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ABSTRACT

High-specific-energy batteries with long-lifespan are the development aspiration for energy storage applications. Metal electrodes
with high specific capacity and low reduction potential are potential candidates for next-generation high-specific-energy batteries.
Nevertheless, the stability of the metal electrode batteries is constantly suffered from the unstable interface issue during the plat-
ing/stripping process, such as dendrite formation, dynamic evolution of solid electrolyte interphase, and other accompanied side
reactions. To solve these challenges, numerous researches have been intensively studied based on the interfacial engineering of
metal electrodes, including electrode configuration optimization, interfacial chemistry regulation and solid—solid interface construc-
tion, and the recent progress is elaborately introduced in this paper. Nevertheless, the dendrite issues cannot be entirely prohibited
in solid metal electrodes, which motivate the search for potential alternatives. Liquid-metal electrodes with completely reversible
structural changes and high mass transfer rate are rendered as an effective approach to solve the dendrite problem. Therefore, the
development of liquid metal electrode batteries is reviewed in this paper, in which the interfacial issues are explicated and some
commendable achievements are summarized. In the end, the implementation of interfacial engineering and the development

roadmap of the metal electrode batteries are prospected.
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society to realize sustainable development, which urges the
transformation of traditional fossil-based energy resource
to green energy consumption structures. Energy storage technology
can efficiently integrate renewable energy into the grid and is a key
support to achieve the goal of carbon neutrality. As one of the
most potential energy storage technologies, lithium(Li)-ion bat-
teries have had a deep influence on society, recognized by the 2019
Nobel Prize in Chemistry". Although marvelous energy density
has been achieved by graphite anode and lithjum-metal oxide
cathode, it is still limited to meet the demand of higher energy
density. Metal electrodes have been explored as a potential alter-
native for their high theoretical capacity and low electrochemical
potential™’. The applications of metal electrodes in batteries have
been studied for a long time, for example, Li-metal electrode in
batteries was achieved by Laszczynski and Gorski in 1897". How-
ever, the development of lithium-metal batteries has been put on
hold due to the inability to solve the recharging issues of lithium-
metal electrodes. Recently, the pursuit of high energy density has
rekindled the researchers’ interest in the field of metal electrodes.
Metal electrodes are charged and discharged through the elec-
tro-plating/stripping of metal ions, which is fundamentally
responsible for the interface issue. The interface issues, including
dendrite growth, evolution of the solid electrolyte interphase (SEI),
and other side reactions, directly lead to the poor stability and saf-
ety of metal electrode batteries™. Fortunately, numerous solutions
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have been proposed in recent years, including electrode configu-
ration optimization, interfacial chemistry regulation, solid—solid
interface construction, and designing of liquid metal electrodes”.
In this review, we summarize the original interface issues of metal
electrode and some important influencing factors at first, as
shown in Figure 1 (the ring layer in the middle). Then, the interfacial
engineering efforts on metal electrodes are emphasized which
includes the electrode configuration optimization, interfacial
chemistry regulation, and construction of solid-solid interface.
Moreover, the designing of liquid metal electrodes and the latest
progress in metal electrode batteries are dedicated, including the
enhancement of liquid metal electrodes wettability, the construction
of stable liquid-liquid interface, and the measurement of the
chemically stable interface. Finally, the prospects of various strate-
gies in metal electrodes interface engineering are systematically
reviewed, and the development direction of the next generation of
high-specific-energy and long-lifespan metal electrode batteries is
described.

1 Challenges of solid metal electrode in batteries

The interface characteristics of metal electrode directly determine
the cycle life and safety of metal electrode batteries, which is one of
the biggest challenges hindering its practical applications. The
interface issues of metal electrodes could be attributed to three
categories: dendrite formation, SEI evolution, and interface
incompatibility and instability (as shown in Figure 2(a)). In
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Fig.1 An overview of the development of metal electrode batteries, including the interface issues of the solid metal electrodes and liquid metal electrodes (the
ring layer in the middle), and responding interface engineering strategies (the outer ring layer).
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Fig.2 (a) Schematic diagram of interface issues of solid metal anode. (b) Factors affecting dendrite growth.

Figure 2(a), the metal dendrites formed in electroplating process pierce the membrane and cause the battery short-circuit. In addi-
can easily detach from the substrate during the stripping process tion, the increased contact area caused by the dendrite will aggravate
and form dead metals, which lead to the battery capacity fading. the consumption of the electrolyte, thus increasing the polarization
Moreover, the unrestricted growth of the metal dendrites can easily and limiting the cycle life of metal electrode batteries.
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1.1 Dendrite formation

In general, the deposition behavior of metal anodes can be classified
into the nucleation and growth steps'. The favorable sites (defects
such as impurities, cracks, pores, etc.) can effectively promote ions
nucleation, inducing uneven ion accumulation on the metal sub-
strate”. Similarly, the high current density will cause a non-uniform
electric field on the surface of metal electrodes, and resulted in
uneven ions nucleation. On this basis, metal ions tend to aggregate
and grow into dendrites during the deposition process in order to
decrease the surface energy and exposed area”. Therefore, The
growth of dendrites is an electrochemical problem involving many
complex factors inside the battery (Figure 2(b)), and there are also
different interpretations for the formation of dendrites™’. Take the
lithium metal as an example, several models have been proposed,
including the space—charge model”, heterogeneous nucleation
model”, Sand’s time model®”, etc. The most commonly accepted
model is the space—charge model proposed by Chazalviel et al. to
explain electrodeposition kinetics. In this model, they pointed out
that the growth of Li dendrites in dilute solutions is fundamentally
driven by the space charge formation when the anions near the
cathode are depleted, and indicated that the time of the dendrite
growth is proportional to the current density®’.

eC(u,+ )
4Py

where 7 is the initial time of dendrites growth (usually called
Sand’s time), ] represents the current density, and D represents the
diffusion coefficient. g, and p;;+ represent the mobility of anion
and lithium ion, respectively. C, stands for the initial concentration
of lithium ions. Sand’s time equation lays strong support for the
investigations and research in metal electrode batteries.

T=7D

1.2 Dynamic evolution of SEI

As an electronic insulator and excellent ion conductor, SEI was
first discovered by Dey and Sullivan in 1970" and defined by
Peled in 1979", whose structure and composition are closely
related to the deposition of metal ions. When the active metal
electrodes are directly in contact with electrolytes, the reaction
inevitably occurring at the electrode-electrolyte interface (EEI)
will form SEI because of the low equilibrium potential of active
metals (such as Li and Na). SEI is mainly composed of organic
elements in the outer layer and inorganic elements in the inner
layer'. Among them, the inorganic components are mainly M,O,,
M,F,, M,(CO;),, and the organic components are mainly ROM,
ROCO,M, and RCOOM™ ™ (R is alkyl group and M is alkali
metal jons). The diagram is shown in Figure 3(a).

