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Abstract

High-energy and stable lithium-ion batteries are desired for 
next-generation electric devices and vehicles. To achieve their develop-
ment, the formation of stable interfaces on high-capacity anodes and 
high-voltage cathodes is crucial. However, such interphases in certain com-
mercialized Li-ion batteries are not stable. Due to internal stresses during 
operation, cracks are formed in the interphase and electrodes; the presence 
of such cracks allows for the formation of Li dendrites and new interphases, 
resulting in a decay of the energy capacity. In this Review, we highlight 
electrolyte design strategies to form LiF-rich interphases in different bat-
tery systems. In aqueous electrolytes, the hydrophobic LiF can extend the 
electrochemical stability window of aqueous electrolytes. In organic liquid 
electrolytes, the highly lithiophobic LiF can suppress Li dendrite formation 
and growth. Electrolyte design aimed at forming LiF-rich interphases has 
substantially advanced high-energy aqueous and non-aqueous Li-ion bat-
teries. The electrolyte and interphase design principles discussed here are 
also applicable to solid-state batteries, as a strategy to achieve long cycle  
life under low stack pressure, as well as to construct other metal batteries.
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largely depend on the components in the Li+ primary solvation shell16, 
it is essential to increase the anion numbers in this shell, which can be 
achieved in, for example, high-concentration electrolytes, localized 
high-concentration electrolytes, weakly solvating electrolytes and 
softly solvating electrolytes17–19. However, decreasing the number of 
solvent molecules and increasing that of the anions in the solvation 
shell will come at the cost of ionic conductivity. Additionally, solvent 
reduction and SEI formation result in the consumption of both the 
solvent and Li from the cathode, causing cycle life and energy density 
to decrease. The correlation between the solvation structure of the 
electrolyte, SEI, CEI and ionic conductivity is still unknown; moreover, 
the electrolyte and Li inventory, and cycle life correlations also need 
to be investigated.

Solid-state electrolytes eliminated the use of solvents and attracted 
increasing attention due to their potentially high energy densities20. 
However, the narrow ESW of sulfide electrolytes and poor cathodic 
stability of halide electrolytes limit the application of a single-layer 
solid electrolyte in a lithium-metal battery with high-voltage cathodes21. 
This is because the formed SEI–CEI in the sulfide and halide electrolytes 
cannot suppress Li dendrite growth and support high-voltage cathodes, 
respectively. It is also very challenging to dope solid electrolytes with 
fluorine to form a LiF interphase. The fact that solid electrolytes have 
higher electronic conductivity than liquid electrolytes also carries with 
it additional challenges for Li nucleation inside solid electrolytes22.

The performance of batteries is highly controlled by the properties 
of the interphase. In this Review, we mainly focus on how to form stable 
LiF-rich SEIs and CEIs that can withstand large volume changes of the 
high-capacity electrodes and high-voltage cathodes for high-energy 
batteries. Specifically, we will highlight strategies for electrolyte design 
to form LiF interphases and their impact on the batteries comprising 
different electrolytes, from aqueous electrolytes to organic liquid elec-
trolytes, and, ultimately, solid electrolytes (Box 1). For organic liquid 
electrolytes, we correlate the solvation structure, interphase chemistry 
and interfacial energy when located against an anode and cathode with 
the said electrolytes’ electrochemical performance. The LiF-rich inor-
ganic interphases possess higher interface energies than organic inter-
phases, and thus we discuss the strategies to promote anion reduction 
to form an inorganic interphase while suppressing the solvent reduc-
tion to minimize the formation of an organic interphase. As for the solid 
electrolytes, the correlation between the electro-chemo-mechanical 
properties of the solid electrolyte, SEI and lithium dendrite growth is 
discussed. To achieve high lithium dendrite suppression at a low stack 
pressure, interphase and interlayer design principles are discussed. The 
correlation between the electronic conductivity22, ionic conductivity, 
lithiophobicity, porosity and the mechanical strength of interphases 
and interlayers are also discussed23. The latest knowledge of SEI–CEI 
composition and formation mechanisms, as well as future research 
needs, are discussed with the aim to push the scientific  frontiers of the 
next-generation high-energy batteries.

Electrolytes for high-performance batteries
The electrolytes and the interphases (SEI and CEI) play the most critical 
role in battery performance. In a liquid electrolyte system, the interphase 
chemistries at electrode surfaces are dominated by the primary solvation 
structure of the Li+ local environment, whereas bulk properties such as 
ionic conductivity, transference number, viscosity and wettability are 
mostly determined by the average composition of the bulk electrolyte. 
The transference number is defined as the fraction of ionic conductivity 
imparted by the lithium ion as opposed to its counterion, and it is the 

Introduction
Next-generation batteries, especially those for electric vehicles and 
aircraft, require high energy and power, long cycle life and high levels 
of safety1–3. However, the current state-of-the-art lithium-ion batter-
ies using highly flammable organic liquid electrolytes have limited 
performance with a voltage window of less than 4.3 V4. To enhance the 
electrochemical performance of such batteries, rational electrolyte 
design and regulated interfacial chemistry are crucial for obtaining 
high-energy batteries that utilize high-capacity lithium metal or silicon 
anodes coupled with high-voltage cathodes.

Electrolytes function as a bridge for ion transport between the 
anode and cathode; they can be categorized as aqueous, non-aqueous 
liquid and solid-state electrolytes. The basic requirements for electro-
lytes are a high ionic conductivity and low electronic conductivity, 
a wide electrochemical stability window (ESW) or the ability to form a 
passive interphase, non-flammability and low cost. In 1859, the first 
rechargeable battery — Pb||PbO2 (lead–acid) — was manufactured 
utilizing an aqueous electrolyte that relies on water as solvent5. Aque-
ous electrolytes offer intrinsic safety and fast-charging capability, 
and they are cost-effective; however, the ESWs of the electrolytes 
are constrained by the 1.23 V decomposition voltage of water6, limit-
ing the energy density of aqueous batteries. Through the formation 
of a LiF solid electrolyte interphase (SEI) via anion reduction at the 
anode and hydrophobic anion enrichment at the cathode, introduc-
tion of the ‘water-in-salt’ electrolytes substantially extended the ESW 
to 3.0–3.3V7,8. However, the cathodic stability potential (1.5–1.9 V) of 
water-in-salt electrolytes still limited the use of high-capacity graphite 
and Li metal anodes, thus still limiting the energy density of aqueous 
batteries. Non-aqueous, liquid carbonate electrolytes have a wide ESW 
of 4.2 V due to the formation of an organic–inorganic SEI at the anode 
and cathode electrolyte interphase (CEI) on the cathode. Use of the 
ethylene carbonate-based electrolytes enabled graphite anodes and 
LiCoO2 cathodes to achieve a high Coulombic efficiency (>99.98%) and a 
lifetime of over 1000 cycles9–11. To further increase the cell’s energy 
density, high-capacity Li and Si anodes and high-voltage cathodes must 
be utilized. However, the Li plating and stripping of the Li anode, and 
the lithiation–delithiation of Si anodes in carbonate electrolytes have 
Coulombic efficiencies below 90%, as the organic–inorganic SEIs are 
strongly bonded to Li and Si anodes, which leads to crack formation 
due to large changes in volume of the Si and Li anodes12. Additionally, 
high-voltage cathodes require the electrolytes to have a high oxidation 
stability by forming a robust CEI. Research has demonstrated that inor-
ganic LiF-rich SEI and CEI can stabilize high-capacity Li and Si anodes 
and high-voltage LiNi0.8Mn0.1Co0.1O2 cathodes, which considerably 
enhanced the cycling stability of Li/LiNi0.8Mn0.1Co0.1O2 cells13,14. This is 
because the LiF-rich inorganic SEI–CEI has a high interface energy when 
in physical contact with a high-capacity anode and cathode, and it has a 
high redox stability, which lead to the LiF-rich inorganic SEI–CEI expe-
riencing less stress and damage even if the high-capacity anodes and 
cathodes crack during discharging or charging processes. As the reduc-
tion of the organic solvent causes formation of organic–inorganic SEIs, 
whereas the reduction of the fluorinated anionic compound causes the 
formation of inorganic SEIs, the electrolyte design for high-voltage Li 
and Li-ion batteries has focused on promoting anion reduction but 
suppressing solvent reduction. The primary solvation shell of Li+ has 
been proposed to represent the spheres of solvents that are closely 
coordinated to Li+ (ref. 15). The species bound in this primary solvation 
shell would preferentially diffuse with the Li+ ions to participate in inter-
facial reactions on the electrode surface. Since the interfacial reactions 
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transference number and conductivity that determine the flux of Li+ 
(refs. 24,25). In a solid electrolyte system, lithium dendrite growth is 
highly correlated to the properties of the SEI, including lithiophobic-
ity, mechanical characteristics, and electronic and ionic conductivity. 
Therefore, understanding the interfacial reactions and properties of 
the formed SEI–CEI is essential. Taking the fast-charging property in 
liquid electrolytes as an example, this property relies on the solvated Li+ 
transportation in the bulk electrolyte and also on the desolvation process 
close to the interphases and subsequent diffusion of naked Li+ across the 
SEI–CEI. In this section, we will mainly discuss the key scientific challenges 
related to electrolytes for liquid and all-solid-state batteries (Fig. 1a).

