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A B S T R A C T

Solid-state lithium (Li) metal batteries, employing solid electrolytes, with high energy density and enhanced
safety are promising choices for next-generation electrochemical energy storage devices. However, the large
interfacial resistances seriously hinder their commercialization. To construct a conformal interface with accept-
able resistances, introducing small amounts of additional liquid electrolytes is one of the most convenient and
effective solutions. This review summarizes the fundamental understandings on the interfacial behaviors between
liquid electrolytes, electrodes and solid-state electrolytes. Afterwards, emerging strategies are discussed, involving
interfacial wetting, in situ polymerization and interfacial reactions. Finally, current limitations and perspectives
are presented for liquid phase therapy regarding the interfacial science and engineering.
1. Introduction

Energy is the indispensable foundation for our modern technological
society. The limited reserves and environment hazards of consumed fossil
fuels have evoked wide concerns, bringing the rising of renewable and
environmentally friendly energy production. Taking examples of solar,
wind and geothermal energy, those alternatives’ intrinsic problems of
discreteness in space or time require advanced energy storage and
transformation. Rechargeable batteries with high energy density are one
of the most promising solutions [1,2]. Among them, lithium-ion batteries
(LIBs) have achieved a magnificent success in practical application,
including ubiquitous portable electrical devices and the booming electric
vehicles. However, the flammable organic liquid electrolytes in com-
mercial LIBs resulted in several explosion accidents [3,4].

In place of the flammable organic liquid electrolytes, intrinsic
nonflammable solid-state electrolytes (SSEs) possess the ability to
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conquer the radical issues of explosion even under extreme conditions
and also represent advantages of high mechanical strength, excellent
chemical/electrochemical stability, wide temperature ranges and high
Li-ion transference number [5–7]. The solid battery systems can be
stacked within one package through alternating electrodes and
solid-state electrolytes with single current collector. Consequently,
weight and volume density can be much increased, especially when
accompanied with lithium metal anodes [8–11].

Coexisting with above advantages, challenges of solid-state electro-
lytes obstruct the practical application of all-solid-state batteries, espe-
cially under room temperature. Compared with widely-used organic
liquid electrolytes, the low intrinsic ionic conductivity in the bulk solid-
state electrolytes at room temperature worsens the Liþ migration be-
tween electrodes, where numerous works have been devoted and made
much progress [12–15]. For instance, sulfide electrolytes such as
Li10GeP2S12 (LGPS) exhibit outstanding room-temperature ionic
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Fig. 1. Schematic diagrams and the timeline of liquid phase therapy in solid-
state Li metal batteries [31–33,35,38–46].

Fig. 2. Scheme of energetic coordinates for Liþ transfer and desolvation from
electrolytes to (a) anodes and (b) cathodes [47,56].
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conductivity of 10�3 S cm�1, which is comparable to that of organic
liquid electrolytes currently used in commercial lithium-ion systems
[16]. In spite of the much-enhanced ionic conductivity, practical batte-
ries still suffer from the limited specific capacity and shortened cycling
life due to the electrons conduction capability [17], point contact of solid
particles, and enlarged interfacial resistances. Therefore, it arouses
increasing attention that the interfacial issues between solid-state elec-
trolytes and electrodes are the rate-determining step for ionic
transportation.

In typical solid-state batteries, the contact between solid electrolytes
and electrodes is ineffective as a result of the non-conformal morphol-
ogies. The limited and uneven solid-solid interfacial contact results in
inferior ion migration and Li dendrites formation on anodes [18,19]. In
addition, there are generally interfacial reactions occurring between
solid electrolytes and electrodes, especially for highly reactive sulfide/-
oxide electrolytes and Li metal anodes [20–27]. Besides, the contacting of
two materials with different chemical potential triggers the redistribu-
tion of mobile carriers near their interface, constituting the well-known
space-charge layer [24,28]. The above-mentioned interfacial issues
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lead to enlarged interfacial, influencing the practical energy density,
cycling rate, and long-time stability.

Regarding solid-state Li metal batteries, it should be noted that there
are multitudinous expressions for batteries with both solid and liquid
electrolytes such as quasi-solid-state batteries [29], gel polymer elec-
trolyte batteries [30], solid-liquid hybrid batteries [31,32],
pseudo-solid-state batteries [33], dual-phase electrolyte [34] etc. In
order to avoid misunderstanding, it’s crucial to distinguish the ambig-
uous identifications and standardize the different expressions.

To improve the interfacial contact between solid-state electrolytes
and electrodes, liquid phase therapy is a convenient and effective strat-
egy to reduce the solid-solid interfacial resistances. The liquid phase
therapy is introducing liquid electrolytes and related chemical/electro-
chemical reactions to enhance the ionic transportation and stability for
the multiple interfaces in solid-state batteries, where the solid-state
electrolyte is still dominating the ion transportation. Li and co-workers
pioneered the work of liquid phase therapy by introducing carbonate
electrolytes as the film-forming additives to in situ generate an interfacial
layer between oxide solid-state electrolytes and Li metal electrodes uti-
lizing the decomposition of organic electrolytes during cycling, which
results in Li dendrite suppression and excellent cycle performances even
at high rate [35]. Afterwards numerous efforts are devoted to the liquid
phase therapy for interface development in lithium and sodium metal
batteries [36–38].

