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ABSTRACT: Lithium metal batteries have been considered as a promising
choice to satisfy rising energy requirements for upmarket consumer
electronics and electric vehicles due to the high theoretical specific capacity
and most negative equilibrium potential of Li metal anodes. With regards to
practical and safe batteries, interfaces in the batteries are required to be
clearly perceived, especially related to Li metal anodes. In this Perspective,
we describe the interfaces in the anode of Li metal batteries, mainly focusing
on the electronic and ionic behavior of the solid−electrolyte interphase
and mixed conducting interphase. The features of these interfaces are
comprehensively recapitulated. Current and future strategies to fabricate the
mixed conducting interphase are anatomized. The efficient fabrication of a
composite electrode with prestored Li metal and rational ionic and electronic
networks is still challenging, which further requires interdisciplinary
collaboration from surface chemistry, structured materials, computation, and engineering science.

The commercialization of rechargeable lithium-ion
batteries (LIBs) in the early 1990s is considered as
the most significant milestone in the development of

battery technologies. Since then, batteries have achieved great
success in portable electronic devices, electric vehicles, and
smart grids. In recent decades, however, the escalating speed in
the energy density of LIBs remains rather sluggish, which
severely falls short of the requirements of upmarket electronics
and advanced electric vehicles. For a good rechargeable battery,
the improvement in energy density has primarily driven the
overall technological progress over the past 150 yearsfrom
lead−acid cells in the 1850s (40 Wh kg−1), nickel−cadmium
cells in the 1890s (60 Wh kg−1), and nickel metal hydride cells
in the 1960s (100 Wh kg−1) to, finally, LIBs in the present day
(170−250 Wh kg−1).1,2 Advanced next-generation battery
systems are critically required.3

In the battery realm of beyond LIBs, Li metal batteries
(LMBs) have been strongly considered due to the high
theoretical specific capacity (3860 mAh g−1) and the most
negative equilibrium potential (−3.040 V versus standard
hydrogen electrode) of the Li metal anode.4,5 Generally, the
energy density of a rechargeable battery is determined mainly
by the specific capacities and operating voltages of the electrode
materials. Therefore, LMBs are optimistically able to have an
energy density 3−5 times higher than that of conventional
LIBs.6 However, the development of LMBs is fraught with
many difficulties. Since their first appearance in the 1970s, low
efficiency, poor lifespan, and battery fires related to dendritic Li
deposition have accompanied LMBs. To realize the practical
applications of LMBs, prominent strategies have been proposed

to suppress dendritic Li deposition and protect the Li metal
anode from corrosive electrolytes, such as nonaqueous
electrolyte additives,7 solid-state electrolyte (SSE),8 and three-
dimensional (3D) host materials, etc.9

Recently, several outstanding reviews in the scope of the
strategies to suppress Li dendrite growth have been released.10−14

However, fundamental understandings and summaries on the
transport behaviors of Li ions and electrons in different inter-
faces are rarely involved. Actually, there is a real possibility that
the future high-energy-density batteries operate as hybrids that
serially combine liquid and solid electrolytes to suppress
unwanted redox shuttles. This leads to additional interfaces that
might significantly decrease the cycling-rate capability and
lifespan.15 In this Perspective, we focus on the interfaces of the
Li metal anode and try to describe the different transport
behaviors of Li ions and electrons. By decoupling the intricate
relations between the cell performance and interfacial propri-
eties, more fundamental understandings can be proposed to
shed fresh light on the design principles of high-energy-density,
long-lifespan, and high-security LMBs.
When bare Li is exposed to electrolytes, immediate reactions

occur between Li and solution species with time constants of
milliseconds or less, forming an interface between them. The
interface was first proposed by Dey in 197016 and named as
solid−electrolyte interphase (SEI) by Peled in 1979.17 Besides
the nonaqueous electrolyte, reactions can occur between Li
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metal and air, as well as between Li metal and certain SSEs. The
SEI films are also regarded as anode−electrolyte interphases
(AEIs) and electrode−electrolyte interphases (EEIs) in some
literature reports (Figure 1). On the cathode side, the EEI has

the same meaning as the cathode−electrolyte interphase (CEI),
which will not be emphasized herein. We focus on the
substance interchange near the interfaces of anodes. Therefore,
the best-known SEI is adopted to refer to the interfaces
between the Li metal anode and electrolytes.
In an electrochemical battery, the rapid transport of electrons

and ions is critically important to realize a high energy density
and long lifespan.18,19 The SEI is designed to conduct Li ions
rather than electrons to maximumly avoid the side reactions,
and an ideal SEI film can effectively improve the cycling effi-
ciency. Another interface within the anode framework has
recently been valued, the mixed conducting interphase (MCI),
which is dual-functional to transfer electrons and Li ions. Fun-
damental research as well as applications of the MCI in energy
storage materials has been well demonstrated by Maier and
co-workers.20 These interfaces naturally coexist in a battery and
synergistically determine the battery performance.