Electrochemical stability window
Batteries utilizing high-capacity Li and Si anodes, high-voltage and 
high-capacity cathodes, or a combination of these, are effective strate-
gies for pursuing higher energy densities. Replacing the conventional 
graphite anode (specific capacity: 372 mAh g−1) with Si (3,579 mAh g−1) or  
Li (3,860 mAh g−1) anodes can increase the theoretical electrode-level 
energy density from 468 Wh kg−1 (graphite||LMO2; L = Li, M = Ni, Co or Mn) 
to 618 Wh kg−1 (Si||LMO2) and 701 Wh kg−1 (Li||LMO2) (blue line in Fig. 1b). 
From these data, it can be deduced that high-capacity and high-voltage 
cathodes are required to match the Li (red line) or Si (pink line) anodes 

to achieve greater energy density. Increasing the upper cut-off voltage 
is the most straightforward method for increasing the specific capac-
ity of layered cathodes (LMO2). For example, by changing the upper 
cut-off voltages from 4.3  V to 4.6 V, the capacity of LiCoO2 increases 
from 170 mAh g−1 to 220 mAh g−1 (ref. 26). Nevertheless, considerable 
cathode surface reconstruction and transition metal dissolution are 
initiated if the CEI is not stable when charging above 4.4 V. A robust CEI 
is required to suppress side reactions during high-voltage operations. 
It is important to note that operation voltages above 4.3 V exceed the 
oxidation stability of conventional carbonate-based electrolytes. From 
this perspective, the ESW of the electrolyte should be as wide as possible 
to support high-voltage cells.

Electrolyte solvation structure, SEI and CEI
It is widely acknowledged that SEI–CEI formation provides kinetic 
protection and thus extends the ESW of electrolytes1,27. Among vari-
ous strategies, tailoring the SEI–CEI layers via electrolyte design is the 
most powerful and effective. An ever-growing number of lithium salts, 
solvents and additives have been developed for advanced electrolytes 
with considerable promise. In addition to using the lowest unoccu-
pied molecular orbital and highest occupied molecular orbital energy 
as a qualitative assessment of possible redox stability, the solvation 

Box 1

Designing the LiF-rich lithiophobic interfaces to solve the 
challenges at the electrolyte and electrode interface in different 
battery systems
Merits of LiF-rich lithiophobic solid electrolyte interphase 
(SEI) and cathode electrolyte interphase (CEI) 

 • LiF-rich SEI is critical to enabling the stability and reversibility 
of high-capacity anodes (Si and Li) undergoing large volume 
changes.

 • LiF has a high interface energy (weak bonding) to Si, which 
enables the LiF SEI shell to remain cracking free when the Si 
core undergoes a large volume expansion/shrinking, preventing 
electrolyte penetration into the inner cracked Si to form new SEI, 
enabling pulverized Si to remain active.

 • Highly lithiophobic LiF can promote Li diffusion along the Li–LiF 
SEI interface, but it can suppress Li penetration into LiF SEI due to 
high energy penalty.

 • LiF SEI has a low area-specific resistance, enabling fast charging 
and operating at low temperatures.

 • LiF-rich CEI with high anodic stability is key to stabilizing 
high-voltage and high-capacity cathodes.

Strategies to form LiF-rich lithiophobic SEI and CEI
 • Promoting fluorinated anion reduction and suppressing solvent 
reduction.

 • For aqueous electrolytes, use of ‘water-in-salt’ electrolytes 
enables anion reduction before the hydrogen evolution reaction. 
The secondary cations and eutectic effects can be used to 
stabilize H2O and reduce hydrogen evolution reactions.

 • For non-aqueous electrolytes, implementation of 
high-concentration, localized highly concentrated, 
weakly solvating and soft solvating strategies enhances 
anion reduction. By using these strategies in conjunction 
with solvents with a low reduction potential, such as 
tetrahydrofuran, solvent reduction can be inhibited.

 • For solid electrolytes, a value for the applied interphase 
overpotential/critical interphase overpotential ratio below 1 is 
required, which can be realized by constructing porous and 
lithiophobic SEI or interlayer, and increasing the Li diffusivity of 
the Li metal anode.

Impacts
 • Enabling the construction of batteries with high stability, high 
safety, high energy density and fast-charging capability.

 • LiF SEI enables water-in-salt electrolytes to push the cathodic 
stability potential below 1.5 V with an electrochemical stability 
window of 3.3 V and beyond, making safe aqueous batteries more 
competitive.

 • LiF SEI–CEI enables non-aqueous Li/LiNi0.8Mn0.1O2 batteries to 
operate stably with high Coulombic efficiency under extreme 
conditions, such as fast charging and operation over a wide 
temperature range.

 • LiF SEI or interlayer enables all-solid-state Li-metal batteries to 
operate at high capacity and high rate under low stack pressure.
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structure of the electrolyte should also be considered28,29. There is 
a growing appreciation for the role of the solvation structure and 
SEI–CEI interphase towards electrode performance, but a relation-
ship between them is still lacking due to the complex and dynamic 
nature of SEI–CEI composition. Benefiting from the development of 
cryo-scanning transmission electron microscopy, the SEI in 1 M LiPF6 
ethyl carbonate/diethyl carbonate was observed with a large swelling 
ratio, indicating that 50% of the SEI volume is composed of the liquid 
electrolyte30. In sharp contrast to this observation, inorganic-rich SEI 
in 4 M lithium bis(fluorosulfonyl)imide (LiFSI) — dimethoxyethane 
exhibited a smaller swelling ratio (10.9 nm versus 8.8 nm). The Coulom-
bic efficiency results further suggest that a decreased swelling ratio 
in inorganic-rich SEI correlates to an increased Coulombic efficiency. 
With emerging advanced characterization techniques and machine 
learning, we might be able to establish predictive models to analyse 
the effect of the solvation structure on the formation and evolution 
of SEI–CEI interphases31–33.