Furthermore, the quality of the SEI film directly affects the
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electrochemical performance of batteries. A perfect SEI film
should have the following concentrated characteristics: (1) physic-
ochemical stability, (2) mechanical flexibility, and (3) efficient ions
pathway. Shi et al. found that the SEI dynamically undergoes the
formation and collapse process in Li-metal batteries"”. Generally,
metal ions deposition results in volume expansion of metal elec-
trodes, and the consequent concentrated mechanical stress would
destroy the integrity of SEI on the surface of metal electrodes. The
breakage of the SEI film will expose the fresh metal electrode sur-
face, which will constantly promote the consumption of the elec-
trolyte and active materials, increasing the interface charge transfer
resistance and the polarization (Figure 3(b)).

1.3 Interfacial incompatibility and instability

The use of non-flammable solid-state electrolytes (SSEs) and
aqueous electrolytes can alleviate the potential safety hazard
caused by thermal runaway of batteries resulted from dendrites,
and improve the safety of metal electrode batteries. However, the
concomitant problems in solid-state batteries and aqueous elec-
trolyte batteries should be concerned when pairing with the metal
electrodes.

For solid-state batteries, the stable electrochemical operation
has been greatly hindered by the interfacial incompatibility and
instability at the solid-state-electrolytes/metal electrodes interface.
Firstly, the lattice mismatch between the electrode and SSEs will
result in a huge contact loss and limit the discharge performance
of the solid-state battery”". Besides, high reactive metal electrodes
can reduce the SSEs to form interphase and the electron-conductive
interphase, in turn, this process will promote the constant decom-
position of SSEs™. These phenomena would lead to dendrites
growth, increasing polarization, poor kinetics of SSEs, and capacity
fading of the battery.

In addition, aqueous electrolyte systems have also been exten-
sively studied in recent years, the most typical of which is aqueous
zinc-jon batteries. Generally, the electrochemical reaction in aque-
ous zinc-ion batteries is carried out in the weakly acidic electrolyte
in which the hydrogen evolution reaction (HER) and corrosion of
zinc metal electrodes will inevitably occur™. In addition, the HER
will lead to the formation of electrochemically active by-products
(like ZnSO,4[Zn(OH),];-xH,0). These side reactions will constantly
consume electrolyte and active zinc and deteriorate the battery
performance.

2 Interfacial engineering of solid metal elec-

trodes

The operation of a battery is always accompanied by electron
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Fig.3 (a) The composition of SEL (b) Schematic diagram of SEI evolution during Li deposition/stripping at electrode/electrolyte interface (reprinted with permission
from ref. [19], © Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021).

206

iEnergy | VOL 1 | June 2022 | 204-222



Metal electrode batteries REVIEW

transfer and ion transmission at the EEL A stable EEI plays a vital
role in promoting cyclability and extending the lifetime of
rechargeable metal electrode batteries. Many measurements have
been put forward which can be divided into the intrinsic transport
dynamics optimization of the metal electrode, interfacial chemistry
regulation, and the solid-solid interphase construction.

2.1 Intrinsic transport dynamics optimization

Regulating the ion transport dynamics has been proven to be an
effective strategy to inhibit dendrite formation. Based on lowering
the nucleation energy barrier, exposing nucleating sites, and
reducing the volume expansion, several manipulating strategies
can be categorized in the 3D structured metal anode, regulating
the crystal orientation and alloying. A brief summarization is
shown in Table 1.

2.1.1 3D structured metal anode

The unique integrated network in 3D architecture can favor the
ions/electrons transportation, provide more nucleation sites, min-
imize the local current density and accommodate volume
changes”. However, the structure modification of pure metals
may suffer from structural destruction and is difficult for the large-
scale manufactory”. Therefore, the focus has been shifted to opti-
mizing the 3D metal and carbon-based current collector of alkali
metal electrodes.

Mountainous porous metal current collectors (Cu foam, Ni
foam, porous Al™, etc.) have been applied in metal electrodes and

Table1 Strategies in intrinsic transport dynamics optimization

have been confirmed to extend the cycle life and improve the CE
(Figures 4(a)-4(d))”. Porous Cu current collectors have been
applied in multiple metal electrodes. Zhang et al.” introduced 3D
porous Cu (3DCu@NG) current collector in lithium-metal
anodes. The Li-3DCu@NG anode presents a high areal capacity
of 4 mAh-cm™ and an ultralow voltage hysteresis of =19 mV. Sun
et al.” utilized Cu,,Zn,; tape to fabricate a 3D porous Cu current
collector in zinc ion batteries, realizing a high coulombic efficiency
(CE) of 99.4% after 400 cycles at 1 mA-cm™ and low voltage hys-
teresis voltage (20 mV).

3D carbon-based current collectors have stood out among all
metal current collectors due to the lightweight, easy processing,
and low-cost merits. Many 3D carbon-based current collectors
like carbon cloth, porous carbon, 3D carbon nanotubes(CNTs),
3D graphene have been widely investigated. Graphene frameworks
composed of 3D hollow spheres have been reported as a free-
standing host for the smooth deposition of Li ion™. The optimized
Li metal electrode can stably operate over 1000 h and the LFP||3D-
GF@Li full cell exhibits the capacity retention of 90% for 200
cycles. 3D carbon scaffold with Zn metal is often synthesized by
depositing Zn onto the 3D framework. The as-fabricated anode
presents a promisingly low voltage hysteresis (27 mV) and ultra-
stable cyclability (200 h at 2 mA-cm™).

The introduced 3D metal and carbon-based current collectors
are widely researched to mitigate the dendrite problems in metal
electrodes. However, the high electrolyte consumption and the
low initial CE of the 3D current collector hinder their further

Current density

Plating-stripping

. -2 i i i
Modification methods Systems Configuration (mA-cm )./ cycles of metal Cyclinglife in Ref
areal capacity full battery
8 electrode
(mAh-cm™)
3D Cu mesh@CuO 10/3 1000 cycles 1000 cycles, 77.6% [33]
3D Ni foam@NiCo,0, 1/1 500 cycles — [34]
L I;Ia;no—rods A/
porous Au 0
3D structured Cu nano-scaffold 1/1 1300 h 200 cycles, 97.7% [35]
metal current Gradient conductive- 1/8 1040 h 100 cycles, 99.4% [36]
collectors dielectric framework
Na Oxsygen-treated Cu foam 2/3 300 h 100 cycles, 87% [37]
3D Zn 0.5/0.1 1400 h — [38]
Zn -Sn-—
illl)osu foam@Zn-Sn-Pb 4N 1000 h 4000 cycles, 87% [39]
Nitrogen-doped graphitic 211 1200 h 300 cycles, 99.6% [40]
TR L,
doths modihied carbon 2/4 1000 h 200 cycles, 75 % [41]
Carbonized coconut 50/1 400 h 100 cycles, 94% [42]
3D carbon-based Na framework
current collectors 3D flexible carbon felt 5/2 120 cycles 200 cycles, 98.6% [43]
3DCNT 2/2 200 h — [44]
7n 3D porous hollow fiber
scaffold@TiO,, SiO,, and 20/1 2000 cycles 1000 cycles, 85% [45]
carbon
Li Cu(100) current collector 4/1 200 cycles — [46]
ReguI.a ting Frystal (002) Zn 16/0.8 10000 cycles — [47]
orientation 7n
(100) Zn 5/1 1200 h — [48]
Li-Al alloy 0.5/1 1700 h 280 cycles, 80% [52]
Li
Li-Bi, Li-In, Li-Zn alloy 2/2 1000 h 1500 cycles, 87% [49]
Alloying
Na Na-Ge allo 15.83/— 15 cycles — [50]
Y y
Zn Zn-Cu alloy 4/1.58 5000 cycles 5000 cycles, 90.2% [51]
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Fig.4 (a) Diagram of inhomogeneous and homogenous Li flux on Cu current collectors. (b) SEM image of M-bpyN@Cau. (c) Schematic of cell assembling using M-
bpyN layers. (d) Charge-discharge profile of Li||Li, LiM-bph|Li, and Li|M-bpyN|Li for long-term cycling at a current density of 1.0 mA-cm™ (a-d) Reprinted with
permission from ref. [27], © 2020 The Authors. (e) Schematic of the Li plating process on the 3D Cu foil and 3D Cu@Al foil. (f) Bright-field TEM (STEM) image and
the corresponding Cu, Al, and overlapped element mapping images of the 3D Cu@Al foil. (g) Voltage profiles of metallic Li plating/stripping in three styles of symmetric
cells (planar Cu@Li, 3D Cu@Li, and 3D Cu@Al@Li) at 1 mA-cm™ for 1 mAh-cm™ (e—g) Reprinted with permission from ref. [52], © 2019 Wiley-VCH Verlag

