can be improved to some extent by using suitable
lithium salts and adding fillers, these enhancements are lim-
ited because the inherent properties of polymer matrices do not
change drastically. It is more important to use polymers with
high electrochemical stability as the matrix to improve the
electrochemical stability of polymer electrolytes.

3.4 Emerging composite solid electrolytes for ASSLBs

In recent years, with the development of ASSLBs, some new
solid electrolytes have been reported, such as Li/Na-rich anti-
perovskite (LiRAP/NaRAP) solid-state electrolytes, ultrathin
solid-state electrolytes and so on. ASSLBs with Li/Na-rich anti-
perovskite (LiRAP/NaRAP) solid-state electrolytes exhibited
high ionic conductivity and high chemical/electrochemical
stability. Deng'®” gave a comprehensive introduction to the
development, structural design, ionic conductivity and ion
transportation mechanisms, chemical/electrochemical stabi-
lity, and applications of some antiperovskite materials in
energy storage batteries. Zhu'?® used the chemically compatible
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cellulose membrane as the self-limiting skeleton and designed
an ultrathin (60 pum), flexible and free-standing argyrodite
(LigPSsCl) solid electrolyte through the self-limiting strategy.
The ASSLBs assembled with different types of cathode (sulfur
and lithium titanate) and anode materials (lithium and
lithium-indium alloy) showed stable and high-speed perfor-
mance. Yang"®® provided a comprehensive summary on Liy,-
Al Ti, ,(PO,4); (LATP), which was conducive to the development
of ASSLBs based on LATP.

4. Research progress on interface
problems of high-voltage ASSLBs

With the gradual deepening of research on ASSLBs, developers
have realized that interface characteristics have an important
impact on the performance of lithium-ion batteries in all
respects.”’’>?°* The common interface types in batteries are
solid-liquid and solid-solid. In ASSLBs, the most important is
the solid-solid interface, including the cathode-electrolyte
interphase film (CEI) and anode solid-electrolyte interphase
(SEI) film.>** Presently, ASSLBs are in the early stage of com-
mercialization, and the problem of interface stability is one of
the main bottlenecks restricting their application.?*>*°* The
solid lithium metal interface problems mainly include:

(1) Mechanical stability: the mechanical stability of the solid
electrolyte itself and the mechanical stability of the electrolyte/
electrode interface;

(2) Chemical stability: the chemical stability of the interface
between solid electrolyte and other electrodes;

(3) Electrochemical stability: the electrochemical stability of
the solid electrolytes in a wide potential range;

(4) Thermal stability: the thermal stability of the solid
electrolytes and solid electrolyte/electrode interfaces.

The damage caused by interaction of metals with the sur-
rounding environment is called metal corrosion. Metal corro-
sion occurs at the interface between metal materials and
environmental media, and usually includes reactions such as
chemical changes, electrochemical changes or physical disso-
lution. Metals are prone to pitting corrosion,>*>>°® intergranu-
lar corrosion,>’?°® stress corrosion’’®*'® and galvanic
corrosion®'*'? in contact with the surrounding environment.
Metals are extracted from ores in nature and have a higher free
energy, while corrosion is the process by which metals are
transformed into metal compounds, the process of returning to
their most stable state. In this section, we describe the reaction
between lithium metal and solid electrolytes under high voltage
from different perspectives, and refer to the concept of metal
corrosion and passivation to review and improve electrochemi-
cal theory from a new perspective.