Electrolyte depletion
The use of high-capacity Li and Si anodes requires excess electrolytes, 
in consideration of the consumption of the electrolyte caused by side 
reactions. Most of the previously reported electrochemical perfor-
mances are assessed by coin cells; the presence of flooded electrolytes 
in the cell may contribute to improved cycling performance due to a 
reduced reliance on electrolytes in the cell, and it also effectively improves 
high-rate performance. The effect of the Coulombic efficiency on full-cell 
capacity-retention assumes that other factors do not influence cycling 
performance (Fig. 1c; blue line). With a Coulombic efficiency of 99.9%, 
a full cell retains 81% of its initial capacity after 200 cycles. Understand-
ably, the capacity of the full battery will drop faster when the electrolyte 
is depleted (Fig. 1c; pink line). It was found that reducing the electro-
lyte amount from 25 g Ah−1 to 3 g Ah−1 drastically reduced the cycle life 
of 250 µm Li||LiNi0.8Mn0.1Co0.1O2 (3.8 mAh cm−2) from 60 cycles to ten 
cycles34. The amount of electrolyte also plays a vital role in determin-
ing energy density. By considering the electrolyte amount, the specific 
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Fig. 1 | Key scientific challenges when designing 
electrolytes. a, A range of factors that have to 
be considered for electrolyte design, including 
electrolyte composition, bulk properties and 
the solvation structure, in order to address 
key scientific problems associated with solid 
electrolyte interphase (SEI)–cathode electrolyte 
interphase (CEI) interphases. b, The projected 
energy density as a function of the anode  
capacity (blue curve, the LMO2 capacity is set to 
180 mAh g–1) and cathode capacity (red curve for 
a Li||Cathode cell and pink curve for a Si||Cathode 
cell). c, Capacity retention in a theoretical cell 
with a Coulombic efficiency (CE) of 99.9% (blue 
curve) and a lean electrolyte (red curve) with 
rapidly decreasing retention capability at the 
point of electrolyte depletion. d, Energy density 
data across different commonly used systems 
showing that a greater density is observed in 
liquid and solid-state energy storage devices 
than in aqueous systems. The theoretical energy 
density is determined by the cathode and anode 
chemistry, in a situation in which the amount 
of electrolyte (2.0; 2.5; 3.0 g Ah–1) affects the 
practical energy density in cells. LMO, LiMn2O4; 
LMO2, L = Li, M = Ni, Co or Mn; LTO, Li4Ti5O12; NCA, 
LiNi0.8Co0.15Al0.05O2; TM, transition metal.
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energy densities of Si||LiNi0.8Co0.15Al0.05O2 full cells are 467 (2.0 g Ah−1), 438 
(2.5 g Ah−1) and 412 (3.0 g Ah−1) Wh kg−1, and the specific energy densities 
of Li||LiNi0.8Co0.15Al0.05O2 full cells are 509 (2.0 g Ah−1), 476 (2.5 g Ah−1) and 
447 (3.0 g Ah−1) Wh kg−1 (Fig. 1d). Solid electrolytes have the potential to 
decrease the amount of electrolyte to less than 2.0 g Ah−1 while granting a 
higher energy density. Other inactive materials including separators, cur-
rent collectors and package materials need to be considered at cell level. 
From the early 2020s, different scientific journals initiated an experimen-
tal checklist in an effort to standardize battery performance purporting 
and to try to minimize experimental data misinterpretations35.

Practical considerations for electrolytes
Practical requirements, including cost, operating in a wide range of tem-
peratures and lifespan, need to be taken into account when designing an 
electrolyte. For example, the cost is always the primary factor in com-
mercializing a new lithium salt, solvent or additive. In the conventional 
LiPF6 and carbonate-based electrolytes, LiPF6 is the main cost driver, 
accounting for 40–60% of the raw material cost36. The last few decades 
have witnessed a continued trend towards lower LiPF6 prices along with 
the expansion of the electrolyte market. This means that when electrolyte 
components are mass-produced, the cost can be reduced due to scaling 
effects. It is reasonable to remain open to newly developed electrolyte 
components while carefully evaluating their abundance and availability, 
as well as the security of raw materials and the recycling prospects.

Aqueous electrolytes are, in theory, very low-cost, yet problems 
primarily associated with the longstanding ‘cathodic limit’ have severely 
limited energy densities (<150 Wh kg−1). Solid electrolytes have received 
much attention due to the abundance of their constituent parts, but 
they face manufacturing difficulties, as the thickness of the solid elec-
trolyte is difficult to reduce to less than 100 µm without sacrificing 
ionic conductivity. The average price for non-aqueous Li-ion batteries 
was US $135 kWh−1 in 2022, which is higher than the price of aqueous 
lead–acid batteries, at a cost of US $65 kWh−1. Meanwhile, all-solid-state 
batteries are still in their early stages of commercialization. Overall, 
a commercially viable cost target at the battery pack-level is generally 
acknowledged to be US $75–80 kWh−1. Beyond basic cost considera-
tions, advanced electrolytes should be capable of operating over a wide 
range of temperatures. Many areas experience winter temperatures 
below freezing and battery performance at temperatures of −10 °C 
or −20 °C is an important operational factor. Unfortunately, conven-
tional carbonate-based liquid electrolytes freeze when the temperature 
decreases to −20 °C, resulting in unsatisfactory battery performance37. 
High temperature stability is another challenge for electrolytes, in 
conditions in which, for example, the widely used LiPF6 electrolyte is 
highly vulnerable to hydrolysis and decomposes to form corrosive HF 
at the temperature of 60 °C38. Furthermore, the organic interphase 
can dissolve into electrolytes at high temperature, and, even worse, 
transition metal dissolution of LMO2 cathodes becomes more severe at 
high temperatures39. High-temperature operation requires electrolytes 
with high thermal stability and thermally stable interphases with low 
solubility. Ideally, SEIs and CEIs should not dissolve upon charging 
and discharging, and they should protect the electrodes40. Without 
an effective SEI passivation, the electrolyte and Li will be consumed 
continuously as the device ages due to Li corrosion through a galvanic 
process in which Li and Cu serve as anode and cathode, respectively41. 
Likewise, the lifetime of Si-anode batteries is still only 20–30 months, 
far below the automotive applications requirement of ~120 months42. 
The key challenge regarding aging is that evaluation and diagnosis are 
very time-consuming and smarter strategies are desired to accelerate 

aging processes to study the systems over shorter timespans to ulti-
mately understand how to extend their lifetimes, as well as expand the 
temperature range over which batteries efficiently operate.

Electrolyte design principles
In this section, we establish universal electrolyte design principles to 
achieve high-performance lithium-metal and lithium-ion batteries 
by preferentially decomposing anions instead of the solvent to form 
inorganic-rich interphases (Fig. 2a). The invention of the 21 molality 
water-in-salt hailed the beginning of the ‘solvent-in-salt’ regime7, which 
inspired the use of highly concentrated non-aqueous electrolytes with 
almost no free solvent19. Solid electrolytes with no solvent can be viewed 
as the most extreme case of this idea (Fig. 2b), but they also suffer from 
the difficulty of forming a LiF-rich interphase. Importantly, the interfa-
cial chemistries among aqueous, non-aqueous and solid electrolytes 
are in fact highly related.