The SEI can be formed by spontaneous chemical and electro-
chemical reactions of Li metal and solutions/gases. Previously,
we contributed a comprehensive review on the SEI formation
mechanism, their structure features, and applications in LMBs.21

For an ideal SEI, there are two primary features: high Li ionic
conductivity and electronic insulation. The ionic conduc-
tivity renders the ionic channels between the cathodes and
anodes, while the electronic insulation can stop the contin-
uous reactions between the Li metal anodes and electrolytes
(Figure 2a).
There are two extensively accepted models to describe the

SEI structure: the mosaic model22 and multilayer model,23 both
of which have been experimentally confirmed.24 In the mosaic
model (Figure 2b),22 several reductive decompositions of the
electrolytes are proceeding on the negatively charged anode
surface simultaneously, and a mixture of insoluble multiphase
products deposits on the anode. In contrast, the SEI layer in the
thickness direction is not homogeneous as well in the multi-
layer model (Figure 2c). The layer close to the Li metal surface
contains species of low oxidation states, such as Li2O, Li3N, LiF,
LiOH, and Li2CO3, labeled as the inorganic layer. The outer
part of surface films is comprised of species with higher oxi-
dation states, such as ROCO2Li, ROLi, and RCOO2Li (R is an
organic group related to the solvent), labeled as the organic layer.
These components have an electronic transfer barrier of LiF >
Li2CO3 > Li2O > Li3N and an ionic migration barrier of LiF >
Li2CO3 > Li2O > Li3N (Table 1). These two models are not
contradictory. An overall image for the SEI film is proposed as
multilayers on the surface of Li anodes with material build
blocks in each layer distributed in a mosaic form. The outer
porous organic layer can take off the solvation sheath of Li ions
to realize rapid Li ion diffusion in the inorganic layer and
provide a SEI with flexibility as well. The inner dense inorganic
layer offers electronic insulation. Most of the inorganic mate-
rials have an ultralow electronic conductivity and can inhibit the
transfer of electrons from the anode to the outer electrolytes.
The mechanism of ionic transfer in the inorganic layer has not
been explained clearly. The pathways through the grain bound-
ary25 and crystal phase26,27 both have their supporters.
A stable and mature SEI requires good electronic insu-

lation.30 However, not all SEI films can adequately stop elec-
tron transfer. Sometimes, the substandard SEI film exhibits
some features of electronic conductivity of MCI. There are two
models to describe the electronic transfer behavior of a substan-
dard SEI. The first is the electron tunneling model.17 When the
SEI film is ultrathin (several atoms thick), electrons can tunnel
through it. If its thickness evolves beyond the electron
tunneling regime, the growth of SEI film stops, where MCI
can be regarded as a transition stage of a robust SEI film. The
SEI film formed on the Li electrode has a practical thickness
ranging from a few to several hundreds of nanometers. The
second is the porous model. The practical SEI does not have a
homogeneous and dense structure. The unqualified SEI film
can realize direct contact of electrons and electrolyte and
transfer electrons through it. There are two reasons for the
transformation from a good and mature SEI film to a poor and
substandard one in nonaqueous electrolyte: water attack and
stress release during Li plating/stripping. While dry O2 and N2
(99.9999 vol %) form a uniform SEI film on Li, trace water
vapor (∼1 mol %) disrupts this passivation and forms a porous
film on Li metal that allows gas and electrolyte to penetrate and
continuously react with Li.31 Another destructive power is from
stress during repeated Li plating/stripping.32 After Li plating,
the initially flat current collectors all wrinkle and the wrinkle
patterns evolve from 1D to 2D patterns, which generates large
stress in the Li metal anode. The naturally formed SEI film is
fragile and cannot bear the compressive stress. It becomes

Figure 1. Schematic diagram of interfaces in the LMBs. EEI is a
generic term to describe the interfaces between an electrode and
electrolyte. EEI is identical to CEI on the cathode side, while it is
referred to as AEI or SEI on the anode side. MCI refers to the
mixed conducting interphase within the electrode and a transition
layer of the SEI film.

Ideally, the SEI is designed to conduct
Li ions, rather than electrons, while the
MCI is dual-functional to transfer
electrons and Li ions. Practically, the SEI
and MCI are always tightly coupled with
each other.