4.1 Interfacial problems between high-voltage cathode
materials and solid electrolytes

When a high-voltage cathode material is in contact with a solid
electrolyte, a co-involved reaction may occur. The solid electro-
lyte usually has its own stable electrochemical range. When this
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Table 4 Interfacial modification of high-voltage ASSLB cathode materials and solid electrolytes
Interface Voltage range Capacity Cycle
Battery structure (cathode/electrolyte/anode) modification (V vs. Li*/Li) Temperature [mA h g”'] performance Ref.
LCO + acetylene black + PVDF/LLZO/Li LiBO; 2.5-4.4V RT 67.2mAh — 214
—1
LCO + acetylene black + PVDF/PEO/LI ALD LTO 2.7-4.5V 60 °C 177 mAh g71 100 215
LCO + acetylene black + LiBETI: LiN(SO,CF,CF;),/P(EO/MEEGE/AGE) Li; PO, 3.0-4.6 V RT 177mAhg™* 25 216
LCO + acetylene black + P(EO/MEEGE)-LiBETI/P(EO/MEEGE/AGE)- ~ Al,O; 3.0-4.4V RT 172mAhg " 100 217
LiBF,
LCO + acetylene black + PVDF + PEO/PEO/Li PECA 2.5-4.45V 80 °C 175mAh g7l 75 218
LCO + acetylene black + PVDF/PEO/Li LATP 2.8-4.5V RT 180 mAh g71 50 219
LCO + acetylene black + PVDF + PEO + LTFSI/PEO/Li LATP 3.0-4.2V 60 °C 128 mAh gf1 50 49
NCM622 + acetylene black + PVDF/PEO/Li APA 2.8-43V 60 °C 190mAhg™" 80 220
LCO + acetylene black + PVDF/DOL + SN/Li LiDFOB 2.5-43V 40 °C 138.3 mAh 60 221
-1
NCMg,; + acetylene black + PVDF/PVDF-HFP + AND + FEC LiTFSI/ 2.8-43V RT 112mAh g71 1000 222
LIBOB
LCO + acetylene black + PVDF + PEO/PEO + LiDFOB/Li PECA 2.8-4.5V 30 °C 175mAh g71 75 218
NCM622 + acetylene black + PVDF/PEA/Li PAB 2.5-4.3V 60 °C 150mAhg ™" 400 223
LCO + acetylene black + PVDF/PEO + LiDFOB/Li vC 3.0-4.2V 60 °C 145mAh g71 500 224
NCM523 + acetylene black + PVDF/PEO/Li 3.0-4.2V 60 °C 125 mAhg " 200 225
LCO + acetylene black + PMA + LiTFSI/PVDF-HFP + PEO/Li PMA 2.5-4.25V 65 °C 120mAh gf] 100 226
NCM111 + acetylene black + PVDF-HFP/PEO/Li PVDF-HFP 2.5-4.2V 60 °C 125mAh g71 100 227
NCM622 + acetylene black + PVDF + PAN/PEGDA/Li PAN 2.8-43V RT 180 mA h g71 200 90
NCMg,; + acetylene black + PVDF/PAN + PEO/Li PAN 2.5-4.3V RT 175mAh g71 300 228
NCM622 + acetylene black+ PVDF/PAN + LATP + PEO/Li PAN 2.8-43V 60 °C 158 mAh g71 120 89
NCM622 + C65 + PPC/PPC + PEO/Li PPC 2.7-4.2V 60 °C 155mAh gf1 80 229
NCMg;; + acetylene black + PVDF/PAN + PIC + PEO/Li PAN 2.7-4.3V RT 175mAh g*1 500 230
NCM622 + acetylene black + PAN/PAN + LLAO + PEO + LLZTO/Li PAN 3.0-43V 30 °C 175mAh g71 100 231
NCMg;; + acetylene black + PVDF/PAN + PEI/graphite electrode PAN 3.0-4.3V RT 200mAhg ' 200 232
NCMS523 + acetylene black + PVDF/PEO/Li APT 2.8-4.3V 40 °C 150mAhg™" 60 87

range is exceeded, it is difficult for the solid electrolyte to
remain stable, and it may react with the cathode material.**
In addition, when the solid electrolyte is in contact with a
transition metal with a high oxidation state, the solid electro-
lyte may undergo an oxidation reaction, transfer electrons to
the positive electrode, and even react with the positive electrode
material to form an interfacial film covering the surface of the
positive electrode material. Co/Ni and lattice oxygen can also
intensify the reaction with the solid electrolyte at high-voltage,
resulting in their oxidative decomposition.>'® Table 4 sum-
marizes the interfacial modification studies of high-voltage
cathode materials and solid electrolytes. Usually, a high-
voltage cathode would undergo the following main reactions
with a solid electrolyte:

(1) A space charge layer forms due to the different chemical
potential of Li*, which is mainly common in sulfide solid
electrolytes and oxide solid electrolytes;

(2) Interdiffusion occurs between the solid electrolyte and
the cathode material, which mainly occurs at high temperature
or high-voltage, and often forms a new phase of non-Li-ion
conductor at the interface;

(3) Oxidative decomposition occurs beyond the electroche-
mical stability window of the solid electrolyte.