This review focuses on batteries employing solid-state electrolytes as
the main ionic conductors, with a small amount of liquid substance
within the interfaces. Owing to the mobility of liquid phase, the point
contact of electrodes and electrolytes can be much enhanced with liquid
substances (Fig. 1).

2. Interfacial behaviors between liquid and solid substances

Liquid phase therapy introduces new interfaces in solid-state



Fig. 3. Interfacial reaction properties of electrolytes. (a) Thermodynamic
intrinsic electrochemical stability windows of Li salts and electrolytes. Li binary
compounds (orange), selected solid electrolytes (green), and corresponding
phase equilibria of the solid electrolytes at 0 V and 5 V. The dashed boxes mark
the potential at which the compound is fully delithiated [23]. (b) Solvation
structure of Li ions. Top panel: snapshots of the Molecular Dynamic (MD)
simulation boxes of LiFSI/LiNO3 and LiFSI electrolyte. Colors for different
atoms: H-white, Li-purple, C-gray, O-red, N-blue, F-green, and S-yellow. The
unsolvated solvents are in light gray. Bottom panel: schematics of the solvation
structure of Li ions in corresponding electrolyte [69]. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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batteries, thus the interfacial behaviors between liquid substances and
solid substances are of vital importance to reduce the interfacial re-
sistances. The commonly used liquid substances are organic liquid elec-
trolytes and room-temperature ionic liquids (RTILs). In this section,
interfacial behaviors are decoupled into ionic migration and chemical
reactions.

2.1. Interfacial ionic migration

The Li ions transportations are altered from the migration in all solid
substances to liquid-solid multiphase when fresh liquid-solid interfaces
are generated due to the additional wetting agents. The process of Liþ

transferring across a liquid/solid interface is composed of following steps
(Fig. 2a) [47]: i) Li ions coordinated by several solvent molecules migrate
in liquid phase with the diffusion mechanism, ii) Solvated Li ions are
stripped from the solvent sheath of at the interface, iii) Li ions are
transported in solid phase with respective mechanisms, such as the
interstitial, collective, knock-off, vacancy and hopping mechanisms [44,
48–51]. Although the migration pathways are distinct in various systems,
it is extensively accepted that the desolvation process is the
rate-determining step. Consequently, the features of the coordination
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structure of Liþ is crucial in the ionic transportations. It can be inferred
that a much stable coordination structure, equivalent to strong interac-
tion between Liþ and solvents/anions, exhibits high activation energy
barrier when dissociating to a naked Liþ [52]. Actually, the desolvation
process is much complex due to the formation of solid electrolyte inter-
phase on reactive electrodes. Pulse voltammetric and AC impedance
spectroscopic under different ambient temperatures are effective
methods to identify the charge-transfer resistance, and the activation
energy can be calculated by Arrhenius formula.

Within the electrolyte system, a strong Lewis acid and a strong Lewis
base generally with higher donor number contribute to higher lithium
salt solubility in organics, such as tetramethylurea (TMU) and dimethyl
sulfoxide (DMSO) [53]. Abe et al. claimed that for the concentrated so-
lution, the cleavage of the ion-ion interaction is the rate-determining step
[54]. In the battery systems employing both liquid and solid ionic con-
ductors, “soggy sand electrolytes” aroused certain investigations about
the second phase effects on ionic conductivity [55], where the interfacial
properties of solid-state electrolytes and organic electrolytes are still
lacking a widely-accepted research paradigm.

At the interfaces between organic liquid electrolytes and cathodes,
the Li ions transfer resistances are mostly influenced by the solid part.
The oxide cathode structures during cycling and the electrolyte decom-
position layer influence the Li ions intercalation and extraction. For
instance, the ions desolvation processes before entering partially fluori-
nated insertion electrodes (LiMn1.8Li0.1Ni0.1O4�ηFη, η¼ 0, 0.018, 0.036,
0.055, 0.073) consist of two steps (Fig. 2b) [56]. Firstly, solvated Li ions
adsorb on the cathode surface and strip a part of solvent molecules into
partially desolvated Li ions. Then they diffuse through the surface fol-
lowed by the electrode incorporation of the ions with remaining solvent
molecules taking off.

For electrolyte-Li metal interfaces, lithium ion migration is much
more sophisticated owing to the ultrahigh reactivity of lithiummetal [57,
58]. The solid electrolyte interphase (SEI) layer is created the time Li
metal contacting organic electrolytes. Whether the ion desolvation pro-
cess occurs before or after the electrochemical reduction is still contro-
versial, as the SEI layer is a complex containing oligomers and inorganics.
Although it is hard to determine the transportation pathway from liquid
phase to Li metal anode, the solvation sheath structure and SEI compo-
nent can be regulated by altering solvents, anions, Liþ concentration, and
artificial surface layer, consequently enhancing the efficient ionic
migration and uniform distribution [41,59,60].