The most negative equilibrium potential
of Li leads to incredible chemical
activity; thus, multiple interfaces are
generated due to the redox reactions
between Li and electrolytes.
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cracked and allows direct contact of the electrode/electrons
with electrolyte. However, research on the relation between the
structure of SEI/MCI on the Li metal surface and the stress
accumulation during Li plating/stripping is less involved.
Advanced characterization methods and modeling strategies
are required to boost the understanding and reduce stress
generation during Li plating/stripping.33,34

MCI can act as a transition state of the SEI, not only in the
nonaqueous electrolyte but also in the SSE.35 Due to the highly
negative nature of the Li metal anode, most of the SSE (such as
the solid sulfide electrolyte) can react with the Li metal anode to
form an interfacial layer. Some of them are SEIs, while others are
MCIs (Figure 3a). When investigating detailed information on

the chemical reactions at the Li/Li10GeP2S12 interface, an
interface composed of Li3P, Li2S, and Li−Ge alloy is discov-
ered.36 However, the formed MCI film is not stable and will
further transfer electrons to the SSE. For these SSEs, interfacial
coating with a stable SEI film between them are necessary for a
robust LMB.
Recently, the MCI film is found to act as an inner layer of

the SEI film to improve the stability and ionic conductivity
(Figure 3b). Yu et al. reported that Li can be stored at the grain
boundary regions reversibly. This type of interfacial storage is
an intermediate state between the insertion capacity and
storage in supercapacitors, which is beneficial to realize rapid Li
ion transfer and storage.37 MCI can work similarly as a tem-
porary reservoir for Li interfacial storage. Different from the
classical SEI film without electronic conductivity, these inter-
facial films, such as a Sn−Li hybrid layer,38 Li13In3 layer,39

Cu/Li3N layer,40 Ni/LiF layer,41 Li0.35La0.52[V]0.13TiO3/Li hybrid

layer,42 and copper acetate additive-induced SEI film,26 can
conduct some electrons while still render superior cell perfor-
mance. In this regard, the MCI film has a little overlap with the
inorganic layer of the SEI film. Some viewpoints for this MCI
layer are that it can buffer the Li ion concentration gradient and
level secondary current distribution on the Li metal surface.
However, the exact functional mechanism and structure
features of the MCI film underneath of the SEI are not clearly
known.
Therefore, the issues of electronic and ionic channels in the

interfacial film on a Li metal surface are extremely complicated.
It is generally acknowledged that the interfacial film must not
be with electronic conductivity, while some films with inner
electronic channels can also render superior cycling perform-
ance. A mixed conducting interfacial film introduces Li metal
anode protection. A clear understanding of its roles and elab-
orate fabrication of a functional film are very helpful to achieve
efficient LMBs.

During cell discharge, electrons and Li ions are requested to
reach the electrode surface to finish the electrochemical redox
and provide energy (Figure 4a).43 Therefore, within the elec-
trode materials, a mixed conducting framework with electronic
and ionic channels is indispensable to allow electron and Li ion
diffusion. This is critically applicative for graphite anodes and
routine cathodes. For the traditional Li metal anode, the path-
ways for electrons and Li ions are separate: Li ion diffuses at the
interface between the Li metal and the electrolyte, while
electron transfer occurs in the interface between the Li metal
anode and the current collector (Figure 4b). However, recent
investigations have demonstrated that common Li foils are
almost impossible to plate/strip uniformly, and the host is a
prerequisite for a safe and efficient Li metal anode. When intro-
ducing a host to the Li metal anode, the electronic and ionic
channels are not separated and always connected with each
other (Figure 4c).
For a stable and long-lifespan LMB, a mixed conducting

framework is critically required, where the ionic and electronic
channels are nearly tightly associated. Ionic supply is realized by
the bulk electrolyte (nonaqueous electrolyte or SSE) and the
interfacial film (refer to SEI) of electrode materials in the mixed

Figure 2. Features of SEI film. (a) An ideal SEI presents two primary features: high Li ionic conductivity and electronic insulation. (b) Mosaic
model of SEI components. (Copyright Elsevier, reproduced with permission from ref 22). (c) Multilayered structure of the SEI film.

Table 1. Ionic and Electronic Properties of Species in a SEI
Film

species energy barriers of Li migration (eV) band gap (eV)

Li2O
28 0.15 4.7

Li3N
29 0.007−0.038 1.1

LiF28 0.73 8.9
Li2CO3

28 0.23−0.49 5.0

Figure 3. Role of MCI in the interfacial film of the Li metal and
electrolyte. (a) MCI between the Li metal and SSE. (b) MCI as an
inner layer between the SEI and Li metal.

Electronic conductivity is not favorable
for the interface between Li metal and
electrolyte, while both the electronic
and ionic channels are required to
finish the electrochemical redox within
the electrode materials.
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conducting framework, while the electronic supply is accom-
plished by the conductive additive agents. The electron path-
ways can be achieved easily, while the ionic supply is always
insufficient, especially in the SSE. In the nonaqueous electro-
lyte, the mixed conducting framework can easily be realized due
to the superior wettability of nonaqueous electrolyte on the
anode surface. There is a huge problem for solid-state batteries
whether the interconnected ionic pathways within the interior
electrode are in the cathode or anode part.
The electronic pathways in the mixed conducting framework