As shown in Fig. 10a, the electrochemical stability window of
a PEO solid electrolyte is usually below 4 V, and the LSV curve
can be divided into three regions. When the voltage is lower
than 3.9 V, the current increases with the applied voltage,
which can be attributed to the migration of TFSI™.*** A sig-
nificant increase in current can be observed in the voltage

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

range of 3.9-4.5 V, and subsequently it becomes more intense
at voltages above 4.5 V. The changes in battery resistance at
different potentials were measured using electrochemical
impedance spectroscopy (EIS), and the results are shown in
Fig. 10b, with little change in interface resistance observable at
4.2 V. When charged to 4.6 V, a violent reaction occurred, and
these observations all illustrate the three distinct oxidation
stages and final severe oxidation of the PEO-LITFSI solid
electrolyte at 4.6 V.>'* Shown in Fig. 10c are the EIS measure-
ments of PEO-LITFSI batteries in their pristine and 4.6 V state
of charge (DC polarization for 48 hours). After 48 hours at 4.6 V,
the impedance of the battery dropped significantly due to the
severe oxidation of PEO into small molecules. As shown in
Fig. 10d and e, when LATP was coated on the surface of LiCoO,,
it exhibited better cycling performance than bare LiCoO,, with
a capacity retention of 88.6% after 50 cycles. Bare leaked
LiCoO, catalyzed the decomposition of PEO. In contrast,
LiMn, ;Fe, ;PO, batteries showed more stable cycling perfor-
mance, with a capacity retention rate of 90.3% after 120 cycles.

Research on the interface between a sulfide electrolyte and
NCMg,;; by Raimund Koerver'®® showed that when the battery
was charged to 3.8 V in the first cycle, the sulfide electrolyte
began to undergo oxidative decomposition, resulting in a
significant decrease in the first cycle efficiency and an increase
in polarization at the same time (Fig. 11b). The charging voltage
of LiCoO, and high-nickel ternary cathodes is usually below
4.6 V. For layered oxides, after the cathode material is deeply
delithiated at high voltage, oxygen may participate in charge
compensation, resulting in structural instability or even oxygen
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Fig. 10 (a) LSV curve of PEO-LITFSI batteries at a scanning-rate of 0.1 mV s~ in the voltage range of 3.2-4.6 V. (b) Interfacial resistance change of PEO—
LiTFSI batteries at different potentials in comparison with the battery in the initial state. (c) EIS measurements of PEO-LIiTFSI batteries in their pristine and
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production. For spinel-type cathodes, although the generation
energy of oxygen vacancies is positive, there is still a certain
probability of generating oxygen vacancies. Especially for the
positive electrode material in the charged state, the transition
metal on the surface is in a high-valence state and has strong
oxidizing ability, which makes it easier to oxidize and decom-
pose the solid electrolyte. CEI films are generally unstable at
high voltage, with an increase in CEI in the charged state and a
decrease after discharge. This is because Li' intercalates into
and diffuses in the CEI film, resulting in partial exfoliation of
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ry at 40°C.2%°

the CEI film.>** As shown in Fig. 11a and c, in order to reduce
the influence of the CEI film on a solid electrolyte, Zheng>?®
used electrochemical polymerization to improve the solid elec-
trolyte cathode interface (CEI), and tested it with NCMs,3,
showing a fairly stable long cycle performance.