GmbH&Co. KGaA,Weinh.

application””. Moreover, the fabrication cost is too high, and the
mechanical strength and thickness of the 3D structured metal
electrode are insufficient for practical usage™.

2.1.2  Regulating the crystal orientation

According to the preferential ion transferring path, intentionally
exposing the preferred orientation crystal plane can reduce the ion
nucleation energy barrier and guide the ion transfer, thus pro-
hibiting ion accumulation and dendrite formation. In crystallog-
raphy study, lithium-ion has been proven to deposit favorably in
<110> direction. Therefore, the specifically oriented substrate is
advisable to guide Li-ion transportation. Furthermore, considering
the jons can easily transfer along the [110] plane in sodium metal
batteries, Al substrate is preferable. Further examples can be seen
in Table 1", Nevertheless, the in-depth investigation of crystal
orientation manipulation is still lacking, and further research is
encouraged to be brought about. If the matured fabrication process
is established, a brand-new century will be opened for metal bat-
teries.

2.1.3 Alloying

Alloying can ameliorate the binding energy barrier, thus preventing
the dendrite growth and alleviating the metal corrosion. Ye et al.™”
found that the Li-Al alloy layer could stably cycle over 300 cycles
(Figures 4(e)-(g)). Through pre-loading alloying elements on the
current collector substrate, Li and other metals can uniformly
deposit on the surface. For sodium metal batteries (Na-Sn, Na-Sb,
Na-Pb, and Na-Ge alloy) and zinc-metal batteries (Zn-Cu,
Zn-Al, etc.), fabricating intermetallic compounds is also a vital
modification strategy in enhancing the battery performance.

Nonetheless, there are still some problems with alloying strat-
egy. The nucleation of metal and the growth of metal will be
effectively influenced the surface and the SEI film of metal alloy.
Also, the volume expansion exists in several alloys during alkali-
ion insertion/departure (Li,Si, KSn, K5Sb™, etc.).

2.2 Interfacial chemistry regulation

Interfacial chemistry regulation is one of the most efficient strategies
for constructing a stable EEI discussed in Section 2.2. Rational

208

designing the interfacial chemical components, optimizing the
electrolyte and artificial SEI films which can adapt to various
physicochemical environments might efficiently stabilize the metal
electrode battery operation.

2.2.1 Electrolyte optimization

Optimizing the electrolyte components can effectively stabilize the
metal electrode SEI. Thermodynamically, electrolyte components
with lower LUMO energy and higher redox potential will be prior
reduced, thus stabilizing the electrode-electrolyte interface. Due to
the high electronegativity, ionic potential, and low polarizability of
fluorine atoms, fluorinated solvents might be one of the most
promising strategies for metal electrodes. By replacing the hydrogen
atom with fluorine, the HOMO and LUMO energy levels of solvents
could be decreased, which not only facilitates the formation of
effective SEI layers but also broadens the electrochemical
window"™. As a typical partially fluorinated solvent, fluoroethylene
carbonate (FEC) has been widely applied as the film-forming
additive in Li-ion batteries, owing to its lower LUMO
(-0.87 eV)™. Recently, based on the ether-based electrolyte’s
excellent reduction stability and the fluorinated strategy, Yu et al.
reported a new type of fluorinated ether solvent 14-
dimethoxylbutane (FDMB), which possesses superior anode com-
patibility and high-voltage stability (Figure 5)“. Further, they
designed another fluorinated ether solvent 1,6-dimethoxyhexane
(FDMH), which has a longer -CF,- backbone than FDMB". With
the 1, 2-dimethoxyethane (DME) co-solvent, the fluorinated ether
electrolyte exhibits a CE of 99.5% without dendrite formation and
shows excellent oxidative stability under 6 V, revealing the feasibility
of the fluorinated strategy.

Based on the dendrite growth depletion model (Eq. (1)), highly
concentrated electrolytes (HCEs, usually >3 M) would increase
the threshold of J, thus the dendrite growth could be dramatically
suppressed™. In HCEs, the LUMO energy is mainly dominated
by salt anions which will be reduced before the solvent at the
metal electrode surface and form an anion-derived SEI*. Up to
now, a series of electrolyte salts with novel anions have been
investigated’, among which the salt with FSI' anion has drawn
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Fig.5 (a) The molecular structures of FDMB. (b) The oxidation stability of three electrolytes in Li||Al half cells. (c,d) The cycling and CE of Li||Cu half cells using
different electrolytes. (e,f) Li morphology in 1 M LiFSI/DMB after 70 cycles. (g) The full battery performance of anode-free Cu||[NMC622 pouch cell with 1 M LiFSI/
DMB electrolyte. Reprinted with permission from ref. [56], © The Author(s), under exclusive licence to Springer Nature Limited 2020.

much attention due to its excellent anode compatibility. The FSI
salts are thermodynamically unstable at dilute concentrations but
can form a stable solvated structure when their concentration
increases to 4 M. Although HCEs provide a route for stable
metal anodes, low ionic conductivity, poor wettability, high viscosity
of the electrolyte, and the high expense are needed be considered.
To overcome the shortcomings of HCEs, localized high-concen-
tration electrolytes (LHCEs) are further developed”. With the
“inert” diluent added into the HCEs, the surrounding environment
of metal cations could be significantly retained".

By regional design reactants in the electrolytes, the EEI stability
could be considerably enhanced. The metal electrode interface
chemistry could be largely optimized by combining the fluorinated
electrolyte solvents with nonfluorinated counterparts. Meanwhile,
the effect of different salts is also crucial and the concentration
strategy provides a novel view to facilitate the formation of effective
SEI layers.