are contributed by the conductive host. During plating, hetero-
geneous deposition of Li ions results in dendritic growth of
Li metal, while heterogeneous dissolution of Li dendrites leads
to dead Li, which is out of the electronically conductive matrix.
Xiao and co-workers claimed that a dead Li layer gradually grew
inward toward the bulk (fresh) Li metal, which evolved into a
messy and highly resistive layer.44,45 Before the cell failure of
the dendrite-induced short circuit, the impedance of the battery
escalates sharply and the service life is terminated early. The
powdery dead Li significantly increases the possibility of fire
and largely raises the danger. To reduce the evolution of dead
Li, an interconnected conductive matrix is required within the
Li metal anode. Additionally, these porous matrices are
demonstrated to play roles in relieving the volume changes46

and suppressing dendrite growth.47,48 Similar to graphite anode,
it can be nearly alleged that the Li metal anode is not able to be
practically applied until there is an efficient host material.
The so far reported hosts with the electronic channels can be

divided into two categories: nanostructured and microstruc-
tured materials. (1) The nanostructured hosts have a high spe-
cific surface area, which can largely reduce the areal current
density and render the uniform deposition of Li metal.48 The
nanoscale platform is also convenient to achieve a uniform distri-
bution of lithiophilic sites by element doping (such as nitrogen).49

The lithiophilic doping must be homogeneous within the host
framework; otherwise, Li ions tend to deposit and accumulate
in these sites, leading to dendritic Li growth. Guo and co-workers
pioneeringly proposed that Li prefers to deposit on the mouth
of channels, and the situation becomes intractable in the areas
with high curvature at high rates (Figure 5a).50 The preferential
deposition behavior is caused by two factors: (i) The current
density on the mouth of the microchannels is obviously larger
than that on the upper surface and inside of channels of the
porous Cu; (ii) the nanoscale pores exhibit a large resistance of Li
ion diffusion from the pore mouth to the inside pores. This pref-
erential deposition of Li ions results in a low utilization rate of
interior space of the host materials, which limits the areal capacity
confined in the nanopores. (2) The microstructured host has a
relatively large pore and matrix size at 50−200 μm. Li ions are

more inclined to deposit in the pores, which can effectively relieve
the volume change and dendrite growth issues (Figure 5b).
However, the present microstructured hosts generally have a
heavy weight and a large thickness, which reduce the specific
capacity based on the whole electrode.51 Its excess capacity
versus the cathode dwindles the energy density as well.52 An
efficient conductive host is required for practical applications of
a Li metal anode, which cannot only primarily transfer electrons
but also suppress the dendrite growth, dead Li formation, and
volume change and not reduce the high-capacity feature much
as well.
The ionic pathways in the mixed conducting framework are

contributed to by the bulk electrolyte (nonaqueous electrolyte
or SSE) and the interfacial film (SEI). The nonaqueous elec-
trolyte and SSE both can adequately transfer Li ions, and some
advanced SSEs can indicate a high room-temperature ionic
conductivity approaching that of the nonaqueous electrolyte
(10−2 S cm−1).53 For the SSE, its issue is mainly in the fabri-
cation of a uniformly distributed ionic framework within a 3D
electronic matrix because SSE cannot facilely wet the interior
pores of the conductive matrix as the nonaqueous electrolyte
does. Though some flowable interfaces of ionic channels
have been achieved by poly(ethylene glycol) gel electrolyte
(Figure 6a),54 it is really tough to obtain an interconnected and
uniformly distributed inorganic ceramics SSE in the mixed
conducting framework. It is a wise method to presynthesize a
porous SSE framework and melt Li metal into its pores to
obtain a composite Li metal anode. Hu’s group has pioneered
the work to design a porous SSE by a tape-casting strategy,
which sheds fresh insight on the composite Li metal anodes and
all-solid-state LMBs.55

Figure 4. Electronic and ionic channels in the mixed conducting framework. (a) Electrons and Li ions are a must for electrochemical redox
(Copyright Science, reproduced with permission from ref 43). Electronic and ionic channels in the (b) common Li foil and (c) 3D composite
Li metal electrode.

Figure 5. Conductive hosts for Li metal. (a) Li preferential deposits
on the mouth of channels (Copyright Wiley-VCH VerlagGmbH&-
Co. KGaA, reproduced with permission from ref 50). (b) Thick
electrode of the Li metal anode; 1 μm of Li is equal to a specific
capacity of ∼0.2 mAh cm−2, while 1 mm of Li is ∼200 mAh cm−2