Regarding the interfaces between ionic liquid and solid-state elec-
trolytes/electrodes, Ogumi and co-workers investigated the Liþ transfer
at the interfaces between lanthanum lithium titanate (LLT) and various
ionic liquids [61], indicated the formation of contact ion pair, and draw
the conclusions that interfacial activation energies are influenced by both
anion and cation species, among which the effects of anions overweight.
Theoretically, ab initio calculation was employed to investigate the
interface between room-temperature ionic-liquid (RTIL) electrolyte and
Li interface. The atomic and electronic structures of the interface be-
tween a Li (100) surface and 1-ethyl-3-methyl imidazolium tetra-
fluoroborate (EMIM-BF4) ionic-liquid crystal was introduced as the
model system. Periodic density-functional calculations revealed the sig-
nificant attraction of surface Liþ toward BF4� anions can be counter-
balanced by electron transfer toward EMIMþ cations near the interface,
revealing the tendency of lithium ionization, Lix-BF4 cluster formation,
and the reduction of EMIMþ [62].

2.2. Interfacial reaction properties

2.2.1. Interfacial reaction between liquid substance and anode
The reactions between liquid electrolytes and anodes occur on the

condition that the electrochemical potentials of anode are higher than
the reduction limit of electrolytes, and the reactions end until either
electrons or ions are obstructed, generally due to the formation of elec-
tron insulating layer (Fig. 3a) [23,63–66]. Theoretical calculations reveal



Fig. 4. Interfacial reaction between liquid substance and cathode. (a) A proposed model for the solid permeable interface surface layer formed on LiMn2O4 and
LiNi0.8Co0.2O2 electrode [77]. (b) Schematic illustration showing the positive effects of the LiFMDFB-derived CEI layer on a Li-rich cathode during repeated
cycling [41].
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that anions themselves are difficult to be reduced according to the
enthalpy changes. Nevertheless, Li ions are coordinated with anions and
solvents practically, contributing to the decreased enthalpy and the
thermodynamically favorable reactions on Li metal surface [67].

Lithiummetal reduction in nonaqueous electrolyte occurs in less than
milliseconds after contact [68]. The generated SEI layer is heterogeneous
and has aroused abundant investigations. Advanced technologies such as
time-of-flight secondary ion mass spectrometer (TOF-SIMS), X-ray
photoelectron spectroscopy (XPS) and nuclear magnetic resonance
(NMR) present an opportunity to characterize the reactions and products,
where inorganic compositions, such as Li2O, LiF, Li3N, LiOH and Li2CO3,
are generally deposited approaching the anode, and organic composi-
tions, such as ROCO2Li, ROLi, and RCOO2Li (R refers to organic groups
related to the solvent), are gathered above the inorganic compositions. As
a result, the components of SEI are dominated by the liquid electrolyte
composition and the solvation structure of Li ions (Fig. 3b) [69].
Consequently, regulating the solvation structure of Liþ is a practical
strategy to customize SEI.

SEI also generates at the interface between lithium metal anode and
RTILs with different reaction activities. Considering the cations among
ionic liquids, the imidazolium-based ionic liquids exhibit unsatisfying
stability towards the lithium anode, due to the acidic proton at the imi-
dazolium C-2 position. The stability can be improved by exchanging the
acidic proton by a methyl group in prevent of carbene formation [70,71].
Comparably, the RTILs based on tetraalkylammonium, pyrrolidinium, or
piperidinium cations are more stable against reduction on lithium metal
anodes [72]. Moreover, categories of anions in RTILs also highly influ-
ence the characteristics of SEI and battery performances. For instance, a
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dense SEI layer with high resistance was obtained from ionic liquids
containing boron tetrafluoride anions (BF4�) and vinylene carbonates
(VC), resulting in the dendritic lithium deposition and inferior cycling
stability. On contrast, ionic liquids containing bis(tri-
fluoromethanesulfon)imide anion (TFSI�) lead to a SEI layer with low
interfacial resistances and superior cycling stability of around 100 cycles
[73,74]. In addition, bis(fluorosulfonyl)imide anion (FSI�) also contrib-
utes to constructing high conductive interfacial layers [75,76].

2.2.2. Interfacial reaction between liquid substance and cathode
High-voltage cathodes have gained massive researches to realize a

competitive gravimetric and volumetric energy density, such as LiNiO2,
LiNi1-yCoyO2 (0.1� y� 0.3), LiMn2O4, LiNi0.5Mn1.5O4, etc., where a
solid layer is also generated between electrolytes and cathodes, known as
cathode-electrolyte interphase (CEI) (Fig. 4a) [77]. The continuous side
reactions between electrolytes and cathodes bring about the electrolyte
decompositions and irreversible capacity fading in the initial cycle. The
existence of fluoric acid (HF) and water even accelerates the above
process [78,79].