2.2.2  Electrode interface optimization

Owing to the coarse, fragile, and inhomogeneous features of pristine
SEI, artificial SEI films can act as a compact layer adhering well to
the metal and is elastic and flexible enough to prevent metallic
penetration and alleviate the volume change during repeated
cycles. The artificial SEI can be divided into the inorganic and
organic interface layers, which will be further introduced in the
following paragraph.

The inorganic interface layer is initially grafted onto the electrode
by mechanical coating”™ ", which is characterized by convenience,
low cost, and heavily relying on adhesives (such as polyvinylidene
fluoride). Considering the interface thickness and structure main-
taining, atomic layer deposition (ALD) can simultaneously
achieve nanoscale thin film with ultra-precise thickness control
and atomic-level compactness™. Zhao et al. reported an ALD
inorganic interface protection method by fabricating an ultra-thin
Al,O; artificial film to protect Na metal anodes™. By introducing
the artificial film, Na@ALO;-Na@ALO; symmetric cells could
provide a stable stripping/plating behavior within 100 h at 3 mA-

iEnergy | VOL 1| June 2022 | 204-222

cm” and cycle at 5 mA-cm™ for about 75 h. In addition, the TiO,
interface layer has been reported to deposit on the Zn electrode
with an ultra-low thickness of 8 nm and a regular texture (Figures
6(a)-6(d))™. This ALD interface layer is compact enough to
reduce the exchange current density in the aqueous electrolyte,
maintain a relatively stable pH medium, and allow uniform depo-
sition during repeated cycles. Despite these advantages, the appli-
cation of the ALD method is still hindered by its high cost and
other promising technologies need to be explored™.

Nevertheless, the application of inorganic artificial SEI film is
still partially restricted. For example, because of the low melting
point of K, there are no reports on ALD coatings. In addition,
recent studies have pointed out the potential of organic layers. The
delicate interfacial coupling between the organic layer and the
metal electrode can significantly reduce the ion interface transfer
resistance. Gao et al. reported the reactive polymer composite
(RPC) based on poly(vinylsulfonyl fluoride-ran-2-vinyl-1,3-diox-
olane) (P(SF-DOL))-graphene oxide (GO) nanosheets”. The
solution containing the material was cast onto the surface of the
lithium metal, and then the material reacted with the lithium
metal to form a chemically harmonious SEI interface (Figures 6(e)
and 6(f)). More importantly, Li-metal batteries with RPC SEI can
cycle with high CE (99.1%) under high area capacity (4 mAh-cm™).
These results indicate that, if properly designed, organic-rich SEI
can be used as an excellent interfacial stabilizer for lithium-metal
anodes (Table 2)167-%,

2.3 Solid-solid interface construction

Intrinsically safe and high-modulus inorganic SSEs have been
proposed as the potential electrolyte for metal electrode batteries.
The mechanical modulus of most SSEs is much higher than that
of alkali metal electrodes, rendered to suppress the dendrite for-
mation promisingly® . On the other hand, the single-ion-con-
ducting feature of inorganic SSEs can circumvent the concentration
polarization induced by anion migration in the liquid electrolyte.
However, there are still some interfacial instability and compatibility
problems existing to be solved before their further application.
Several strategies are summarized in Table 3%,
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Fig.6 (a,b) SEM and the mapping images of the inorganic TiO, interface layer. (c) Corrosion curves of mental-based Zn anode improved by inorganic TiO, interface
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VCH Verlag GmbH&Co. KGaA,Weinh. (e) The reaction sequence and SEI structure after cycling, (f) schematic illustration of RPC structure. (e,f) Reprinted with per-
mission from ref. [76], © The Author(s), under exclusive licence to Springer Nature Limited 2019.

Table2 Recent advances adopting artificial SEI films for electrode interface optimization

Strategies Systems Configuration Current den.suy (mA»cm: )/ Plating-stripping cycles Cycling life in Ref
areal capacity (mAh-cm™)  of metal electrode (cycles) full battery

CNT with ZnO 10/1 500 200 cycles, 54% [77]

Li
Cu ionic gradient 1/1 2100 300 cycles, 79% [78]
Sn interlayer 0.5/0.5 500 50 cycles, 80% [79]

Na
Inorganic interface NaBr coating 1/1 250 — [80]
layer MXene/CNT 0.5/0.5 200 500 cycles, 74% [81]
K rGO-3D Cu 1/0.5 100 — [82]
Hg-alloy layer 0.2/0.2 300 240 cycles, 80% [83]
Zn NaTi,(PO,); 1/1 240 10000 cycles, 80%  [84]
Li Melamine 1/1 400 100 cycles, 99.4% [36]

Organic interf:
rganllc {nferface Na Alucone 3/1 180 — [85]
ayer

Zn Konjac glucomannan 0.2/0.2 900 5000 cycles, 98.8%  [86]

2.3.1 Optimized solid-solid interfacial stability

Because of the fragileness of SSEs, it is better to pre-anneal the
metal to the molten state, which would alleviate the lattice mismatch
issue. However, a clean and smooth interface surface is hard to
achieve for solid-state batteries. On the one hand, the impurity on
SSEs or electrodes is usually randomly distributed and has a weak
connection with the substrates, which highly decreases the wetta-
bility. On the other hand, the poor ionic conductivity of impurity
would impede ion transfer throughout the interface.

To improve the interfacial contact and kinetics, various artificial
interlayers with better wettability for metallic Li are introduced. Li
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et al. introduced subtle carbon to react with Li,CO; on the garnet
SSEs in Ar at 700 °C and significantly reduced the interfacial
resistances to 28 Q-cm® (Figure 7(a))*. Apart from improving
interfacial contact, the interlayer can facilitate the ion-conducting
at the interface and block the electron infusion. Huo et al. coated
garnet SSEs with polyacrylic acid (PAA) polymer, which can react
with Li to in situ form a flexible Li-inserted PPA interlayer to both
relieve interfacial stress and prohibit electrons infusion
(Figure 7(b))*. Consequently, the Li symmetric cells assembled
with PAA-coated garnet SSEs can cycle stably at 1 mA-cm™ over
400 h. Cheng et al. synthesized a crystalline sulfonated-covalent
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Table 3 Efforts on solid-solid interphase construction