Aqueous electrolytes
Aqueous Li-ion batteries are typically limited to low voltages (<1.5 V) 
due to the narrow ESW of water (1.23 V) and the lack of protective 
interphases. Expanding the ESW of aqueous electrolytes is highly 
dependent on the formation of a passivating interphase at the anode 
and hydrophobic anion absorption on the cathode. The invention of 
water-in-salt electrolytes with an anion-containing Li+ primary solva-
tion structure makes anion-derived LiF-rich SEIs possible, which has 
afforded a considerable enhancement of the aqueous ESW to 3.0 V7 
(Fig. 2b). Here, water-in-salt is defined as the region in which the salt 
exceeds the solvent in terms of both weight and volume. Following 
the same pattern, extensive efforts have been devoted to aqueous 
electrolytes by further increasing the salt concentration and adding 
organic solvents43. However, the use of highly concentrated lithium 
salts and organic solvents deviates from the aim of reducing cost and 
enhancing safety when developing aqueous electrolytes. It should 
also be noted that the cathode limit only extends from 1.90 V to 1.75 V, 
even when the salt concentration increases from a molality of 21 to a 
molality of 63 (ref. 44). Aside from the concentration, knowledge of 
other decisive factors that can be used for widening the ESW is crucial.

One decisive factor is the primary Li+ solvation structure and the 
derived interphases. A 4.5 molality LiTFSI-KOH-CO(NH2)2-H2O electro-
lyte has been developed, which enabled 2.5 mAh cm−2 LiMn2O4||Li4Ti5O12 
full cells to achieve an average Coulombic efficiency of ~99.9% and 
superior cycling stability8. The high performance is attributed to the 
reduced number of H2O molecules in the Li+ solvation shell and the for-
mation of LiF and a polymer bilayer SEI. Likewise, CO2 was introduced 
as an interphase-forming-additive in 5 molality LiTFSI-H2O electrolyte 
to form Li2CO3-rich SEI, resulting in a similar cycling performance as 
that of 21 molality LiTFSI water-in-salt electrolyte45. As for the various 
hybrid aqueous and non-aqueous electrolytes, the common features 
are the presence of anions in the Li+ primary solvation sheath and the 
onset of the anion reduction before the occurrence of the hydrogen 
evolution reaction of water46–48. In a broader context, these studies 
have deepened our understanding of the complex solvation structures 
generated by various electrolyte components and how to manipulate 
and tune their interfacial chemistry.

Non-aqueous electrolytes
When the concept of solvent-in-salt is applied to organic electro-
lytes, there are many possible variants, such as ‘highly concentrated 
electrolyte’, ‘localized highly concentrated electrolyte’ and ‘weakly 
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solvating electrolyte’. Non-aqueous highly concentrated electrolytes 
generally have a salt concentration greater than 3 M, depending on the 
solvent’s capability to dissolve salts49,50. Therefore, tentative sugges-
tions have been made to classify electrolytes by focusing on whether 
an anion is involved in the primary solvation sheath, rather than by 
defining a specific concentration value43. The anion in the primary 
active cation solvation shell is used to promote anion reduction to 
form inorganic LiF-rich interphases; which enables high-capacity 
or/and high-voltage electrodes to achieve a long cycle life due to 
decreased bonding between the LiF interface and these electrodes. 
The so-called localized highly concentrated electrolyte is a clever 
improvement on highly concentrated electrolytes, which consists 
of the introduction of non-solvating diluents as a way to change the 
salt concentration to 1 M or lower, while maintaining the merits of a 
high-concentration electrolyte. Another promising approach is to 
directly reduce the solubilizing capability of the solvents so that the 
anion participates in the solvation sheath at low concentrations — 
weakly solvating electrolyte approach51. Soft solvating electrolytes, 
which minimize the Li+ solvent binding energy while still dissociating 
the lithium salt, have also been developed; they achieve exceptional 
performance under extreme operating conditions (±60 °C)17. These 
strategies lead to the generation of electrolytes with prevailing ion 
pairs and aggregates, resulting in anion-dominated interphases but 
sacrificing ionic conductivity. Forming a LiF-rich interphase while 

still maintaining a high ionic conductivity is critical for the devise of 
next-generation organic electrolytes.

Advances in SEI chemistry for high-capacity anodes. The adoption 
of ethylene carbonate on graphite surfaces to form flexible organic–
inorganic SEI is key to the commercialization of graphite||LiCoO2 
Li-ion batteries9. However, organic–inorganic SEIs formed in carbon-
ate electro lytes are not robust enough to accommodate the volume 
expansion of high-capacity Li and Si anodes. To avoid the SEI fractur-
ing, an inorganic-rich interface is designed to bond weakly with the 
anode surface. Due to the lithiophobicity of the obtained SEI, and 
the resulting weak bonding to Li, it can effectively accommodate the 
volume change during Li plating and stripping, and it promotes Li lat-
eral diffusion along the Li side of the SEI but suppresses Li penetration 
into the lithiophobic SEI. Since inorganic species including LiF, Li2O 
and Li2CO3 possess a high Young’s modulus and high lithiophobicity, 
they can effectively suppress Li dendrite penetration into the SEI13. 
The nature of the SEI is critical for the stabilization of high-capacity 
anodes (Si and Li)22,52–62.

Si anodes undergo a large volume change during lithiation and 
delithiation, and, as a consequence, the SEI is more likely to crack, 
delaminate and show more dynamic evolution than the interface on 
graphite surfaces. The large volume change and polarization of Si will 
break the organic–inorganic SEI, resulting in electrolyte penetration 
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into the cracked Si and the continuous formation of new SEIs. 
Solid-state NMR revealed that the products of ethylene carbonate 
decomposition are dominated by oligomeric species, which are easily 
cracked, leading to the exposure of the reductive LixSiy surface to the 
electrolyte and to the continuous depletion of the electrolyte, result-
ing in fading capacity63. The addition of fluoroethylene carbonate 
to conventional electrolytes has been reported to result in the gen-
eration of a LiF-containing SEI, a process initiated by fluoroethylene 
carbonate reduction and radical polymerization64. Never theless, 
polymer-rich SEIs can still not fully withstand the large stresses caused 
by the large volume change of Si during lithiation, resulting in unsat-
isfactory performance65. Following the strategy of building a highly 
elastic SEI that bonds strongly to the Si surface, the elastic binders 
improved the cycling performance of the 1–3 µm Si particles66–68, 
but the cycling Coulombic efficiency was still unsatisfactorily low 
for commercialization (Coulombic efficiency<99.7%; cycle life<50). 
A different strategy is to form the SEI characterized by weak bonding 
interactions with the Si anodes and high mechanical strength, allow-
ing the lithiated alloys to undergo plastic deformation inside the SEI 
without damaging it. LiF has been selected as a suitable SEI candi-
date because it possesses the highest interfacial energy with LixSiy. 
In addition, a LiF inorganic interphase with a high ionic:electronic 
conductivity ratio reduces the thickness of the SEI and area-specific 
resistance, increasing the initial Coulombic efficiency of the first 
cycle. LiF-rich SEIs with high interfacial energy when in physical con-
tact with high-capacity anodes enable micro-sized Si and Li anodes 
to achieve long cycle life69. Specifically, LiF SEIs are preferentially 
formed from LiPF6 decomposition starting at high potentials by 
designing electrolytes with a high degree of LiPF6 salt aggregation 
and the lowest solvent reduction potential.