(Copyright Wiley-VCH VerlagGmbH&Co. KGaA, reproduced with
permission from ref 52).
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Due to the highly reactive nature of the Li metal anode,
nearly all electrolytes (whether nonaqueous electrolytes or
SSEs) form an interfacial film (SEI) on the anode surface. High
ionic conductivity and long-term stability are the primary
requirements for the SEI film. There are extensive experiences
of SEI design in nonaqueous electrolytes, such as electrolyte
additives,56 highly concentrated electrolytes,57 nanostructured
electrolytes,58 etc. On the contrary, research on the design of
this SEI film between a Li metal anode and the SSE is extraor-
dinarily rare. The research focuses on the lithiophilic coating on
SSE to render tight contact with the Li metal anode to reduce
interfacial impedance (Figure 6b).59 Though the bulk SSE is
able to achieve high room-temperature ionic conductivity, it is
challenging to run a superior room-temperature solid-state
LMB due to the high interfacial impedance between the Li
metal and SSE. Much expertise on the SEI design principles for
SSEs can be learned from nonaqueous electrolytes.
Though proposed for more than 50 years, the Li metal anode

lost the opportunity to the public because the graphite anode
achieved better safety and long-term cycling performances in
the 1990s. Nanoscience and nanotechnology in the current
century provide emerging possibility in practical applications
for the Li metal anode, while they introduce more interfaces in
the electrode materials relative to the macroscopic materials. An
interface with extraordinary stability on the time and space
scales is critically required to render rapid electron or ion
transfer, finally realizing uniform deposition of Li metal and
superior cycling performances.
A MCI can be found in the inner layer of a SEI film and a

mixed conducting framework can be found within the electrode
materials to realize an excellent electronic and ionic pathway.
The role of MCI in the SEI has not been clearly investigated,
while mixed electronic and ionic channels within the electrode
materials are indeed required. Each electronic and ionic
pathway can be productively fabricated by conductive host
materials, electrolytes, and SEI designs. However, an anode
network with Li metal materials and unblocked electronic and
ionic pathways is still a hurdle for researchers in the field of

energy storage materials. There are several points should be
strongly concerned: (1) The electronic framework should be
realized on a proper scale, which cannot only fully use the pore
volume for a Li metal host during Li plating but also not
increase the futile weight much. (2) The all-SSE (such as the
ceramic) has poor operability due to its mechanical fragility,
and it alone is really tough to run a long-term Li metal anode.
The compositing strategy of the ceramic with a polymer or non-
aqueous electrolyte seems capable for practical LMBs. (3) The
molten Li infusion and hot-pressing at high temperature are
relatively practical methods to fabricate a composite Li metal
anode with a mixed conducting framework. However, there are
many safety concerns and operational complexity. Novel strategies
are required to fabricate the composite electrode. (4) The addi-
tional mixed conducting framework must not increase the
weight of the composite electrode much to preserve the high-
capacity feature of the Li metal anode. Not only for the anodes,
these principles are also suitable for the cathodes of LMBs.
The composite electrode framework requires novel surface
electrochemistry and engineering attempts, which will shed new
light on material design for next-generation energy storage
systems.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: zhang-qiang@mails.tsinghua.edu.cn.

ORCID
Xin-Bing Cheng: 0000-0001-7567-1210
Chong Yan: 0000-0001-9521-4981
Xue-Qiang Zhang: 0000-0003-2856-1881
He Liu: 0000-0003-1853-4732
Qiang Zhang: 0000-0002-3929-1541
Notes
The authors declare no competing financial interest.
Biographies

Dr. Xin-Bing Cheng is a research assistant at Tsinghua University. His
current research interests mainly focus on energy storage materials and
devices, including nanocarbon materials, Li−S batteries, and dendrite
suppression of Li metal anodes. Personal links: http://www.researcherid.
com/rid/F-8448-2014; http://orcid.org/0000-0001-7567-1210

Chong Yan gained his bachelor’s and master’s degrees from Henan
Normal University in 2013 and is currently a Ph.D. candidate at
Beijing Institute of Technology. Now he is also a visiting student in the
Department of Chemical Engineering, Tsinghua University. His
current research focuses on the interface and ion channel of lithium
battery anodes. Personal link: https://orcid.org/0000-0001-9521-4981

Xue-Qiang Zhang obtained his B.S. at Tianjin University in 2016. He
is currently a master student in the Department of Chemical
Engineering, Tsinghua University. His research interests focus on
high energy density and safe Li metal batteries, especially the
interphase between Li and liquid or solid electrolyte. Personal links:
http://www.researcherid.com/rid/R-2505-2017; https://orcid.org/
0000-0003-2856-1881

Dr. He Liu received her Ph.D. degree from the Institute of Process
Engineering, Chinese Academy of Sciences in 2017. Now, she is a
research associate in the Department of Chemical Engineering,
Tsinghua University. Her current research interests mainly focus on
2D materials and their applications in Li metal batteries. Personal
links: http://www.researcherid.com/rid/G-8480-2018; http://orcid.
org/0000-0003-1853-4732

Figure 6. Mixed conducting framework in the solid-state Li metal
anode. (a) Flowable interface contributed by a polymer electro-
lyte.54 (b) Lithiophilic modification to the SSE surface to render
tight contact with a Li metal anode (Copyright Wiley-VCH
VerlagGmbH&Co. KGaA, reproduced with permission from
ref 59).