Intertfacial . >, .
Issues Methods Strategies impedance Current d.enS}ty (mA-cm™/h)/ - Areal capaflty Ref
lifetime (h) (mAh-cm™)
(Q-cm?)
High-temperature
Removing the surface calcination 49 0.3/200 0.3 [90]
Interfacial impurity of SSEs Acid-salt treatment 116 0.5/1000 0.25 [91]
instability Constructing 3D electron/  3D-micropatterned LLZO 39.5 0.5/500 0.5 [92]
ion conducting network Porous NZSP
within metal electrode framework 175 0.3/400 0.15 (93]
Interfacial modification Li;N/LiF interphase 15.3 1/220 1 [94]
Interfacial O-doped LizPS;Cl 160 1/600 0.1 [95]
incompatibility Doping F-doped LisPS;Cl 130 6.37/250 5 [96]
N-doped LigPSCl — 1/200 1 [97]
(b) PAA/Li
150 ® OuterInner — 1 mA~cm‘Z, 1 mAh-cm™
layer layer >
100 Li/LLZT-C/Li ‘W e
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Fig.7 (a) Schematic of the interface between Li-metal and garnet LLZT/LLZT-C, the electrochemical impedance of Li/LLZT/Li and Li/LLZT-C/Li cells (reprinted
with permission from ref. [98], © 2018 American Chemical Society). (b) The structure and charge transfer at PPA/Li interfaces and the cycling performance of Li/PPA-
coated LLZTO/Li cells (reprinted with permission from ref. [99], © The Author(s) 2021). (c) Schematic of self-assembly of COF on garnet SSE and Li* transfer in the
COF layer and the cycling performance of Li/ COF@LLZTO/Li and Li/COF@LLZTO/Li cells at various current densities (reprinted with permission from ref. [100],
© 2020 Wiley-VCH Verlag GmbH&Co. KGaA,Weinh). (d) Schematic of porous-dense-porous trilayer structure of LLZTO and corresponding cross-sectional SEM
images, cycling performance of Li/Li symmetric cells assembled with trilayer structure at different current density and area capacity (reprinted with permission from

ref. [101], © 2018 Elsevier).

organic framework (COF) thin layer on the garnet SSEs surface
through a simple solution process (Figure 7(c))". Lithiated COF
interlayer can prominently improve the lithiophilicity of garnet
electrolytes and create the pathway for effective Li* diffusion,
accompanied by which the Li/COF@LLZTO/LIi cells can cycle at
an ultrahigh current density of 3 mA-cm™.

Unlike the liquid electrolyte systems, the rigid SSEs are incapable
of self-adapting to the huge volume expansion of metal electrodes,
ultimately resulting in poor contact. The interdigital or three-
dimensional structure of SSEs is promising to accommodate the
stress generated in metal electrodes, increase the SSEs/metal elec-
trode interfacial surface area and relieve local current density con-
centration. Hitz et al. designed a 3D Li-garnet-electrolyte archi-
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tecture via a template method and achieved a 40 fold expanded
SSEs/metal electrodes interface for prohibiting the dendrite even
at an ultrahigh current density of 10 mA-cm™ (Figure 7(d))"".

2.3.2 Improved interfacial compatibility

In addition to the common interfacial instability, the interfacial
incompatibility between SSEs and metal electrodes would induce
the growth of the interphase. Once the interphase is electronically
conducting, the electron would transfer through it to reduce the
metallic cation in SSEs and result in high interface resistance and
Li dendrite growth. To avoid the continuous attack from electrons
under the reduction potential, it is necessary to construct artificial
interphase to separate SSEs and metal electrodes and provide
channels for ionic transfer.
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The simplest and most scalable strategy is to passivate the metal
electrodes. The passivation layer needs to be highly ionic conducting
for fast ionic diffusion but electronic insulating for suppressing
any electrochemical reduction of SSEs and is as thin as possible for
low resistance. There are three ways to obtain such a passivation
layer: pre-treating the metal electrodes, inserting the as-prepared
functional layer at the SSEs/metal electrode interface, and modifying
the component of SSEs. Wan et al. added LiTFSI-Mg(TFSI),~
DME liquid electrolyte between Li,(GeP,S,(LGPS) SSEs and Li-
metal electrode to form a bifunctional LiMg/LiF/polymer
interphase and avoid the reduction of LGPS by Li metal
(Figure 8(a))". In addition, the lithiophilic Li Mg alloy at the Li
electrode side contributes to guiding Li plating under interphase
and the lithiophobic and electron insulating LiF at the LGPS side
help to avoid the reduction of LGPS and the formation of Li den-
drites. Zhang et al. doped Li,O into LigPS:Br argyrodite SSEs
(Figure 8(b))". Even though direct contact with the molten Li,
the oxygen-doped LigPS;Br shows no significant exothermic reac-
tion, indicating a positive reaction free energy (AG) at room tem-
perature and excellent compatibility between oxygen-doped
LigPS;Br and Li electrode.

In summary, despite the high modulus, expanded electro-
chemical window, and single-ion-conducting merits, there are still
some problems such as physical contact loss and parasitic reactions
for SSEs need to be solved before commercialization. The strategies
targeted to boost the interfacial stability and compatibility between
SSEs and metal electrodes will continue to be the focus of
researchers.

3 Interfacial engineering of liquid metal elec-
trodes

Liquid metal electrodes with the merits of high fluidity and rapid
mass transfer process can effectively solve the dendrite growth and
structure collapse in solid metal electrodes. Therefore, the liquid
metal electrode has been widely investigated, the typical applications
in which are liquid metal batteries (LMBs), sodium-sulfur (Na-S),
and ZEBRA batteries'”. However, the practical applications of
liquid metal electrodes still face interfacial challenges. First, liquid
metals have high surface tension and poor wettability with collectors
or solid electrolytes. Second, the melting point of metals is usually

()
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above 200 °C, which requires a high operating temperature
(>300°C). Under such conditions, the long-term sealing and cor-
rosion issues of batteries need to be considered. To alleviate the
above mentioned problems, numerous efforts have been made but
some challenges are still remarkable, which are summarized in
Table 4[]037]20]-

3.1 Wettability of liquid-solid interface

The unsatisfying wettability of liquid metal could hinder the ion
and electron transfer and increase the internal resistance of the
battery. At present, alloying and coating strategies are invented to
solve this problem.

3.1.1 Alloying

The strong bonding force between alloying elements and the solid
electrolytes can reduce the superficial internal energy and optimize
the wettability of liquid metal electrodes. Alloying strategy was
first used to improve the wettability of liquid metal sodium anode
and solid electrolyte in Na-S battery and ZEBRA battery. Lu et al.
studied the wettability of Na-K, Na-Rb, and Na-Cs alloys on -
Al,O; electrolytes, which found that all three alloys can effectively
improve the wettability (Figure 9)"*. Due to the strong interaction
between Cs atoms and f3”-Al,O; electrolytes, the wettability of the
liquid metal electrode-solid electrolyte interface has been signifi-
cantly improved, and the Na-S$ battery with Na—-Cs alloy can be
operated stably at 150 °C. In addition to the use of alkali metals,
some low melting point metals such as Bi, S, In, etc. are also chosen
as alloying elements despite their low solubility in liquid
Na(1~2 wt%)"".