It is generally believed that CEI is an electronic insulator, but whether
it is ionic conducting is controversial. Compared with SEI on the anode
side, CEI is regarded much thinner with only several nanometers thick,
while also renders a heterogeneous layered structure consisting of inor-
ganic and organic compounds. In order to construct a stable CEI, sacri-
ficial electrolyte additives are intensively employed, such as lithium
bis(oxalate)borate (LiBOB), tributyl borate (TBB), Tris(penta-
fluorophenyl)phosphine (TPFPP), methylene methanedisulfonate
(MMDS), lithium fluoromalonato(difluoro)borate (LiFMDFB), etc. The



Fig. 5. Interfacial reaction between liquid electrolytes and solid-state electro-
lytes. (a) Ion transport across the phase boundary between a liquid electrolyte
and a solid electrolyte. Activation energies, Ea, can be measured and assigned to
the conduction mechanisms in both types of electrolyte. The transport of ions
across the phase boundary and the SLEI contribute to the overall impedance. At
least one additional activation energy can be assigned [80]. (b) Schematic di-
agrams representing the reactivity of glyme-based liquids (G3 and Li(G3)xTFSI).
Note that strong coordination of Li ions by O in the glyme weakens the nucle-
ophilic attack on electropositive elements, P, resulting in nonsolvent behavior as
x in Li(G3)xTFSI decreases [40].

Fig. 6. Schematic diagrams of interfacial wetting. (a) Schematics illustrating the
effect of n-BuLi on stabilizing the SE/LE interface [32]. (b) Schematic diagram of
3D continuous Liþ ion flux. A trace amount of LE was added to both sides of the
SE, filling the pores within the cathode as well as wetting the Li metal surface
[31]. (c) Schematic diagram representing the microstructure of the composite
electrodes without and with LiG3, showing that LiG3 improves the imperfect
solid–solid contacts. Carbon additives included in the composite electrode are
not shown in the scheme [40].
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CEI evolution with/without LiFMDFB is shown in Fig. 4b, where
LiFMDFB-derived CEI exhibits enhanced stability [41]. Moreover, several
high-voltage electrolytes, such as sulfone-based solvents, ionic liquids,
and dinitrile solvents, are regarded to restrain the formation of CEI, while
they still cannot prevent the decomposition on the Li metal anodes.

2.2.3. Interfacial reaction between liquid substance and solid-state
electrolyte

The efforts dedicated to interfacial reactions between organic liquid
substances and solid-state electrolytes are relatively less compared with
those between the electrode interfaces. Janek and co-workers described
the dynamic formation of solid-liquid electrolyte interphase (SLEI), and
observed an interface film by simply immersing the liquid electrolytes
onto the solid ionic conductors (Fig. 5a) [80]. Li1þxAlxGe2-x(PO4)3
(LAGP) ceramics exposed to LiTFSI (lithium bis(tri-
fluoromethanesulfonyl)imide), DOL (1,3-dioxolane)/DME (1,2-dime-
thoxs yethane) electrolytes forms an interface layer on ceramic surface.
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Although the formation mechanism of SLEI is unclear yet, the compo-
nents of SLEI can be analyzed by XPS, ToF-SIMS, Raman spectrum, etc.,
where inorganic compounds (i.e. LiF, CO3

2�, PO4
3�) and polymeric com-

pounds can be detected. Jung and co-workers investigated the stability of
sulfide solid-state electrolytes toward ionic liquids, and concluded that
the Lewis alkalinity of oxygen in the triglyme (triethylene glycol
dimethyl ether, G3) is weaker than oxygen in organic solvents. Hence, G3
renders a weaker trend to nucleophilic attack towards sulfide solid-state
electrolyte and realized the compatibility between G3 and LPS/LGPS
(Fig. 5b) [40]. The SLEI layers are generated from multiple reactions and
become steady after several cycles. Compared with activation energies of
Li ions transfer within the liquid and solid-state electrolytes (including
grain boundaries), the charge transfer across SLEI is the rate-determining
step, which increases the resistance and retards Li ions migration at the
interface. The existence of water facilitates the formation of SLEI. Clearly,
more researches are necessary to identify the reactions between organic
liquid and solid-state electrolytes.

Overall, the interfaces between liquid and solid phase dominate the
ionic transportation efficiency for SEI, CEI and SLEI. And the solvation
structure of Li ions contributes much to the interfacial properties.
Therefore, introducing appropriate liquid phase therapy with high
mobility not only helps to increase the effective contact area between
solid electrolyte and electrodes, also promotes ions migration
comprehensively.



Fig. 7. Schematic diagrams of in-situ polymerization. (a) Schematics of in situ
polymerization for Li metal battery [97]. (b) Schematic diagrams of solid
Li-metal battery with solid polymer electrolytes (SPEs), inorganic ceramic
electrolytes (ICEs) and asymmetric solid electrolytes (ASEs) Cathode/electrolyte
is designated as C/E [41].
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3. Strategies for liquid phase therapy

The well-developed contact strategy aims to construct conformal in-
terfaces, including interfacial wetting, in-situ polymerization and
designed interfacial reactions, keeping solid-solid interfaces contact
effectively in charge and discharge process.
3.1. Interfacial wetting

The ionic transport through pristine interface between solid-state
electrolyte and electrode is sluggish due to the limited contact of
inflexible solid substances, especially the ceramic electrolytes with high
ionic conductivity. The alternation to polymer solid ionic conductors
rather than ceramics improves the flexibility of solid-state electrolyte for
the increased contact area, while the inadequate ions transportation
capability of polymer segments motions hinders the operation under
room temperature.