4.2 Interfacial problems between a solid electrolyte and
lithium metal

The anode realizes the reversible insertion and removal of
lithium ions in the battery, and plays a decisive role in
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improving the performance of lithium ion batteries. At present,
the commonly used anode materials include lithium metal
anode materials, carbon based anode materials, silicon based
anode materials, tin based anode materials and so on. The
lithium metal anode has attracted extensive attention due to its
ultra-high theoretical specific capacity (3860 mA h g™ '), lowest
standard electrode position (—3.040) and lowest density
(0.534 g cm™?). Therefore, lithium metal can react with any
electrolyte immediately.”*® The industrial application of
lithium metal is hindered by factors such as lithium loss and
lithium dendrites.”®” In the absence of any externally applied
current or electrode potential, due to the unstable interface
chemistry, when the solid electrolyte is in contact with the
lithium metal, the lithium metal corrodes or passivates to form
an uncontrollable solid electrolyte interfacial film (SEI).
Whether the film is conducive to the migration of Li* or not
can affect the charge and discharge performance of the battery
to a certain extent. Current research on lithium metal mainly
focuses on surface modification to improve its reversibility,
morphological stability and rate capability.>**>*° In addition,
researchers have also carried out a lot of research on the
interface problem between lithium metal and solid electrolytes.
Wang>*" used molten lithium and AlF; to form a functional
gradient lithium anode (FGLA) by self regulating reaction. The
reaction of molten lithium and AlF; spontaneously formed a
composition gradient of Li-LiAl-LiF, in which LiAl reduced the
interface resistance, and LiF was used to inhibit Li dendrites.
The all-solid-state battery composed of the NCM;,; high-voltage
cathode material and LLZTO solid electrolyte showed excel-
lent cycle stability. Wu>** compounded lithium metal and
ferromagnetic particles into an engineered metal lithium.
The magnetic effect of iron caused the lithium metal to
contact LLZTO closely, and the interface resistance
decreased significantly. The solid-state battery assembled

Corrosion of Li

Solid electrolyte D J—

SE] €——

Passivation

Lithium <€———

Fig. 12 Schematic diagram of Li corrosion or passivation film formation.
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with a LiFePO, cathode material exhibited excellent cycling
performance. However, most studies ignore the fact that
lithium is a metal, and metal is easily corroded in contact
with the surrounding environment to form a passivation
film that covers the metal surface. Its composition, thick-
ness, morphology and uniformity have an important impact
on the performance of the battery.>**”>*” Becking®*® showed
that the mechanical flattening and thinning of the natural
passivation layer on Li metal is beneficial to the improve-
ment of battery cycling stability. Etxebarra’s studies showed
limited reproducibility in purchasing lithium metal of simi-
lar purity from different buyers, with measured capacity
variations of up to 7%.>*® Therefore, controllable pre-
passivation and functionalization of Li metal anode surfaces
are necessary.

In general, atmospheric gases such as N,, O,, H,O and CO,
are the main residues in an argon atmosphere in the glove box,
and they are the main components that come into contact with
lithium metal during storage and processing. The reaction of
lithium to atmospheric gases was reported in the 1960s.>972°
These reports generally mention the high reactivity of lithium
metal with water, but the results on the reactivity with other
atmospheric gases are quite contradictory, which may be
caused by different research environments. A high reaction
rate of the lithium surface with oxygen has been reported by
some researchers.>>***” However, others ignore the reaction
between lithium and oxygen, and even treat oxygen as a noble
gas.>***%° Several recent publications discuss and attempt to
explain these contradictions, but do not fully answer unre-
solved questions such as the intrinsic reactivity of nitrogen and
lithium,>*%2%¢

The corrosion or passivation film formation of Li is shown
in Fig. 12 and can be described by two electrochemical reac-
tions, which are parallel and at the same rate:

Schematic diagram of Li
corrosion or passivation
film formation
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The anode partial reaction eqn (1) includes Li oxidation or
dissolution:

nki - nLi" + ne” (1)

The cathode partial reaction eqn (2) includes electrolyte
reduction:

Electrolyte + ne~ — SEI + soluble species + gaseous species

(2)

Lithium corrosion or passivation film formation involves
different kinds of solid electrolytes, and the various chemical
and electrochemical reactions that occur are also different.
These reactions occur simultaneously and interfere with each
other. The composition of the SEI film formed by these reac-
tions is complex (depending on the type of solid state of the
electrolyte). As shown in Fig. 13, in general, corrosion and
passivation film formation can be divided into three stages
(analysis was taken from ref. 259.

All corrosion and passivation processes are assumed to
occur spontaneously, immediately upon contact with the solid
electrolyte. In addition, in the case of external high temperature
and high voltage, the solid electrolyte can also change during
the charging and discharging process of the battery, thereby
affecting the interface behavior.