3.1.2 Coating

Coating a modified layer on the solid electrolytes can change the
contact characteristics of liquid metal electrodes, and improve the
wettability of liquid metal electrodes. In Na-S and ZEBRA batter-
ies, researches have shown that coating Pb"”, Sn*", Bi islands"*?,
Pt grid™’, Ni nanowires'”, porous iron oxide", and graphene
layer™ on the surface of the $”-AlLO; electrolytes can greatly
enhance the wettability of liquid Na metal electrodes. Li et al.
adopted lead acetate trihydrate to treat the surface of 57-AlLO;
electrolytes, and the Na-S battery can stably operate for more than
1000 cycles at a working temperature as low as 120 °C"*. Gross et
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Fig.8 (a) Illustration of in situ formation of the Li,Mg/LiF/polymer solid electrolyte interphase between Li and LGPS and galvanostatic cycling of the Li/LGPS/Li cell
using different LiTFSI-Mg(TFSI),-DME-treated LGPS (reprinted with permission from ref. [102], © 2021 American Chemical Society). (b) Schematic of the excellent
dendrite suppression capability for LPSOB-0.3 in contrast to LPSB, the critical current density of the Li/LigPSs_,O,Br symmetric cells and galvanostatic cycling of Li/
LPSOB-0.3/Li and Li/LPSB/Li cells (reprinted with permission from ref. [103], © 2019 Elsevier B.V.).
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Table4 The applications and challenges of liquid metal electrode batteries

B: ity (Ah

Liquid metal Operating temp. attery capacity (. ) Cycle life and

Interface type Electrolytes N and areal capacity . ) Issues Ref
electrodes (°C) 3 capacity retention
(mAh-cm™)

Na B>-ALO;, 350 30,— 1200 cycles,— [105]

_ ”_Al _ 0
Na-Cs P 205 150 > 100 cycles, 97% Solid electrolyte membranes (106]
Liquid-solid Na NASICON 110 0.025,— 400 cycles, 100% are brittle and difficult [107]
Li||Sn-Pb LLZTO 240 0.6, 600 120 cycles,— to be fabricated [108]
Li||Bi-Pb LLZTO 240 0.38, 380 80 cycles, — [108]
Mg]||Sb KCl-NaCl-MgCl, 700 2,500 <10 cycles, 94% [109]
Li||Sb-Pb LiF-LiCl-Lil 450 1.9, 600 450 cycles, 96.7% [110]
Li||Sb-Sn LiF-LiCl-LiBr 500 20, ~850 430 cycles, 100% [111]

. Tl T o
Li||Sb LiF-LiCI-LiBr 550 30, 1060 470 cycles, 100% High operating temperature, [112]
Li||Bi LiF-LiCl 550 130, ~750 300 cycles, 100% sealing and corrosion issues at [113]
Li|[Bi-Sb LiF-LiCl 550 3,160 160 cycles, 809~ cnhanced temperature )

Liquid-liquid _ . o .
Li||Bi-Sb-Sn LiF-LiCl-LiBr 500 0.8, - 1000 cycles, 100% [115]
Li||Te-Sn LiF-LiCl-LiBr 450 2.0, ~650 70 cycles,100% [116]
Ca-Mg||Bi LiCl-CaCl, 550 0.15, ~50 1400 cycles, 100% [117]
Na||Bi-Sn-In 1M Nal in tetraglyme 100 0.1,1 40 cycles,— 118
I 1M NaCIO, i &Y 4 High cost of low melting [118]
Na-K]||Ga-In DME /;E C (491;5) 25 —— 100 cycles, 95%  point metals, SEI evolution at [119]
’ the surface of liquid metal
Na-K 1 M KFSI in DME 25 — 100 cycles, 74% d [120]
Na Na-K alloy Na-Rb alloy Na-Cs alloy
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Fig.9 Wetting behavior of Na and Na-K, Na-Rb, and Na-Cs alloys on the surface of $°AlLO; electrolytes. Reprinted with permission from ref. [106], © 2014

Macmillan Publishers Limited).

al. used magnetron sputtering to coat Sn on the surface of NASI-
CON disks which have higher ionic conductivity than 7-Al,O;
electrolytes. The assembled symmetrical battery (Na|NASISON]|
Na) can operate stably at 110 °C and can withstand the maximum
current density of 50 mA-cm™2"™, Subsequently, the Na|Sn coated
NASICON|NaI-GaCl; was constructed and the battery delivers
3.65 V of discharge voltage and outstanding cycling performance
(400 cycles)™.

3.1.3 Other strategies

Besides coating and alloying strategies, Jin et al." used liquid
metal lithium with strong reducibility (-3.04 V vs. standard
hydrogen electrode (S.H.E)) to achieve effective wetting with oxide
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ceramic electrolytes (garnet-type Lig,La;Zr, ,TayO,,, LLZTO) and
design Li|LLZTO|Pb-X (X = Bi, Sn) batteries at a moderate oper-
ating temperature (210-250 °C), as shown in Figure 10. The ionic
conductivity of the LLZTO electrolytes was enhanced to 200 times
at 240 °C (135 mS-cm™) than that at room temperature (0.7 mS-
cm™), which ensures the high rate performance of Li-LLZTO sys-
tems'™. The Li|LLZTO|Pb-Bi battery exhibits three different volt-
age plateaus of 0.77, 0.58, and 0.4 V during the discharge process,
corresponding to the different intermetallic of Lis ;Bi;Pb, Li,,Bi;Pb,
and Li;, sBiPb. This battery can deliver ca. 0.8 V discharge voltage
and high capacity retention even at 500 mA-cm™, demonstrating
the high ionic conductivity of LLZTO electrolytes and the rapid
interfacial mass transfer process. Subsequently, semi-liquid cath-
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Fig. 10 (a) Schematic of the Li[LLZTO|Bi-Pb battery. (b,c) Electrochemical performance of Li|LLZTO|Bi-Pb. Reprinted with permission from ref. [108], © The

Author(s) 2018.

odes such as Sn-Pb alloy, Bi-Pb alloy"”, sulfur, selenium*),
AICL;-LiCl™", Mo-FeCL"?, Brass-ZnCl,"* have been reported in
liquid Li-LLZTO electrolyte interfaces and demonstrate the good
compatibility. These batteries with similar structures to Na-S and
ZEBRA battery possess a better interface wettability. However, the
operating temperature of them is crucial due to the strong
reducibility of liquid lithium metal at high temperature, and the
corrosion of oxide ceramic electrolytes should be concerned for
developing long-term service Li-LLZTO battery systems.

The above strategies effectively addressed the wettability issue of
liquid metal electrodes and improved the performance of the bat-
teries based on liquid metal electrodes-solid electrolytes. However,
the preparation of the large-scale solid electrolytes with high quality
and high strength still facing challenges, which restricts the practical
application of the metal electrode batteries based on liquid metal
electrodes-solid electrolytes.

3.2 Liquid-liquid interface construction

A liquid-liquid interface based on liquid electrolytes can effectively
solve the wettability issue of the liquid-solid interface. Considering
the activity of liquid metal electrodes, only two type electrolytes,
molten salt electrolyte, and organic electrolyte can be compatible
with liquid metal electrodes. Molten salt electrolytes with good
thermal stability can build a stable interface with liquid metals at
an enhanced temperature, while organic electrolytes are suitable
for metal electrodes with a low melting point (<200 °C). In this
section, the significant progress on liquid metal electrode batteries
with molten salt electrolytes and organic electrolytes is reviewed.