ACS Energy Letters Perspective

DOI: 10.1021/acsenergylett.8b00526
ACS Energy Lett. 2018, 3, 1564−1570

1568

mailto:zhang-qiang@mails.tsinghua.edu.cn
http://orcid.org/0000-0001-7567-1210
http://orcid.org/0000-0001-9521-4981
http://orcid.org/0000-0003-2856-1881
http://orcid.org/0000-0003-1853-4732
http://orcid.org/0000-0002-3929-1541
http://www.researcherid.com/rid/F-8448-2014
http://www.researcherid.com/rid/F-8448-2014
http://orcid.org/0000-0001-7567-1210
https://orcid.org/0000-0001-9521-4981
http://www.researcherid.com/rid/R-2505-2017
https://orcid.org/0000-0003-2856-1881
https://orcid.org/0000-0003-2856-1881
http://www.researcherid.com/rid/G-8480-2018
http://orcid.org/0000-0003-1853-4732
http://orcid.org/0000-0003-1853-4732
http://dx.doi.org/10.1021/acsenergylett.8b00526


Qiang Zhang is a full professor at Tsinghua University. His interests
focus on energy materials (Li−S batteries, Li metal anodes, and
electrocatalysis). He is an editor of the Journal of Energy Chemistry and
Guest Editors of Advanced Functional Materials and Energy Storage
Materials. He was selected as 2017 Highly-Cited-Researchers. Personal
links: http://www.researcherid.com/rid/B-1799-2012; http://orcid.
org/0000-0002-3929-1541

■ ACKNOWLEDGMENTS

This work was supported by the National Key Research and
Development Program (2016YFA0202500, 2016YFA0200102,
and 2015CB932500), National Natural Scientific Foundation of
China (21676160), and China Postdoctoral Science Founda-
tion (2017M620773 and BX201700125).

■ REFERENCES
(1) Choi, J. W.; Aurbach, D. Promise and Reality of Post-Lithium-Ion
Batteries with High Energy Densities. Nat. Rev. Mater. 2016, 1, 16013.
(2) Tarascon, J. M.; Armand, M. Issues and Challenges Facing
Rechargeable Lithium Batteries. Nature 2001, 414, 359−367.
(3) Grey, C. P.; Tarascon, J. M. Sustainability and in Situ Monitoring
in Battery Development. Nat. Mater. 2017, 16, 45−56.
(4) Li, B.; Wang, Y.; Yang, S. A Material Perspective of Rechargeable
Metallic Lithium Anodes. Adv. Energy Mater. 2018, 8, 1702296.
(5) Cheng, X. B.; Zhao, M. Q.; Chen, C.; Pentecost, A.; Maleski, K.;
Mathis, T.; Zhang, X.-Q.; Zhang, Q.; Jiang, J.; Gogotsi, Y.
Nanodiamonds Suppress the Growth of Lithium Dendrites. Nat.
Commun. 2017, 8, 336.
(6) Zhang, X. Q.; Chen, X.; Xu, R.; Cheng, X. B.; Peng, H. J.; Zhang,
R.; Huang, J. Q.; Zhang, Q. Columnar Lithium Metal Anodes. Angew.
Chem. Int. Ed. 2017, 56, 14207−14211.
(7) Wei, S.; Cheng, Z.; Nath, P.; Tikekar, M. D.; Li, G.; Archer, L. A.
Stabilizing Electrochemical Interfaces in Viscoelastic Liquid Electro-
lytes. Sci. Adv. 2018, 4, eaao6243.
(8) Pang, Q.; Liang, X.; Shyamsunder, A.; Nazar, L. F. An In vivo
Formed Solid Electrolyte Surface Layer Enables Stable Plating of Li
Metal. Joule 2017, 1, 871−886.
(9) Liu, S.; Wang, A.; Li, Q.; Wu, J.; Chiou, K.; Huang, J.; Luo, J.
Crumpled Graphene Balls Stabilized Dendrite-Free Lithium Metal
Anodes. Joule 2018, 2, 184−193.
(10) Cheng, X. B.; Zhang, R.; Zhao, C. Z.; Zhang, Q. Toward Safe
Lithium Metal Anode in Rechargeable Batteries: A Review. Chem. Rev.
2017, 117, 10403−10473.
(11) Zhang, X. Q.; Cheng, X. B.; Zhang, Q. Advances in Interfaces
between Li Metal Anode and Electrolyte. Adv. Mater. Interfaces 2018,
5, 1701097.
(12) Albertus, P.; Babinec, S.; Litzelman, S.; Newman, A. Status and
Challenges in Enabling the Lithium Metal Electrode for High-Energy
and Low-Cost Rechargeable Batteries. Nat. Energy 2018, 3, 16−21.
(13) Liu, S. F.; Wang, X. L.; Xie, D.; Xia, X. H.; Gu, C. D.; Wu, J. B.;
Tu, J. P. Recent Development in Lithium Metal Anodes of Liquid-
State Rechargeable Batteries. J. Alloys Compd. 2018, 730, 135−149.
(14) Wei, S.; Choudhury, S.; Tu, Z.; Zhang, K.; Archer, L. A.
Electrochemical Interphases for High-Energy Storage Using Reactive
Metal Anodes. Acc. Chem. Res. 2018, 51, 80−88.
(15) Busche, M. R.; Drossel, T.; Leichtweiss, T.; Weber, D. A.; Falk,
M.; Schneider, M.; Reich, M. L.; Sommer, H.; Adelhelm, P.; Janek, J.
Dynamic Formation of a Solid-Liquid Electrolyte Interphase and Its
Consequences for Hybrid-Battery Concepts. Nat. Chem. 2016, 8,
426−434.
(16) Dey, A. Film Formation on Lithium Anode in Propylene
Carbonate. J. Electrochem. Soc. 1970, 117, C248.
(17) Peled, E. The Electrochemical Behavior of Alkali and Alkaline
Earth Metals in Nonaqueous Battery Systemsthe Solid Electrolyte
Interphase Model. J. Electrochem. Soc. 1979, 126, 2047−2051.