The practical application of Li metal is mainly hampered by the 
notorious Li dendrites, which lead to continuous electrolyte deple-
tion, low Coulombic efficiency, formation of ‘dead Li’ and, ultimately, 
battery failure. Considering the critical role of SEIs in suppressing Li 
dendrites, a comparative analysis of the SEI composition will also be 
discussed. A combination of interface energy and Young’s modulus 
of the SEI has been adopted as a criterion to assess Li-dendrite sup-
pression capability. As listed in Table 1, the LiF component with the 
highest interface energy and Young’s modulus can effectively suppress 
Li penetration into the SEI due to the high-energy penalty. In addition, 
LiF has a low area-specific resistance due to the high ionic:electronic 
conductivity ratio. To form a LiF-rich SEI, research has largely focused 
on fluorinated solvents and additives70–72; however, organic compo-
nents are inevitably generated through solvent reduction (Fig. 3a,b). 
The reduction of electrolytes can be further tuned by the solvent-in-salt 
strategy — elevating the reduction potential of anions via aggrega-
tion, and choosing solvents that undergo reduction at a lower volt-
age, so that salt-derived SEIs are preferentially formed (Fig. 3c,d). 
For example, the LiF-rich SEI can be successfully formed via LiFSI salt 
reduction by simply increasing the LiFSI concentration in carbonate 
electrolytes due to the formation of aggregated anions in the solvation 
shell of Li+ (refs. 73–80). Despite all these efforts, Li Coulombic efficien-
cies are still around 99.5%12. Achieving a Coulombic efficiency higher 
than 99.9% may require a solvent-free electrolyte to completely avoid  
solvent reduction81.

LiH is characterized by a higher ionic conductivity than LiF82,83 — 
σ(LiH) = 10−10 S cm−1 versus σ(LiF) = 10−31 S cm−1. However, the band gap 
of LiH is much smaller than that of LiF (Table 1), which means that LiH is 
not as stable as LiF at high potentials. The possible formation of LiH in 

batteries was once overlooked due to its strong reductive properties. 
The first attempt to explore the possible LiH formation induced by una-
voidable water contamination was performed using surface-sensitive 
Fourier-transform infrared spectroscopy in 1999 (ref. 84). Although 
LiH was not detected by titration gas chromatography85, the existence 
of LiH86 was identified through cryo-scanning transmission electron 
microscopy, synchrotron-based X-ray diffraction and mass spectrom-
etry titration techniques86–88. It was revealed that lithium can react with 
H2 — generated by hydrogen evolution side reactions — to form LiH89. 
Although the influence of LiH on the SEI has been discussed in several 
papers, it remains unclear whether LiH increases or decreases the 
stability of Li metal anodes, as different experiments have pointed to 
different conclusions; some demonstrated the positive role of LiH in 
promoting Li-ion diffusion90, whereas others state that the existence 
of LiH is detrimental to SEI stability and leads to the formation of dead 
Li89,91. From the perspective of interfacial regulation, the combination of 
mechanically stable LiF and ionically conductive LiH as building species 
for the SEI may afford the construction of ideal interfaces characterized 
by fast Li+ diffusion kinetics and the ability to inhibit Li dendrite growth.

Advances in CEI chemistry for high-voltage cathodes. Improve-
ments in cathode technology need to be made to match the energy 
density of anodes and obtain the highest energy storage out of the 
battery (Fig. 1b). The role of the CEI was once overlooked because it was 
thought that there was no thermodynamic driving force for electro-
lyte oxidation in commercial batteries operating at voltages below 
4.3 V92–94. Under high-voltage operation (>4.3 V), the decomposition of 
ethylene carbonate-based conventional electrolytes was found to be 
dominated by ethylene carbonate open-ring reactions accompanied 
by obvious oxygen loss95–97. Introducing a CEI-forming additive con-
taining boron98,99, nitrogen100, fluorine101, phosphorus102,103, sulfur104 
or a combination of these elements in the conventional electrolyte 
can effectively enhance its oxidation stability105,106. However, these 

Table 1 | Comparison of physical properties and calculated 
parameters of different interphase components that listed 
in Table 1

Composition Crystal structure Eg 
(eV)

σLi 
(s cm–1)

Young’s 
modulus 
(GPa)

Interfacial 
energy 
(meV Å–2)

LiF Cubic, a = 4.08 Å 8.65 10−31 70 73.28

LiCl Cubic, a = 5.15 Å 6.31 10−14 32 37.55

LiBr Cubic, a = 5.51 Å 5.03 10−10 21 –

LiI Cubic, a = 6.03 Å 4.28 10−7 21 –

LiH Cubic, a = 4.00 Å 2.98 10−10 36 –

LiOH Tetragonal, a = 3.59 Å 4.01 10−11 10 –

Li2O Cubic, a = 4.66 Å 4.90 10−10 78 38.70

Li2S Cubic, a = 5.72 Å 3.49 10−13 40 19.01

Li2CO3 Monoclinic, a = 8.52 Å 5.06 10−10 63 59.22

Li3N Hexagonal, a = 3.65 Å 0.98 10−3 74 32.13

Li3P Hexagonal, a = 4.24 Å 0.88 10−2 30 45.64

To form a solid solution with LiF, the same cubic structure is the first requirement, which 
thereafter can lead to other crystal structures. Hence, lattice parameters for the other crystal 
structures have been omitted and only the ‘parent’ cubic phase parameter is shown. Eg, Energy 
gap; σLi, Li ionic conductivity.
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additives will gradually be consumed through the interfacial reac-
tions, thus eventually causing a deterioration of the cycling stability 
of lithium-ion cells. In addition, most CEIs formed by the oxidation of 
solvents mainly comprise organic components, which can be oxidized 
at a higher voltage and cannot fully withstand the large volume change 
taking place during lithiation and delithiation107,108. Similarly to the 
case of anodes, inorganic-rich CEIs with weak bonds to the cathodes 
are crucial for inhibiting cathode structural damage and electrolyte 
penetration, thus enhancing the cathode cycle life at a high voltage. 
The challenge is to form inorganic-rich CEIs, especially LiF-rich CEIs, 
because LiF has the largest band gap and is the most thermodynami-
cally stable. Fluorinated solvents have been reported to contribute to 
the formation of LiF in CEI73,109,110. For instance, the CEIs derived from 
a 1 molality LiFSI and N,N-dimethyltrifluoromethane-sulfonamide 
electrolyte mainly consist of LiF-like inorganic species, enabling stable 
cycling of LiNi0.8Mn0.1Co0.1O2 at the high voltage of 4.7 V111. Essentially, 
use of solvent-in-salt electrolytes with an abundance of aggregations 
leads to more LiF inorganic components and less organic components 
in CEIs19,50,112–115. A remarkable self-healing ability of a LiF-dominated 
CEI was seen in situ by visualization of the CEI formation in an LiPF6 
and propylene carbonate electrolyte using environmental transmis-
sion electron microscopy14. The results of density functional theory 
calculations suggest that FSI− anions and fluorinated fragments derived 
from the decomposition of FSI− anions may contribute to LiF formation 

considering the nonviability of the direct oxidation of anions116,117. As a 
step out of the labyrinth of oxidation, a dense LiF-rich CEI was formed 
by electrolyte reduction at 1.7 V118.

Based on the results reported in the literature so far, both oxida-
tion and reduction approaches can afford the formation on LiF-rich 
CEI. The fundamental criteria for electrolyte design are consistent with 
those already mentioned: promoting anion decomposition (via oxi-
dation or reduction) and suppressing solvent decomposition. Over-
all, the ideal electrolytes can not only suppress Li dendrite growth by 
forming self-limiting, compact SEIs, but they also stabilize the CEI of 
high-voltage cathodes, thus improving the electrochemical performance 
of high-energy batteries.