Corrosion behavior occurrs when Li is in contact with the
solid electrolyte for a few picoseconds, and even the thickness
of the SEI film formed only at the nanoscale (stage 1) results in
considerable changes in performance. The growth of the sur-
face film prevents the diffusion of the solid electrolyte to the Li
metal surface through the formation of a charge transfer

View Article Online
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the corrosion current i, as shown in eqn (3):
M .
Ry = nFPlcorr (3)

where M is the molar mass of the metal, p is its density, n is the
number of charges, representing the number of electrons
exchanged, and F is the Faraday constant (96485 C mol %),
which can be derived from the corrosion current density i o, of
the circuit, as in formula (4):

lcorr = FS[k.CO(0,t) — k,Cr(0,t)] (4)

where k. is the cathodic reaction rate constant, C, is the
concentration of oxidizing species, k, is the anodic reaction
rate constant, Cy is the concentration of reducing species, and
S is the electrode surface area in contact with the solid
electrolyte.

As shown in formula (5), according to the Arrhenius equa-
tion, the reaction rate constant K is related to the Arrhenius
constant A (for a specific element), the activation energy E, of
the corrosion process (including the activation energy and the
large contribution of the electric field), usual gas constant R
(8.314 ] mol ' K™') and absolute temperature T (TETS):

K= AefEa/RT (5)

At open circuit voltage, reactions proceed according to
eqn (1) and (2). The open-circuit voltage potential, the corrosion
potential (E.), is a mixed potential that represents the polariza-
tion of the surface lithium oxidation sites and the solid-state
electrolyte reduction sites. Therefore, the reaction rate K can be
expressed as:

barrier, protecting the Li metal from the solid electrolyte. In K = koexp |:EEleclrolyteO - EC] ©)
general, the corrosion rate (Ry;) can be derived as a function of RT [anF
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Fig. 13 Schematic diagram of corrosion of lithium in nonaqueous electrolytes, including ether-based or organic carbonate based electrolytes.?>°
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where kq is the rate constant at £ = Egjecqoiyie0, o 1S the transfer
coefficient, and the term E = Epjeqpoiyie0 — Ec Tepresents the
local cell potential of the lithium oxidation and electrolyte
reduction pair. Due to the formation of (lithium-containing)
electrolyte decomposition products at the interface, the corro-
sion potential of Li in the electrolyte decreases significantly for
a short time, and thus the reaction rate decreases. In fact, the
charge transfer from the electrode to the electrolyte or electro-
lyte reduction intermediate becomes so slow that the evolution
current drops by orders of magnitude to a negligible current. At
this point, the lithium corrosion rate is the lowest.

As shown in formula (7), the thickness S(¢) of the passivation
film (SEI film) can theoretically be deduced from the total
moles of Li involved in the SEI to form NS (given each surface
area), the molar mass of the SEI component M, their density p
and the amount of Li per component 7.

S(1) = %Nsmm @)

Under the condition that the passivation film is formed
spontaneously and a high voltage is applied externally, further
electron transfer occurrs in the battery during cycling. Con-
sidering the extremely low redox potential of Li metal, the
electromotive force generated by external polarization (tens of
millivolts) of the SEI or solid-state electrolyte decomposition is
negligible. Nonetheless, the polarization of lithium metal may
facilitate additional reactions in the SEI film through electron
tunneling and migration of electroactive species. Svenia-K>*°
chose LLZO, which is very stable for lithium, and investigated
lithium corrosion/passivation film formation. Although some
researchers have reported interfacial reactions between LLZO
and lithium metal, these interfacial reactions are need not be
considered.

As shown in Fig. 14, Svenia- investigated the effect of
glovebox storage conditions on the passivation films of com-
mercial lithium foils, and the effect of the passivation film on
the interfacial resistance when the lithium foil is used as the
anode. A rough solid electrolyte can significantly reduce the
interfacial resistance because the solid electrolyte would pene-
trate the passivation film. Reaction tests of lithium metal with
dry N,, O,, and CO, and wet Ar indicated that the reaction
with residual water may be the main factor for the growth of
the passivation films. In conclusion, storage conditions and
reation conditions are important factors affecting the surface
impedance of Li metal, they need to be considered in battery
applications, and this reaction stage mainly occurs in
stage one.