(18) Chen, N.; Zhang, H.; Li, L.; Chen, R.; Guo, S. Ionogel
Electrolytes for High-Performance Lithium Batteries: A Review. Adv.
Energy Mater. 2018, 8, 1702675.
(19) Li, X.; Zheng, J.; Ren, X.; Engelhard, M. H.; Zhao, W.; Li, Q.;
Zhang, J. G.; Xu, W. Dendrite-Free and Performance-Enhanced
Lithium Metal Batteries through Optimizing Solvent Compositions
and Adding Combinational Additives. Adv. Energy Mater. 2018, 8,
1703022.
(20) Maier, J. Defect Chemistry in Heterogeneous Systems. Solid
State Ionics 1995, 75, 139−145.
(21) Cheng, X. B.; Zhang, R.; Zhao, C. Z.; Wei, F.; Zhang, J. G.;
Zhang, Q. A Review of Solid Electrolyte Interphases on Lithium Metal
Anode. Adv. Sci. 2016, 3, 1500213.
(22) Peled, E.; Golodnitsky, D.; Ardel, G. Advanced Model for Solid
Electrolyte Interphase Electrodes in Liquid and Polymer Electrolytes.
J. Electrochem. Soc. 1997, 144, L208−L210.
(23) Aurbach, D. Review of Selected Electrode−Solution Interactions
Which Determine the Performance of Li and Li Ion Batteries. J. Power
Sources 2000, 89, 206−218.
(24) Li, Y.; Li, Y.; Pei, A.; Yan, K.; Sun, Y.; Wu, C. L.; Joubert, L. M.;
Chin, R.; Koh, A. L.; Yu, Y.; et al. Atomic Structure of Sensitive Battery
Materials and Interfaces Revealed by Cryo−Electron Microscopy.
Science 2017, 358, 506−510.
(25) Zheng, J.; Tang, M.; Hu, Y. Y. Lithium Ion Pathway within
Li7La3Zr2O12-Polyethylene Oxide Composite Electrolytes. Angew.
Chem., Int. Ed. 2016, 55, 12538−12542.
(26) Zu, C.; Dolocan, A.; Xiao, P.; Stauffer, S.; Henkelman, G.;
Manthiram, A. Breaking Down the Crystallinity: The Path for
Advanced Lithium Batteries. Adv. Energy Mater. 2016, 6, 1501933.
(27) Cheng, X. B.; Yan, C.; Peng, H. J.; Huang, J. Q.; Yang, S. T.;
Zhang, Q. Sulfurized Solid Electrolyte Interphase with a Rapid Li
Diffusion in Li Metal Batteries. Energy Storage Mater. 2018, 10, 199−
205.
(28) Chen, Y. C.; Ouyang, C. Y.; Song, L. J.; Sun, Z. L. Electrical and
Lithium Ion Dynamics in Three Main Components of Solid
Electrolyte Interphase from Density Functional Theory Study. J.
Phys. Chem. C 2011, 115, 7044−7049.
(29) Li, W.; Wu, G.; Araujo, C. M.; Scheicher, R. H.; Blomqvist, A.;
Ahuja, R.; Xiong, Z.; Feng, Y.; Chen, P. Li+ Ion Conductivity and
Diffusion Mechanism in α-Li3N and β-Li3N. Energy Environ. Sci. 2010,
3, 1524−1530.
(30) Suo, L.; Xue, W.; Gobet, M.; Greenbaum, S. G.; Wang, C.;
Chen, Y.; Yang, W.; Li, Y.; Li, J. Fluorine-Donating Electrolytes Enable
Highly Reversible 5-V-Class Li Metal Batteries. Proc. Natl. Acad. Sci. U.
S. A. 2018, 115, 1156−1161.
(31) Li, Y.; Li, Y.; Sun, Y.; Butz, B.; Yan, K.; Koh, A. L.; Zhao, J.; Pei,
A.; Cui, Y. Revealing Nanoscale Passivation and Corrosion
Mechanisms of Reactive Battery Materials in Gas Environments.
Nano Lett. 2017, 17, 5171−5178.
(32) Wang, X.; Zeng, W.; Hong, L.; Xu, W.; Yang, H.; Wang, F.;
Duan, H.; Tang, M.; Jiang, H. Stress-Driven Lithium Dendrite Growth
Mechanism and Dendrite Mitigation by Electroplating on Soft
Substrates. Nat. Energy 2018, 3, 227−235.
(33) Yurkiv, V.; Foroozan, T.; Ramasubramanian, A.; Shahbazian-
Yassar, R.; Mashayek, F. Phase-Field Modeling of Solid Electrolyte
Interface (SEI) Influence on Li Dendritic Behavior. Electrochim. Acta
2018, 265, 609−619.
(34) Monroe, C.; Newman, J. The Impact of Elastic Deformation on
Deposition Kinetics at Lithium/Polymer Interfaces. J. Electrochem. Soc.
2005, 152, A396−A404.
(35) Zhao, C. Z.; Zhang, X. Q.; Cheng, X. B.; Zhang, R.; Xu, R.;
Chen, P. Y.; Peng, H. J.; Huang, J. Q.; Zhang, Q. An Anion-
Immobilized Composite Electrolyte for Dendrite-Free Lithium Metal
Anodes. Proc. Natl. Acad. Sci. U. S. A. 2017, 114, 11069−11074.
(36) Wenzel, S.; Randau, S.; Leichtweiß, T.; Weber, D. A.; Sann, J.;
Zeier, W. G.; Janek, J. Direct Observation of the Interfacial Instability
of the Fast Ionic Conductor Li10GeP2S12 at the Lithium Metal Anode.
Chem. Mater. 2016, 28, 2400−2407.