In order to establish the conformal interface, interfacial wetting is one
of the most convenient solutions. The point–point access is converted to
much extensive area contact due to the liquid electrolyte wetting with
high mobility.

The widely-used carbonate-based liquid electrolytes are favorable for
wetting reagents. Aguesse, Llord�es and co-workers compared the cycling
performances of polycrystalline garnet-type ceramics electrolyte with or
without carbonate electrolytes for interfacial wetting in full cells, where
40 μL of 1M LiPF6 in EC/dimethyl carbonate (DMC) is added into a glass
fiber as the wetting layer between the Li6.55Ga0.15La3Zr2O12 ceramic
electrolyte and LiFePO4 cathode, facilitating the Liþ transfer at interface
[43]. Zhong and co-workers added the carbonate-based electrolyte at
interfaces between Li7La3Zr1.5Ta0.5O12 (LLZT) and bipolar electrodes for
Li | liquid electrolyte (LE) | LLZO | LE | LiFePO4 configuration. Besides, it
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was revealed that the Liþ/Hþ exchange might lead to Liþ deficiency
along the LE/LLZO interface and retard Liþ conduction, thus they added
n-BuLi, a super base, into LE to restrict Liþ/Hþ exchange and lithiate
LE/garnet interface (Fig. 6a) [32]. Further, Sun and co-workers cut down
the volume of LE to 2 μL at both interfaces. The LE added at cath-
ode/Li1.4Al0.4Ti1.6(PO4)3 (LATP) interface acted as wetting reagent to
form an intermediate layer on the cathode and dense SLEI approaching
the anode, enabling the continuous Li ions flux and preventing the
reduction of LATP by Li metal (Fig. 6b) [31]. Although the
carbonate-based liquid electrolytes render numerous benefits such as low
cost and universality, the poor chemical stability against strong reduc-
tive/oxidative electrodes results in severe consumption of LE and sub-
sequently shortened cycle life. While, it generates safety concerns again if
excess organic electrolytes are employed to compensate for the con-
sumption, obstructing their applications.

RTIL constitutes another candidate for interfacial wetting owing to its
high ionic conductivity, thermal stability, nonvolatility, nonflammability
and excellent stability against electrodes and solid-state electrolytes.
RTILs have been mixed into polyethylene oxide (PEO)-based polymeric
electrolytes for flexible composite electrolytes with promoted interfacial
contact [81,82]. In general, RTILs are mostly coupled with oxides, such
as LISICON-type, NASICON-type, garnet-type solid-state electrolytes to
reduce resistance at Li/SSE, graphite/SSE, cathode/SSE interfaces [33,
38,39,83]. Sodium batteries also provide inspirations for lithium metal
batteries [84]. Nonvolatile and nonflammable ionic liquids such as
anion-based N-methyl-N-propyl- piperidinium-bis(fluorosulfonyl) imide
(PP13FSI) can be also utilized for solid-state sodium batteries. The ionic
liquid-wetted batteries can be operated at room temperature and exhibit
prolonged cycling lifetime (250 cycles vs. 40 cycles) compared with the
all-solid-state batteries operating at 80 �C [38]. Moreover, Goodenough
and co-workers also employed the plastic–crystal electrolytes constituted
by succinonitrile complexed with sodium salts to penetrate into the
cathodes for larger access [37]. Guo and co-workers synthesized a
composite electrolyte consisting of Li-salt-free PEO and Li6.4La3Zr1.4-
Ta0.6O12 (LLZTO) wetted by 1.8 μL cm�2 [BMIM]TF2N in interface.
Solid-state Li metal full cells realized competitive rate capability and
stability. Numerous Li ions are released from LLZTO and transported
through abundant conductive paths through the RTIL wetted interfaces
[82]. Meanwhile, Zhang and co-workers proposed that dissolving a
lithium salt in RTIL for enhanced ionic conductivity will inevitably lead
to stronger ionic interactions in the mixture, which increases the vis-
cosity and hence affects the ionic mobility. Hence, 1-butyl-1-me-
thylpyrrolidinium bis(trifluoromethylsulfonyl) imide (BMP-TFSI) was
added to not only facilitate Liþ transfer at interface, also suppress lithium
dendrite growth by homogenizing Li ions distribution [85]. However,
Appetecchi and co-workers doubted whether NASICON-ionic liquid
hybrid electrolytes can realize a synergic effect to accelerate ionic
transportation [86]. They claimed that simply combining
Na3Si2Y0.16Zr1.84PO12 and N-butyl-N-methylpyrrolidinium bis(tri-
fluoromethanesulfonyl)imide (Py14TFSI) does not result in the
enhancement practically due to the high activation energy barrier at
interface, and processing conditions affect the ions migration. Besides
oxides, ionic liquids can also be employed in sulfide electrolytes to
eliminate ionic isolated particles. Jung and co-workers employed Li(G3)
TFSI (triethylene glycol dimethyl ether, G3) into the composite cathodes
including LiFePO4 and carbon additives to achieve favorable ionic con-
tacts (Fig. 6c) [40].