At present, the observed reaction and SEI evolution are
mainly driven by morphological changes induced by Li metal
exfoliation and electroplating from the anode (depending on
the corresponding active material on the cathode) (stage two).
The reaction in stage one is low in selectivity and usually
spontaneous. However, stage two is mainly an electrochemical
process with high selectivity. The initial formation of the
passivation layer (stage one) involved in the electrochemical
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reaction process, the solid electrolyte got electrons, lithium
deforms, and the solid electrolyte also participated in the
reaction. The products formed were piled up with each other,
and the composition was complex. Different from the composi-
tion of the passivation layer, the passivation layer collapsed due
to Li depletion (possibly in the form of pores and voids). In the
case of electroplating lithium, due to the unevenness of the
electroplating, which leads to the formation of lithium den-
drites, the film breaks down, exposing the surface of fresh
lithium to the electrolyte and the outer passivation film of the
electrode. In addition, electron tunneling in the portion of the
SEI film adjacent to the electrode may lead to intralayer
transition of lithium, which further changes the composition
of the surface film. In any case, these electrochemical reactions
induce mechanical stress between the surface film and the Li
surface, and lead to localized striking of the film and exposure
of fresh lithium. In a sense, the instantaneous reaction of this
solid electrolyte, along with the evolution of the high-surface-
area lithium structure and the continuous emergence of local
fresh surfaces, can be considered as a self-healing local repas-
sivation process. The generation of cracks is caused by the
lattice mismatch of Li,O and LiO. Passivation films of lithium
metal in solid electrolytes are not good for batteries because
such films are not fully electrically insulating. This process can
be described by eqn (8). The potential distributions that gen-
erate the cracks and the current and potential distributions at
the outer surface have been numerically solved, using the
Butler-Volmer equation to calculate the reduction of the elec-
trolytically dissolved passivation surface of the metal and
electrolyte at the crack tip as boundary conditions.

J Z-cds - _icrackAcrack (8)
S

where 7.,k is the current density at the crack opening, the area
iS Acracks e is the current density corresponding to the solid
electrolyte on the outer surface, and d; is the increment of the
area exposed to the solid electrolyte. The electrons present at
the interface of the solid-state electrolyte participate in the
formation of the SEI film with non-uniform thickness and
combine with the products of electrolyte decomposition to
form so-called ‘“dead lithium”, which is also the main reason
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for the loss of coulombic efficiency (CE). The interfacial resis-
tance of ion diffusion changes over the lifetime and eventually
decreases due to increased surface area (caused by morpholo-
gical changes) and eventually corrosion and electrolyte decom-
position products increase at the interface.

The lithium corrosion and repassivation process eventually
leads to battery failure (stage three), which is not related to
corrosion, either the formation of lithium dendrites short-
circuits the battery or the electrochemical reaction allows the
lithium to be completely consumed. The first two processes
cause the battery to short out and fail. However, a short circuit
presents a problem as it causes a rapid release of heat and
eventually a thermal runaway of the battery, which is a serious
safety concern in terms of fire or explosion hazards. Therefore,
a comprehensive understanding of the mechanisms of the
interfacial processes and chemical reactions that take place
in the first and second stages is crucial to solving the problems
related to stage three.

At present, lithium metal and the metal collector are com-
bined to form a composite anode to mitigate lithium dendrite
formation.>®" When the composite cathode contacts with the
solid electrolyte, the two metals are prone to galvanic corrosion
due to their different corrosion potentials. Galvanic corrosion
usually occurs spontaneously and lithium usually is the cor-
roded side due to the strong activity of lithium, which changes
the morphology of lithium metal and produces a more severe
lithium dendrite effect. Galvanic corrosion usually requires
four links: cathode, anode, electrolyte and conductor. If one
link disappears, galvanic corrosion would not occur. Modifica-
tion of the metal collector can alleviate the lithium dendrite
problem. It should be noted that galvanic corrosion of the
metal collector and lithium metal causes a change of lithium
metal morphology.

4.3 Solving of solid state battery interface problems

Interface problems have an important impact on the perfor-
mance of batteries. Therefore, it is very important to solve the
interface problems of batteries. The following aspects should
be paid more attention in interface problem research on
ASSLBs.

(1) The research on interface problems of traditional ASSLBs
should be further strengthened;

(2) New high-voltage solid electrolytes should be developed
with better compatibility with positive and negative electrode
materials;

(3) More attention should be paid to the corrosion phenom-
enon of interface problems in ASSLBs.