Solid electrolytes
Lithium dendrite growth is the main challenge restricting the practical 
application of all-solid-state Li-metal batteries (ASSLBs). The growth of 
lithium dendrites is affected by the electro-chemo-mechanical prop-
erties of both solid electrolytes and SEIs. Therefore, designing stable 
electrolytes and interphases with high lithium dendrite suppression 
capabilities is crucial for ASSLBs.

Lithium dendrite formation and growth. In the battery community, 
there is still no consensus regarding the growth mechanisms of lithium 
dendrites in ASSLBs. The chemical, electrochemical and mechanical 
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properties of the solid electrolyte and SEI will impact lithium dendrite 
formation, as well as lithium dendrite growth at the solid electrolyte–Li 
interface and inside the solid electrolyte. Studies evaluating the chemi-
cal and electrochemical stability of solid electrolytes propose that 
Li metal can nucleate inside solid electrolytes due to the electronic 
conduction of the said electrolytes22,119,120. Research considering the 
mechanical properties of solid electrolytes propose that defects 
(cracks, flaws and grain boundaries) in solid electrolytes are the main 
reason for lithium dendrite formation and growth. However, even a 
single-crystalline Li6La3ZrTaO12 solid electrolyte cannot prevent lithium 
dendrite growth121. Therefore, a third lithium dendrite growth mecha-
nism, that is, the electro-chemo-mechanical model, was proposed53,122, 
which considers the chemical, electrochemical and mechanical proper-
ties of the solid electrolyte. Herein, we limit our discussion to the third 
mechanism. For example, it is possible that the solid electrolyte is not 
stable during Li plating at a negative potential, leading to the forma-
tion of an SEI where the Li and SE meet123–125 (Fig. 4a,b). The Li dendrite 
grows into the SEI or nucleates inside the solid electrolyte if the applied 
interphase overpotential (AIOP) at the Li side of the SEI is larger than 
the critical interphase overpotential (CIOP) of the SEI23 (Fig. 4a–d). The 
CIOP value mainly depends on intrinsic properties of the SEI; specifi-
cally, a high lithiophobicity, a high ionic:electronic conductivity ratio53 
and a high mechanical strength lead to high CIOP values, which can 
effectively suppress Li dendrite nucleation and growth. This proposed 
Li dendrite growth mechanism can explain most results reported in 
the literature. For example, the high electronic conduction of solid 
electrolytes and SEIs causes the CIOP to decrease, thus promoting Li 
dendrite growth into solid electrolytes or even direct nucleation inside 
solid electrolytes22,119,120, although it also causes the AIOP to decrease 
slightly. The void accumulation at the Li side of the SEI during Li 
plating–stripping cycles raises the interfacial resistance, thus increas-
ing the AIOP and promoting Li dendrite growth57,58,60. Increasing Li dif-
fusivity with Li–M (M = alloy metal) alloy anodes and increasing the Li 

creep rate by applying a high stack pressure increases the void-refilling 
rate and ameliorates the formation of voids at the Li side of the SEI52,61,126, 
thus decreasing AIOP and suppressing lithium dendrite growth. The 
balanced ionic and electronic conductivity of interlayers can reduce 
the AIOP:CIOP value ratio, thus the electronic–ionic mixed conductive 
interlayers can suppress Li dendrite growth127.

Even if Li nucleates and grows inside solid electrolytes, the CIOP 
can still be used to evaluate the Li dendrite suppression capability in 
the solid electrolyte. Li nucleation in solid electrolytes also leads to the 
formation of an SEI between nucleating Li and the solid electro lyte. 
The growth of nucleated Li inside solid electrolytes is similar to the  
Li deposition at the interface between Li and SEIs. Additionally, 
the property of the solid electrolyte indirectly affects the property 
of the SEI, in a situation in which high CIOPs and low AIOPs not only 
suppress Li dendrite growth, but also prevent Li nucleation inside solid 
electrolytes as the SEI ensures a potential larger than 0 V versus Li+/Li 
at the surface of the solid electrolyte. If a solid electrolyte has high 
electronic conductivity, the formed SEI will also have high electronic 
conductivity, which will cause the CIOP to decrease. Therefore, the 
CIOP can be used to guide the design of solid electrolytes and SEIs.

Strategies for Li dendrite suppression. As discussed, lithium dendrite 
growth can be suppressed by reducing the value of the AIOP:CIOP 
ratio to less than 1; CIOP is the intrinsic resistance of the SEI for lithium 
dendrite growth and is affected by the lithiophobicity and mechanical 
strength of the SEI, and AIOP is the driving force of lithium dendrite 
growth, which is affected by the Li and solid electrolyte interfacial 
contact and the electronic and ionic conductivity of the SEI. A high elec-
tronic conductivity of the SEI can reduce the AIOP, but it also reduces 
the CIOP, as Li will prefer to plate at the interface between the solid 
electrolyte and the SEI, and continuously reduce the solid electro-
lyte forming an electronically conductive SEI, promoting Li dendrite 
growth. How to optimize the design of solid electrolytes, the interface 
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between Li and the SEI, as well as the SEI itself, to achieve a lithium 
dendrite-free all-solid-state battery with low interface resistance even 
at high Li plating capacity, is still unknown.

In the following paragraphs, we summarize the progress in Li and 
solid electrolyte interface design, as well as in SEI and solid electro-
lyte modifications, and we describe the challenges for designing 
high-capacity ASSLBs and how the illustrated design and modification 
strategies affect CIOP and AIOP. Finally, a promising interface design 
strategy for lithium dendrite-free anode is proposed to maximize the 
energy density of all-solid-state batteries.

Reducing the value of the interface resistance is an important 
consideration when attempting to decrease the AIOP. As discussed 
above, the AIOP:CIOP ratio has to be less than 1 to suppress lithium 
dendrite growth at the Li side of the SEI. To decrease AIOP, the value 
of the interfacial resistance at the interface between Li and SEI has to 
be reduced. One way to achieve this goal is to increase the Li and solid 
electrolyte interfacial contact area57,128,129, which is affected by two key 
factors: first, the void formation and refilling rate, and second, Li wet-
tability on the solid electrolyte and SEI. During Li stripping, voids will 
form at the Li–solid electrolyte interface, when the Li diffusion rate is 
lower than the Li stripping rate. If the voids formed during Li stripping 
are not refilled during the following Li plating process, voids will accu-
mulate at Li and solid electrolyte interface, leading to lithium dendrite 
growth (Fig. 5A). As such, void formation is related to Li diffusivity. 
For example, the introduction of 10 atomic percentage Mg into a Li 
electrode can cause the effective Li diffusivity coefficient to increase 
from 0.8 × 10−11 cm2 s−1 to 2.3 × 10−11 cm2 s−1, resulting in an increase in 
the Li stripping capacity from 0.9 mAh cm−2 for Li anodes to ~1.5 mAh 
cm−2 for Li–Mg alloy anodes, before contact-loss occurs at the Li and 
Li6.25Al0.25La3Zr2O12 interface (the Li stripping current density was fixed 
at 0.1 mA cm−2)61. Void formation is also related to the temperature at 
which experiments are run. An increase of the testing temperature 
can increase Li creep rate and Li diffusivity130, thus increasing the void 
refilling rate. Likewise, the stack pressure is an important factor. A high 
stack pressure can force Li to creep towards the SEI131,132, preventing void 
formation during Li stripping, and an increase in overpotential during 
Li plating. Therefore, a high stack pressure should be applied for the 
ASSLB using two-dimensional Li anodes to achieve fast-charging per-
formances. However, a high stack pressure is not desired for industrial 
applications. How to prevent void formation at low stack pressure is also 
a critical issue that needs to be addressed. Now, we focus on the second 
key point of increasing the wettability of Li on SEI and solid electrolyte. 
Introducing two-dimensional lithiophilic metal alloys (2D-M, where 
M = Au, Ag, Mg, Sb, Sn, Zn and other metals) on the solid electrolyte sur-
face is beneficial for reducing Li and SEI (or solid electrolyte) interfacial 
resistance before cell cycles133,134. Constructing three-dimensional (3D) 
Li hosts or using a self-healable liquid alloy anode can ameliorate the 
interfacial contact loss at a lower stack pressure. By replacing the 2D-M 
layer with a 3D-M layer, the stress generated during planar Li plating 
at the 2D-M and SEI interface can be lessened due to the more uniform 
current distribution at the 3D-M and SEI interface. Furthermore, by 
replacing the solid alloy interlayer with a flowable liquid alloy, void 
formation during Li stripping and stress concentration at the boundary 
of the voids during Li plating can be substantially prevented at low stack 
pressure. For example, when using a Na–K liquid alloy at the Li and Li6.7