Therefore, interfacial wetting facilitates ions transportation effec-
tively, but shortcomings still exist. The consumption of the limited wet-
ting reagent is inevitable during cell cycles, leading to the conformal
interface failure and battery performance decay. The intrinsic high
reactivity of lithium metal and high-voltage cathodes leads to compli-
cated interfacial reactions. A generated electron insulated layer will
terminate the reactions, while a mixed ionic and electronic layer will
result in severe side reactions and active materials consumption. Intro-
ducing such small amount of electrolyte addition for large-format cells



Fig. 8. Schematic diagrams of interfacial reaction. (a) Schematic of the preparation process of in situ LiH2PO4 protective layer and the LCO/LGPS/LiH2PO4-Li battery
with optimized structure [44]. (b) Schematic illustration of interfacial modification mechanism of different Li salts and Pyr13TFSI [45].
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requires the innovation in terms of manufactory for quality control
purposes. In addition, the intrinsic energy barrier at the solid-liquid in-
terfaces and the high cost of RTILs should also be concerned. In order to
take advantage of interfacial wetting, it is vital to decrease the migration
barrier of the fresh interface, increase the compatibility of wetting re-
agents and reduce the cost of fabrication.
3.2. In-situ polymerization

A stable conformal interface for ionic conduction requires a deform-
able interfacial layer to tolerate huge volume changes during repeated
cycling, where in situ polymerization leads to a native and flexible
conformal interface to fit the intrinsic morphology of electrode and
electrolytes [87]. Polymer precursors are favorable for maximizing the
contact area, then in-situ polymerization is triggered to fulfill the inter-
space under certain conditions, such as thermal initiation, ultraviolet ray
(UV) and electricity [46,88–90]. Although several strategies of in-situ
polymerization are not formerly presented to solve the inorganic
electrolyte-electrode interfaces, they offer significant opportunities for
future interface engineering and will also be reviewed in this section.

Recently, Kang and co-workers carried out a series of researches
about in-situ polymerization, such as polyaniline (PANI), poly(ethylene
glycol) diglycidyl ether (PEGDE), polyvinyl alcohol (PVA), and pen-
taerythritol tetraacrylate (PETEA)-based gel polymer electrolyte
[91–93]. For instance, Zhou et al. revealed that the in-situ gelation
mechanism of cyanoethyl polyvinyl alcohol (PVA-CN) based gel polymer
electrolyte is actually the in-situ cationic polymerization of cyano resin
initiated by PF5, which is a strong Lewis acid decomposed from LiPF6
[94]. Besides, the SiO2 hollow nanosphere-based composite solid elec-
trolyte is synthesized via in-situ polymerizing the tripopylene gycol
diacrylate (TPGDA) absorbed in SiO2 a hollow nanosphere layer [93].
Watanabe and co-workers prepared a gradient structured poly(pyrrole)
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(Ppy)/ion-conducting polymer electrolyte (PE) composites by in-situ
electropolymerization, in which Ppy acted as a conductive polymer
cathode and PE acted as solid-state electrolyte [95]. Zhou and co-workers
found that once an appropriate current was applied during the
charging-discharging processes of Li | DOL/DME | LiCO2 cell, the original
liquid electrolyte was generally polymerized during the first several cy-
cles irreversibly [96]. Cui and co-workers investigated a series of in-situ
synthesized polymer electrolytes for high-voltage operations, such as the
poly(acrylic anhydride-2-methyl-acrylic acid-2-oxirane-ethyl
ester-methyl methacrylate) (PAMM)-based electrolyte with in-situ
cross-linking polymer network, whose electrochemical window is as
extended as 5 V. The anhydride and acrylate groups can respectively
provide high voltage resistance and fast ionic conductivity (Fig. 7a) [97].
Recently, Wan, Guo and co-workers put forward the concept of asym-
metric solid-state electrolyte. Electrolytes on the Li metal anode side
exhibit high modulus to suppress Li dendrites, and cathode-side elec-
trolytes are flexible to reduce interfacial resistances. Batteries render an
asymmetric architecture in which a rigid ceramic layer modified with a
7.5 nm-thick polymer faces Li anode and a soft polymer layer spreads
over the exterior and interior of cathode, and the interior polymer layer is
in-situ generated from poly(ethylene glycol) methyl ether acrylate
(PEGMEA) (Fig. 7b) [41].

Consequently, in-situ polymerization can construct the conformal
interface for the smooth charge transfer at the interfaces. However, the
polymerization procedure is hard to control inside the battery due to the
complicated chemical environment. Even if the in-situ formed polymer
buffer layer offers perfect protection initially, the physical adhesion be-
tween active materials and electrolytes cannot guarantee an efficient
interfacial ion migration and avoid solid separation during the entire
lifecycle, especially when the volume and morphology of electrodes
change tremendously in the charge and discharge process, challenging
the long-term cycling.