3.2.1 Liquid metal-molten salt electrolyte interface

The molten salt electrolyte with the advantages of high ionic con-
ductivity, wide voltage window, and great thermal and chemical
stability can be an ideal candidate in the liquid metal electrode.
Moreover, the liquid-liquid interface can be self-assembled without
SEI based on the immiscibility of liquid metal and molten salts,
which avoids the performance degradation caused by the decay of
the SEL The typical application of liquid metal-molten salt interface
is liquid metal batteries (LMBs), which is proposed by Kim et al.
in 2006"*. LMBs comprises two liquid metal electrodes separated
by a molten salt electrolyte that can self-segregate into three-layer.
Antimony (Sb) with low-cost and high electronegativity, is one
of the initial reported positive electrodes of LMB. In 2012, Bradwell
et al. reported the first LMB in Mg||Sb systems, combined with
MgCl-KCI-NaCl electrolytes"”. Considering the high melting
points of Mg (T, = 651 °C) and Sb (T}, = 630 °C), the Mg||Sb sys-
tems usually operate at a high temperature of 700 °C. The Mg||Sb
LMB could deliver ca. 0.5 V electromotive force (EMF), and
exhibits about 0.2 V of discharge voltage at 200 mA-cm™, which
verified the feasibility of the liquid-liquid interface based on liquid
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metal and molten salts for the first time. Subsequently, Wang
et al.""” designed liquid Sb-Pb alloy electrodes and decreased the
melting point of Sb-based electrodes from 630 to 250°C. It is
reported that, when working at 450 °C, Li||Sb-Pb LMBs based on
LiF-LiCl-Lil electrolyte can deliver a 0.75 V discharge voltage at
275 mA-cm™ and 94% capacity retention after 450 cycles, suggesting
the excellent cycling stability of liquid metal electrodes (Figures
11(a)-11(c)). Moreover, Li et al™ designed Li||Sb-Sn LMBs
based on LiF-LiCl-LiBr electrolytes at 500 °C, revealing the dom-
inant role of Sb in the discharge process of Sb-Sn alloy electrodes.
The Li||Sb-Sn LMB exhibited 87 % of initial capacity when the
current density increased from 0.1 to 1 A-cm™ (Figure 11(d)). In
2021, Yan et al."? reported Li||Sb LMBs based on LiF-LiCl-LiBr
molten salt electrolyte and solid metal Sb electrode at 500 °C. The
Li||Sb system demonstrated a novel conversion process of the
solid Sb electrode and liquid Li-Sb alloy during the discharge pro-
cess(Figures 11(e) and 11(f)), in which the liquid phase of Li-Sb
alloy contributed to the self-healing of the electrode structure and
ensured the cycling stability of the battery. The Li||Sb system further
broadens the design limitations and operating temperature range
of LMBs.

Metal bismuth (Bi) with similar electrochemical properties to
Sb and a lower melting point (271.5 °C), is a good positive electrode
candidate for LMBs. Ning et al. firstly reported the Li||Bi LMB
with LiCl-LiF electrolyte, demonstrated the evolution process of
the Bi electrode-molten salt electrolyte interface and proved the
self-healing properties of liquid metal electrodes (Figure 11(g)).
The Li||Bi LMB presented an excellent cyclability of 1000 cycles
(Figure 11(h))."" The low-melting-point Bi electrode is often used
to design low-temperature liquid metal battery systems. For
example, the melting point of Bi-Pb eutectic, Bi-Sn alloy, and
Wood’s alloy (Bi50-Pb25-Sn12.5-Cd12.5 wt%) is 124.5, 141.5,
and 70 °C, respectively. Kim et al. used Bi-Pb alloy as the positive
electrode to construct Li|LiCl-Lil|Bi-Pb LMB at 410 °C". Yu
et al. adopted Bi-Sn alloy and Lil-KI as electrodes and electrolytes
and operated the Li|Lil-KI|Bi-Sn LMB at 300 °C"*.

In addition, the construction of a stable liquid-liquid interface
also needs to solve the problem of metal dissolution in molten salt
electrolytes, such as the dissolution of Na, Ca, and Te electrodes in
the corresponding molten salt electrolytes. Although some
researchers have been able to effectively inhibit the metal dissolution
through alloying strategies, such as Ca-Mg alloy"” and Te-Sn
alloy", the long-term service of these battery systems remains
challenging. Moreover, the stability of large-size liquid-liquid
interfaces and high-temperature sealing of the battery need be fur-
ther concerned in the development of an LMB for practical appli-
cations.

3.2.2  Liquid metal-organic electrolyte interface
The liquid-liquid interface based on low melting point metal and
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Fig.11 (a) The EMF curves of different Sb-Pb alloys. (b,c) The charge-discharge curve and cycle performance of Li||Sb-Pb LMB. (a—c) Reprinted with permission

from ref. [110], © 2014 Macmillan Publishers Limited. (d) Rate performance of Li||Sb-Sn LMB (reprinted with permission from ref. [111], © 2016 American Chemical
Society). (e,f) The voltage curves and in-situ observation of the solid-liquid-solid transformation of Sb electrodes during the discharge process. Reprinted with permission
from ref. [112], © 2021 Elsevier. (g) Cross-sections of Bi electrodes at different depths of discharge. (h) Cycling performance of Li|LiCl-LiF|Bi LMB. (gh) Reprinted

with permission from ref. [113], © 2014 Elsevier.

organic electrolytes can avoid a series of problems in high-tem-
perature LMBs. In 2016, Lalau et al. constructed a liquid-liquid
interface at 220 °C based on liquid Ga (T}, = 29.8 °C ) electrode
and 1 M Li[TFSI] in [BMP][TESI] (1-butyl-1-methylpyrrolidinium
bis (trifluoromethylsulfonyl) imide) electrolyte in Li||Ga battery,
demonstrating stable operation for 600 h (Figures 12(a) and
12(b))"™". In 2020, Ding et al."™ reported Na||Bi-Sn-X (X= In, Pb)
LMBs with 1 M Nal (in tetraglyme) electrolyte at 100 °C, and the
electrochemical characteristics of different alloys including
Bi-Sn-In (62 °C), Bi—Pb-Sn-In (58 °C), or Bi-Pb-Sn (98 °C)
were investigated (Figure 12(c)). Figure 12(d) shows the discharge
curve of Na||Bi-Sn-In battery, and the capacity retention of this
cell after 40 cycles is nearly 100% (Figure 12(e)). Further, Ding et
al" used Na-K alloy as the negative electrode, 1 M NaClO, in
the DME/FEC (95:5 vol%) as the electrolyte, and Ga-In (or
Ga-Sn) alloy as the positive electrode to construct the first
Na-K]|Ga-In LMB at room temperature. The Na-K||Ga-In bat-
teries delivered a discharging voltage of 0.5 V at 100 mA-g™, and
good cycling performance (without capacity fading after 100
cycles), suggesting the excellent stability of the liquid metal inter-
face. However, the ionic conductivity of the organic electrolyte is
2-3 orders of magnitude lower than that of molten salt elec-
trolytes, which limits the power density of the room temperature
LMBs. Moreover, similar to the solid metal electrode batteries, lig-
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uid metal electrodes with high reducibility will inevitably react
with the organic electrolyte to form SEI, which will lead to an irre-
versible capacity loss of liquid electrodes. This interaction has been
proved in the Li||Ga battery, in which the volume changes of the
liquid Ga electrode induced the SEI evolution, leading to a large
(75%) irreversible capacity loss in the first few cycles®*.