5. Insights into the failure behavior of
ASSLBs

With the development of solid-state battery research, ASSLBs
with excellent performance have been developed. However, the
failure mechanism of ASSLBs is not understood. The failure
behavior of ASSLBs can reduce the energy density and power
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density of the battery, and have a significant impact on the
reliability, safety and cycle life of the battery. It is necessary to
fully understand the failure mechanism of all solid-state bat-
teries in order to build safe batteries. The failure of ASSLBs is
affected by many factors, such as electrode material, electrolyte
type and environment. The interface reaction between elec-
trode and electrolyte, as well as the growth of lithium dendrites
on the anode may cause the failure of ASSLBs. In recent years,
some researchers have studied the failure of solid-state batteries.
Wen’s®® research showed that the voltage attenuation of Li-and
Mn-rich layered cathode materials was caused by a layered-to-
spinel phase change in the bulk, and the serious reduction of
particle surface played a key role, indicating that the type of
electrode materials had an important impact on the failure of
ASSLBs. Huang”® studied the interphase degradation of a 4.2 V-
class poly(ethylene oxide)-based solid battery beyond the electro-
chemical voltage limit. It was found that the mismatch between
PEO electrolyte and 4 V-class cathode was not only due to the
limited electrochemical window of PEO electrolyte, but also to the
serious surface reconstruction and well aligned nano voids
observed on most of the failed NCM surfaces. Liu*** comprehen-
sively summarized the failure mechanism of ASSLBs, and under-
standing the basic failure mechanism provided an important
scientific basis for building an efficient ASSLB.

6. Challenges and outlook

This review summarizes high-voltage cathode materials, solid-
state electrolytes and interfacial issues between solid-state
electrolytes and cathodes and anodes. In the future, there will
be a great demand for lithium metal batteries with a long cycle
life and high energy density. As the improvement of energy
density of liquid batteries is approaching the limit, ASSLBs will
be the focus of lithium metal battery research. High voltage
solid electrolytes are the key to building ASSLBs with a long
cycle life and high energy density, and they are also the focus of
ASSLB research, which has a significant impact on the com-
mercialization of ASSLBs. With the development of technology,
high-voltage solid electrolytes should make great progress.
However, there are still few studies on high-voltage solid
electrolytes, which are still in their infancy and still face many
challenges. The currently available high-voltage solid electro-
lytes cannot meet the requirements of commercialization. First,
solid electrolytes require a wider electrochemical window.
Second, high-voltage cathode materials in a highly delithiated
state exhibit strong oxidation activity, which accelerates the
decomposition of solid-state electrolytes, and high-voltage cath-
ode materials must be highly compatible with solid-state
electrolytes. Third, the solid electrolyte needs to match the
thick high-voltage cathode material, so that the solid electrolyte
has better energy density than the liquid electrolyte, and finally
the interface problem between the solid electrolyte and the
positive/negative electrodes needs to be overcome. Fig. 15
summarizes some of the problems faced by high-voltage
solid-state electrolytes and their corresponding solutions.
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Fig. 15 Schematic illustration of the challenges and corresponding solutions for assembling high-voltage high-performance ASSLBs.

According to our observations, high-voltage solid-state elec-
trolytes should develop in the following directions:

(1) The high-voltage performance of the commonly used
high-voltage solid electrolytes is generally unsatisfactory, and
the modification of high-voltage solid electrolytes is still the
focus of future research;

(2) At present, high-voltage solid electrolytes have poor
compatibility with different high-voltage cathode materials,
and improving the compatibility of solid-state electrolytes with
different high-voltage cathode materials is one of the key
research priorities for the future;

(3) The coating of high-voltage cathode materials can effec-
tively suppress interfacial side reactions. By coating the pre-
cursor of the cathode material, the structural transformation of
the high-voltage cathode material at high voltage, the release of
lattice oxygen, and the occurrence of interfacial side reactions
can be suppressed;

(4) Reaction tests of Li foil with dry N,, O,, and CO, and wet
Ar indicated that the reaction with residual water may be the
main factor for the growth of Li metal passivation films. Storage
conditions and reaction conditions are important factors affect-
ing the surface impedance of lithium foils and need to be
considered in battery applications.
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