Table 1
Comparison of solid-state battery results with and without liquid electrolyte additives.

Electrolyte Liquid agents Cathode/Anode Solid-state battery results

with liquid electrolyte additives without liquid phase therapy

LGPS Li(G3) TFSI (triethylene glycol
dimethyl ether, G3)

LFP (LiFePO4)/
Li-In

144mA h g�1 (initial)
0.1C, 30 �C
30 cycles

Negligible capacity [40]

LGPS DOL/DME electrolyte TiS2/Li metal Capacity retention of 91.7% in 200 cycles Capacity retention of 76.1% in 70 cycles [42]
LiSnPS 1.5M LiTFSI/Pyr13TFSI in situ

reaction
LFP/Li metal 144 mAh g�1 (initial)

0.1C
Capacity retention 84.7% after 30 cycles

103 mAh g�1 (initial)
0.1C
Exhibiting failure in 7 cycles [45]

LGPS LiH2PO4 layer via H3PO4 and Li
reaction

LiCoO2/Li metal 118.7 mAh g�1 (500th) 0.1 C
Capacity retention 86.8%

/[44]

LLZO carbonate-based electrolyte with n-
BuLi

LFP/Li metal 400 cycles with nearly constant interface
areal resistance.
100 and 200 μA cm�2 room temperature

Interface resistance increasing from ~1056 to
~2419Ω cm�2 after 10 cycles [32]

LATP 2 μL 1M LiPF6 EC/DMC/DEC LFP/Li metal Interfacial resistance:
90Ω

Interfacial resistance:
4470Ω [31]

PEO and
LLZTO

1.8 μL cm�2 [BMIM]TF2N LFP/Li metal 133.2 mA h g�1

0.1C, 25 �C
Capacity 88% after 150 cycles

/[82]

LLZTO BMP-TFSI without lithium salts NCM811/Li
metal

150mA h g�1 (initial)
0.5C
102mA h g�1 (200th)

/[85]

LLZO PEGMEA LFP/Li metal 160.6 mAh g�1 (initial)
0.2C, 55 �C
151.2 mAh g�1 (120th)

/[41]

LGPS, Li10GeP2S12; LiSnPS, Li10SnP2S12; LLZO, Li7La3Zr1.5Ta0.5O12; LLZTO, Li6.4La3Zr1.4Ta0.6O12; LATP, Li1.4Al0.4Ti1.6(PO4)3.
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3.3. Designed interfacial reaction

In order to strengthen the interaction between solid-state electrolyte
and electrodes for a stable and long-term cell cycling, it is rewarding to
take advantages of interfacial reaction to in situ construct the intimate
contact. An ideal interlayer is a favorable ionic conductor to carry ions
smoothly with tight contacts of both sides and decreased resistances, and
electron insulated to avoid further corrosions.

Nowadays, utilizing the interfacial reactions is still a challenge with
several attempts to prevent undesirable reactions by introducing
designed in situ reactions, due to that the reactions are too complicated to
regulate, especially in pouch cells [98–100]. Gao et al. constructed an
organic-inorganic nanocomposite interlayer via in situ electrochemical
decomposition of DOL/DME electrolyte between Li metal and LGPS. The
in situ formed protective layer was composed of organic elastomeric salts
(LiO-(CH2O)n-Li) and inorganic nanoparticle salts (LiF, –NSO2-Li, Li2O)
to protect LGPS against Li metal corrosion [42]. Xu and co-workers
spin-casted the phosphoric acid (H3PO4) and tetrahydrofuran (THF) so-
lution onto the Li foils to form a LiH2PO4 interlayer between Li and LGPS,
Fig. 9. Schematic diagrams and future challenges of liquid
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which not only provides an intimate contact, also eliminates the inferior
reactions (Fig. 8a) [44].

Interfacial engineering including artificial SEI construction has been
extensively investigated in the liquid Li metal batteries and acts as a
significant reference for solid-state batteries [101,102]. Various elec-
trolytes and additives, such as fluoroethylene carbonate (FEC), poly-
sulfides, lithium nitrates, etc. [69], are also candidates for adjusting
interfacial reactions to manipulate the interface composition and struc-
ture. Zheng et al. investigated the reactions of Li10SnP2S12 (LSPS), Li
metal anode, and additional ionic liquid N-propyl-N-methyl pyrrolidi-
nium bis(trifluoromethanesulfonyl)imide (Pyr13TFSI), where an in-situ
formed interface layer was established through LiTFSI/Pyr13TFSI. They
also propose that LiFSI results in LiF enrichment between LSPS and Li
metal, leading to higher resistance (Fig. 8b) [45].