5La3Zr1.75Ta0.25O12 interface (Fig. 5B), the Li||Li symmetric cell can even 
cycle at a capacity up to 3.5 mAh cm−2 at the relatively low stack pressure 
of 75 kPa56. Similarly, the use of liquid Ga at the Li and Li2CO3 interface 
in the Li/Li2CO3-Li6.5La3Zr1.5Ta0.5O12-Li2CO3/Li cell135 can also increase the 

affinity between Li and Li2CO3. Li–Ga alloy anodes are characterized by 
a higher Li diffusivity than pure Li metal anodes, so use of the former 
can further stabilize the Li and Li6.5La3Zr1.5Ta0.5O12 interface. These strate-
gies for improving the Li and solid electrolyte interfacial stability can 
reduce the AIOP at the interface of Li and the in situ-formed SEI due to 
the increased interfacial contact between Li and SEI during Li plating.

Also important to consider is the SEI design, in order to increase the 
CIOP. The intrinsic property (chemical, electrochemical and mechani-
cal stability) of the SEI affects the CIOP value, in a context in which the 
electronic conductivity of the SEI and solid electrolyte will lead to 
lithium dendrite growth or even nucleation inside the solid electrolyte22. 
Decreasing the electronic conductivity of the solid electrolyte and 
increasing lithiophobicity of the in situ-formed SEI through fluorine120,136 
or iodine124 doping leads to an increase in lithium dendrite suppression 
capability of the formed SEI layer as the CIOP increases. Since most 
solid electrolytes (such as Li7La3Zr2O12, Li6PS5Cl and Li3PS4)52,58,121,122,137 
are lithiophilic, Li dendrite penetration into these solid electrolytes 
form new SEIs with low CIOP. The volume change during Li penetra-
tion and SEI formation also leads to crack formation (Fig. 5C), which 
itself can lead to cell failure. For example, an Li2S–Li3P reduction layer 
(an SEI) can form at Li–Li3PS4 interfaces before Li plating and stripping 
cycles (Fig. 5Da,b). After Li plating, small cracks (marked by the blue 
lines) can form inside the SEI due to the volume expansion resulting 
from the decomposition reaction of the Li3PS4 layer (Fig. 5Dc), and Li 
is deposited along the cracks inside the SEI layer (marked by the pink 
area in the white circles; Fig. 5De). With further Li plating, new SEIs and 
cracks form inside the Li3PS4 layer (Fig. 5Df), followed by the formation 
of Li clusters in the cracks (Fig. 5Dg). The formation of Li clusters gener-
ates larger cracks; subsequently, Li penetration combined with the large 
cracks leads to cell failure (Fig. 5Dh,i) in solid electrolytes with poor 
stability towards Li. Introducing LiI into the Li3PS4 layer can prevent the 
formation of a reductive SEI after Li penetrates into the solid electrolyte 
(Fig. 5Dj) due to the formation of lithiophobic LiI-rich SEI at the Li and 
solid electrolyte interface, where no dark-contrast area forms near the 
lithium deposition area. By sharp contrast, the reduction layer along 
with the lithium clusters (marked by the white circles in Fig. 5Dh) forms 
in the Li3PS4 electrolyte. Increasing the fracture toughness of the solid 
electrolyte can also increase the lithium dendrite suppression capabil-
ity; for example, applying a compressive force on Li6.6La3Ta0.4Zr1.6O12 
can reduce the probability of Li dendrite penetration perpendicular 
to the applied pressure138. In summary, the chemical, electrochemical 
and mechanical instabilities of solid electrolyte and Li interfaces lead 
to Li dendrite formation. Since the solid electrolyte is lithiophilic, 
the formation of SEI will generate strain, leading to crack formation. The 
formed cracks in the SEI and solid electrolyte promote Li penetration 
further into the cracks due to surface forces, resulting in Li dendrite 
growth along the cracks. Therefore, improving the electrochemical 
stability and fracture toughness of solid electrolytes and increasing the 
lithiophobicity of the SEI can suppress lithium dendrites121,138.

Adding an artificial SEI at the Li–solid electrolyte interface can 
simultaneously increase CIOP and decrease AIOP. Even though improv-
ing the chemical, electrochemical and mechanical stability of solid 
electrolytes can reduce the probability of Li nucleation and dendrite 
growth, it can still not fully prevent dendrite growth, thus limiting the 
capacity for Li plating. To prevent dendrite growth into the solid elec-
trolyte layer at a high Li plating capacity, an artificial SEI layer with a 
high CIOP has to be inserted at the Li–solid electrolyte interface. Gen-
erally, SEIs with high lithiophobicity, high mechanical strength and a 
high ionic:electronic conductivity ratio have high CIOPs. LiF SEIs are 
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characterized by high lithiophobicity and high mechanical strength139, 
but the low ionic conductivity and poor contact at the interface between 
Li and LiF increase the AIOP. The introduction of lithiophilic Mg at 
the interface between Li and LiF140 can reduce the AIOP by  increasing the 

interfacial contact between LiF and Li, thus supressing dendrite growth. 
Similarly, the Ag@C layer (a mixture of Ag nanoparticles and carbon 
black powder) that is artificially inserted at the Li–Li6PS5Cl interface can 
also effectively suppress lithium dendrite growth. After Li plating and 
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Fig. 5 | Cell failure (lithium dendrite growth and/or crack formation) 
mechanism and strategies to prevent dendrite growth and crack formation. 
A, Illustration of void formation at Li and Li6PS5Cl interface57. Voids form during Li 
plating and stripping cycles and promote lithium dendrite propagation into the 
Li6PS5Cl bulk as more Li is plated. At the end of plating, voids can be found in the Li 
metal, but further voids form upon repeated stripping, leading to greater contact 
loss between Li and Li6PS5Cl. B, Improving the Li–solid electrolyte contact and 
preventing stress concentration by using Na–K liquid metal. Changing the 
anode in a cell from pure, solid alkali metal (left) to semi-solid electrode (middle; 
the liquid metal is a Na–K alloy), to a liquid metal-buffered anode (right) can 
considerably improve the cell performance56. C, Lithium penetration and crack 