Above all, the liquid-liquid interface based on liquid metal
electrodes and molten salts/organic electrolytes demonstrate the
excellent cycling stability in LMBs. Nevertheless, there are still
some issues hindering the application of LMBs, including high
temperatures in molten salt electrolyte batteries and instability of
the SEI in organic electrolyte batteries. Therefore, the LMBs at an
intermediate operated temperature (100-300 °C) based on low
melting point molten salts or ionic liquid electrolytes should be an
important direction of the development of batteries based on
liquid-liquid interface.

3.3 Interfacial chemical stability

The interfacial chemical instability in liquid metal batteries mainly
results from the side reactions between liquid metal electrodes and
battery parts, such as metal current collectors, insulators, and
shells, at a high operating temperature. On the one hand, these
side reactions will consume the liquid metal electrodes, resulting
in the capacity fading of the battery. On the other hand, severe
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corrosion of battery components, especially ceramic insulators,
will cause battery leakage and thereby leading to complete battery
failure.

3.3.1 Corrosion of current collectors

Corrosion of the current collector in liquid metal electrodes usually
occurs at high operating temperatures (>300 °C), especially for
LMBs. Generally, the negative electrodes of LMBs are Li, Na, Ca,
Mg, and the positive electrodes are liquid Bi, Sb, Sn, Pb, and their
alloys. The current collectors of LMBs are Fe-based alloys including
the elements of Fe, Ni, Cr, Mn, and C, etc. Taking the metal Li as
an example, the corrosion mechanism of Li is mainly physical dis-
solution and chemical corrosion. Many researches have investigated
the corrosion behaviors of liquid lithium metal on stainless steel
and verified the effect of impurities and temperature have on the
corrosion rate of it"**"*.

Compared with the corrosion of anodes, the corrosion of the
cathode collector is more serious. Cui et al.""” investigated the
static and dynamic corrosion process of SS304 current collector by
liquid Sb-Sn alloy in Li||Sb-Sn LMBs at 500 °C, demonstrating
the Fe and Cr in 304ss are more easily corroded by Sb-Sn alloys
(Figure 13(a)). The corrosion products of Fe-Ni-Sb-Sn will
decrease the discharge voltage of the Li||Sb-Sn LMBs, accelerating
the capacity fading process. The metal Sn in Sb-Sn alloy electrodes
can promote the ions diffusion and accelerate the corrosion of the
current collector. Ouchi et al'" ademonstrated a comparative
study for the corrosion behavior of low carbon steel, 301 stainless
steel (SS301) and 430 stainless steel (SS430), in liquid Pb-Sb alloy
at 450 °C. The results showed that Sb in Pb-Sb alloy reacted with
Fe, Cr, and Ni in stainless steel to form intermetallic compounds.
Compared with the stainless steel SS430 containing Cr, the corro-
sion resistance of SS301 containing Ni is weaker (Figure 13(b)).
Moreover, the authors further investigated the corrosion behavior
of metal Mo, Ti, and W in liquid Sb-Sn alloy electrodes
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(Figure 13(c))™, demonstrated the good corrosion resistance of
metal W, which guides the selection of liquid metal battery
collector.

3.3.2 Corrosion of sealing

In general, liquid metal electrodes are highly sensitive to water and
oxygen and the side reactions with them will cause serious side
reactions, resulting in capacity fading and even safety issues. A
good sealing design can avoid side reactions and ensure the long-
term cycling of the battery. Because the conventional organic sealing
are difficult to meet the sealing requirements at the high tempera-
ture above 200 °C, seals of liquid metal based batteries generally
choose ceramic materials. For example, Na-S batteries and
ZEBRA batteries generally adopt the hot-pressing sealing technol-
ogy of Al-ALO;-Al sandwich structure', which is formed by
exposing the aluminum layer on alumina substrate to high pressure
and heat to promote interatomic diffusion. However, the AL,Os-
based sealing is not suitable for lithium-based liquid metal batteries
for the liquid lithium metal can reduce ALO;. In terms of high-
temperature stability and insulation, nitride ceramics are an ideal
choice, and aluminum nitride (AIN) ceramics are considered as
one of the potential candidates for battery insulators. Nagura
et al. and Terai et al. ") demonstrated the corrosion resistance
of AIN in liquid Li metal at 400 and 500 °C. Although nitride
ceramics are resistant to corrosion from liquid lithium metal at
high temperature, welding ceramics to metal is still a huge chal-
lenge. Therefore, the long-term sealing of the battery at high tem-
perature is still plaguing for the development of high temperature
LMBs.

4 Conclusions and outlook

Interfacial engineering is critical for addressing the interface issues
including dendrite, the evolution of SEI and instability of metal
electrodes to achieve the next-generation energy storage batteries
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with high specific energy and long lifespan. In this review, the
interface issues of metal electrode are systematically analyzed, the
dendrite growth mechanisms and SEI evolution laws of metal
electrodes are demonstrated, and the influencing factors of interface
stability of metal electrode are demonstrated. Then, the interfacial
engineering efforts on metal electrode are summarized in different
categories, including the intrinsic transport dynamics optimiza-
tion, interfacial chemistry regulation and solid-solid interface
construction. Moreover, a potential alternative for metal electrode
batteries, liquid metal electrode batteries, are reviewed. Similarly,
the interfacial problems have been proposed and some strategies
have been introduced. For instance, the enhancement of the liquid
metal electrodes wettability, the construction of the liquid-liquid
interface and the measurement of the chemical stable interface.

Although numerous progresses in metal electrode interface
engineering have been achieved, the practical application of metal
electrode batteries is still challenging. In terms of the whole battery,
the side reactions derived from the metal electrode modification,
such as 3D collector design, still need to be further solved. The
utilization ratio of metal electrodes, CE and long-term stability of
metal electrode batteries should be still concerned. Moreover, the
design of electrolyte additives for practical application still needs to
be optimized, and the cost control of some lithium salt and solvent
is of great significant for a practical battery system, which should
be raised enough attention. Furthermore, innovative battery
architecture design, for instance all-solid-state batteries and liquid
metal batteries, is an important way to solve the interface issues of
metal electrodes. All-solid-state batteries based on the SSEs can
suppress the dendrite formation of the metal electrode, should be
one of most promising choice for high specific energy storage
application. Moreover, the design of liquid metal electrode broadens
anew way for the development of metal electrode batteries, fun-
damentally getting rid of many interface issues of solid metal elec-
trodes. And the LMBs based on liquid metal electrodes are con-
sidered as an ideal choice for the large-scale energy storage appli-
cations. However, the interface issues of high contact resistance in
all-solid-state batteries and high temperature sealing and corrosion
in liquid metal batteries still need to be further addressed before
the practical application.
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