Accordingly, strategy of regulating interfacial reactions in solid-state
batteries is in infancy. Published works generally focused on forming an
inert interlayer to prevent the inferior reactions efficaciously between
solid-state electrolytes and electrodes. The cycling lifetime of solid-state
batteries, especially under high current density and high areal capacity, is
phase therapy in practical solid-state Li metal batteries.
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still limited and far from practical applications. Actually, reaction prin-
ciples of liquid electrolytes, solid-state electrolytes, and Li metal anodes
have not been revealed clearly yet. Reactions between solid electrolyte
and electrode are equally critical as many such solid-solid interfaces are
chemically and electrochemically unstable, leading to a crosstalk be-
tween the various reaction pathways. The surface property of one solid-
state electrolyte also varies due to the decomposition under ambient
atmosphere. Therefore, a deeper understanding of the interfacial chem-
istry, especially material evolutions during cycling, is essential for
interfacial reaction regulations.

4. Conclusion and perspective

Advanced batteries utilizing solid-state electrolytes and Li metal an-
odes provide significant opportunities towards high energy density and
safety assurance. With the rapid development of solid-state super-ionic
conductors exhibiting high ionic conductivity, the interfacial challenges
constitute an increasing significant factor in battery systems. The large
interfacial resistance owing to the point–point contact of solid electro-
lytes and electrodes retards ionic transportation, influencing the capac-
ity, rate performance and battery lifespan.

Consequently, taking advantages of liquid phase with high mobility
contributes to constructing a conformal interface layer for efficient ionic
migration, where organic liquid electrolytes and room-temperature ionic
liquids are generally utilized. Fortunately, there are wider choices of
electrolytes for liquid therapy, as the electrochemical window can be
slightly narrowed thanks to the solid electrolyte separation. The liquid
phase therapy can be achieved by introducing an additional wetting
process or modifying the drying process in terms of manufacturing,
which can integrate into existing production lines. In this review, we
summarized recent progress for understanding ion migration mecha-
nisms and the interactions between additional liquid substances, cath-
odes, anodes and solid electrolytes. Multiple techniques are employed to
reveal the interface evolution, where the solvation structure of Li ions is
crucial in interface layer formation and rate-determine step. Based on the
fundamental investigations, strategies such as interfacial wetting, in situ
polymerization and designed interfacial reactions were proposed and
made much progress in battery performance enhancements (Table 1). It
should be noted that introducing flammable liquid substances will also
increase the safety risks. Consequently, it is of vital importance to reach
the balance between safety and high energy/power density
requirements.

Liquid phase therapy exhibits bright prospects in interfacial engi-
neering towards a practical Li metal battery with solid-state electrolytes.
Further researches are necessary to realize a controllable interface for cell
operations (Fig. 9).

(1) Challenges and requirements for future solid-state Li metal bat-
teries include low interfacial resistance during all life cycle, Li
dendrite inhibition at high rates, high thermal/chemical/electro-
chemical stability, and acceptable performances at low tempera-
ture.

Practically, it is difficult to wet all active particles and restrict
the liquid agents within the interfaces through limited amount of
liquid electrolyte. The electrochemical stabilities of wetting re-
agents are still necessary for desirable CEI and SEI formation. The
chemical and thermal stabilities are influenced by various com-
ponents in wetting reagents such as solvents, salts, and polymers.
It is rewarding to initially construct a SEI/CEI layer followed by a
polymerization process, where polymers with super-elasticity is
promising to tolerate huge volume changes. The liquid reagents
can be transformed to solid phase through solvent evaporation
and reactions in a working battery.

(2) Accurate energy chemistry mechanisms. Fundamental science
about the interfacial chemistry underpinning liquid phase therapy
offers principles and innovations for practical interface design. It
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is beneficial to characterize and study the interface materials and
energy chemistry in solid-state Li metal batteries, especially under
a large capacity and current density. It provides more opportu-
nities to incorporate the theoretical methods (e.g. density func-
tional calculation, phase field simulation) and advanced
characterizations (e.g. in situ and operando techniques).

(3) The development of computational modeling, machine learning,
and data-driven techniques can contribute to the electrolyte
screening, greatly accelerating the interface design.

(4) Construction of a conformal interface operating effectively during
whole battery lifecycle. Although amounts of strategies manage to
realize a perfect interface in the initial cycle, the material revo-
lutions might result in much increased interface resistances during
repeated cycling.

(5) Researches of solid-electrolyte interphase (SEI) layer in liquid Li
metal batteries provide abundant inspirations for liquid phase
therapy, while the compatibility of solid-state electrolytes and
cathodes deserve sufficient attentions.

(6) Safety concerns and cost. The introduction of excessive organic
liquid electrolytes brings about safety concerns in traditional
lithiummetal batteries. More investigations and optimizations are
required to balance the energy density, lifespan and safety. Be-
sides, liquid phase such as ionic liquids will inevitably lead to cost
increase and more sophisticated battery construction during
commercialization.

(7) Achieving a satisfying battery performance requires a full picture
of battery system, where each component is indispensable,
including electrode and electrolyte materials, process routings and
battery operations. Consequently, it is crucial to make joint efforts
in materials science, electrochemistry, chemical engineering, and
abundant related fields.

Despite the challenges, liquid phase therapy is one of the most
convenient and effective solutions for interface construction in lithium
metal batteries. Devoting more efforts are rewarding to boost the prog-
ress. The synergism of electrochemistry, materials evolution, and inter-
face engineering is promoting the development of practical solid-state Li
metal batteries in the future.
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