growth (as seen in black) in a Li6PS5Cl electrolyte after Li plating at increasing 
current densities (from 0.2, 0.4, 0.6, 0.8 to 1.0 mAh cm−2)58. D, Li plating in Li3PS4 
(LPS; parts Da–Dh) and LiI-doped LPS electrolytes137 (part Di). An illustration 
(part Dg) and tomogram (part Dh) of the Li/LPS/Li cell after short-circuiting is 
also shown. The pink area marked in white circles indicates lithium clusters, and 
the blue lines indicate the cracks. A back-scattered electron image (part Di) of a 
LPS-LiI pellet after short-circuiting showing cracks and Li depositions (in black) 
is also displayed. Part a adapted from ref. 57, Springer Nature Limited; part b 
adapted from ref. 56, Springer Nature Limited; part c adapted from ref. 58, 
Springer Nature Limited; part d adapted with permission from ref. 137, ACS.
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stripping cycles, the Li6PS5Cl-Ag@C-Li structure transforms into the 
Li6PS5Cl-C-LiAg structure due to the migration of Ag to the deposited 
Li55 (Fig. 6a). The lithiophobic carbon in contact with Li6PS5Cl has a high 
CIOP, whereas LiAg with high Li diffusivity141 decreases the AIOP, enabling 
a uniform Li deposition at Li–C interfaces, instead of at the Li6PS5Cl–C 
interface, thus preventing Li dendrite growth during Li plating. Changing 
the planar Li plating–stripping139 behaviour at two-dimensional Li–SEI 
interfaces to a three-dimensional (3D) Li plating–stripping behaviour 
inside the porous and lithiophobic LiF–Li3N composite SEI can consider-
ably increase the critical current density of Li3PS4 electrolytes142 due to 
the decrease of the AIOP. However, the main drawback of the porous and 
lithiophobic LiF–Li3N  layer is its limited Li-plating capacity, as once all the 
pores are filled with Li, the solid electrolyte will be reduced, and an SEI 
with a low CIOP forms on the solid electrolyte surface. To ensure a high 
Li-plating capacity at a low stack pressure, the 3D lithiophobic interlayer 
has to attain a AIOP:CIOP of less than 1 ref. 23, which can be achieved by 
a combination of the following four requirements (Fig. 6a–e): first, an 
intimate interfacial contact at the Li–SEI interface is necessary, and Li dif-
fusivity inside the Li electrode should be high to prevent void formation 
during Li plating and stripping cycles — similar to the in situ construction 
of the LiAg and C interface after Ag migrated from the Ag@C55 layer into 
the Li layer. Second, the SEI layer that is in contact with the solid electro-
lyte has to be lithiophobic or electronically insulating, similar to the 
in situ formation of lithiophobic C SEIs between LiAg and Li6PS5Cl. Third, 
the solid electrolyte layer should have low electronic conductivity, high 
densification and high fracture toughness, similar to the construction of 
the very dense Li6PS5Cl electrolyte made through warm isostatic press-
ing at 490 MPa. Fourth, to further relieve the stresses arising during Li 
plating at the Li–SEI interface, a 3D porous Li host should be introduced. 
The optimized Li–solid electrolyte interface should be composed of 

three parts (Fig. 6b–e), in a situation in which the top layer in contact 
with the solid electrolyte has to be lithiophobic to prevent the reduction 
of the solid electrolyte by the deposited Li; the middle lithiophobic layer 
has to be porous and electronic–ionic mixed conductive to ameliorate 
stress concentration during Li plating, enabling reversible Li plating 
and stripping inside the pores of this middle layer at high capacity; the 
bottom lithiophilic layer on the Li surface must ensure good contact 
between the Li anode and the interphase. Apart from the interphase, 
the solid electrolyte must have a high densification and low electronic 
conductivity to prevent Li nucleation inside the solid electrolyte. Using 
such optimized structures, lithium dendrite-free ASSLBs with high Li 
plating capacity at a low stack pressure can be created.

Summary and perspective
Electrolyte design is critical to the development of advanced batteries 
with superior performance. The bulk properties of the electrolytes are 
important, but so too is the interfacial chemistry that results in the for-
mation of the SEI and CEI at the electrolyte–electrode interface, which 
influences the electrochemical performance. An unstable SEI promotes 
lithium dendrite growth and induces electrolyte depletion, whereas 
unstable CEIs accelerate the loss of the active material, which leads to a 
decay in its fast-charging capacity and, eventually, to cell short circuit. To 
clarify the impact of the SEI and CEI on the electrochemical performance 
of the cell, we first discussed the interfacial chemistries in individual 
aqueous electrolytes, non-aqueous electrolytes and solid electrolytes. 
The underlying interaction among these systems was then covered; 
lithiophobic LiF interphases can overcome the challenges at both the 
anode and cathode in different battery systems due to their wide ESW 
(0.0–6.5 V), high mechanical strength, high ionic:electronic conductiv-
ity ratio and weak bonding to electrode materials. These merits of LiF 
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Fig. 6 | Interface design for lithium dendrite suppression. a, Illustration of the 
Li plating and stripping processes and the Ag@C solid electrolyte interphase 
(SEI) evolution in the Li6PS5Cl-Ag@C-Li structure55, in which Li6PS5Cl is the solid 
electrolyte (SE), the Ag@C SEI is a mixture of Ag nanoparticles and carbon black 
powder. Li deposits at the interface between C and the stainless steel (SS) current 
collector during charging. After discharge, Li is fully stripped, whereafter the initial 
charge–discharge process, the Li6PS5Cl-Ag@C-Li structure changes to Li6PS5Cl-C-Ag  
due to the migration of Ag from Ag@C towards the SS during Li deposition. 

b, A proposed structure to achieve a high-capacity, fast-charging and lithium 
dendrite-free all-solid-state lithium battery, in which the SE layer should have high 
densification and low electronic conductivity; the top sub-layer on the surface  
of SE has to be lithiophobic; the bottom sub-layer on the surface of Li anode has  
to be lithiophilic; the middle sub-layer between the top lithiophobic layer and the 
bottom lithiophilic layer has to be porous, electronic–ionic mixed conductive  
and lithiophobic. c–e, Li plating (parts c,d) and stripping (part e) processes  
in the proposed structure. Part a adapted from ref. 55, Springer Nature Limited.
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interfaces can ensure their high electrochemical-chemical-mechanical 
stability during cell cycling. The stable LiF interphase enables the suc-
cessful application of high-voltage and high-capacity cathodes and 
anodes, which greatly improves the cell-level energy density compared 
with commercial Li-ion batteries. To guide the electrolyte-interphase 
design for next-generation batteries with high energy density and high 
safety, we suggest the electrolyte design to focus on the following objec-
tives: i) electrolytes should be non-flammable to ensure safety; ii) both 
SEI and CEI should be weakly bonded to the electrode and have high 
mechanical strength to withstand the volume change of the electrode 
material, so as to prevent electrolyte depletion, thus increasing the cell 
cycle life; iii) the formed CEI should have a high oxidation stability to 
allow the use of high-voltage cathode materials and the generation of 
a fast ionic conduction pathway to enable fast-charging; iv) the formed 
SEI should have a high interface energy with the anode, as well as a low 
AIOP and high CIOP to suppress lithium dendrite growth — especially 
at high Li plating capacity. However, the answers to the fundamental 
questions of how to construct SEIs and CEIs with tuneable composition 
are not fully known. More interdisciplinary collaboration is needed to 
gain further insight into the SEI and CEI formation mechanisms to allow 
for greater optimization of batteries.

Published online: xx xx xxxx
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