ACS Energy Letters Perspective

DOI: 10.1021/acsenergylett.8b00526
ACS Energy Lett. 2018, 3, 1564−1570

1569

http://www.researcherid.com/rid/B-1799-2012
http://orcid.org/0000-0002-3929-1541
http://orcid.org/0000-0002-3929-1541
http://dx.doi.org/10.1021/acsenergylett.8b00526


(37) Yu, X. Q.; Sun, J. P.; Tang, K.; Li, H.; Huang, X. J.; Dupont, L.;
Maier, J. Reversible Lithium Storage in LiF/Ti Nanocomposites. Phys.
Chem. Chem. Phys. 2009, 11, 9497−9503.
(38) Tu, Z.; Choudhury, S.; Zachman, M. J.; Wei, S.; Zhang, K.;
Kourkoutis, L. F.; Archer, L. A. Fast Ion Transport at Solid−Solid
Interfaces in Hybrid Battery Anodes. Nat. Energy 2018, 3, 310−316.
(39) Liang, X.; Pang, Q.; Kochetkov, I. R.; Sempere, M. S.; Huang,
H.; Sun, X.; Nazar, L. F. A Facile Surface Chemistry Route to a
Stabilized Lithium Metal Anode. Nat. Energy 2017, 2, 17119.
(40) Liu, Y.; Lin, D.; Yuen, P. Y.; Liu, K.; Xie, J.; Dauskardt, R. H.;
Cui, Y. An Artificial Solid Electrolyte Interphase with High Li-Ion
Conductivity, Mechanical Strength, and Flexibility for Stable Lithium
Metal Anodes. Adv. Mater. 2017, 29, 1605531.
(41) Peng, Z.; Zhao, N.; Zhang, Z.; Wan, H.; Lin, H.; Liu, M.; Shen,
C.; He, H.; Guo, X.; Zhang, J.-G.; et al. Stabilizing Li/Electrolyte
Interface with a Transplantable Protective Layer Based on Nanoscale
LiF Domains. Nano Energy 2017, 39, 662−672.
(42) Yan, J.; Yu, J.; Ding, B. Mixed Ionic and Electronic Conductor
for Li-Metal Anode Protection. Adv. Mater. 2018, 30, 1705105.
(43) Zhu, C.; Usiskin, R. E.; Yu, Y.; Maier, J. The Nanoscale Circuitry
of Battery Electrodes. Science 2017, 358, eaao2808.
(44) Lu, D.; Shao, Y.; Lozano, T.; Bennett, W. D.; Graff, G. L.;
Polzin, B.; Zhang, J.; Engelhard, M. H.; Saenz, N. T.; Henderson, W.
A.; et al. Failure Mechanism for Fast-Charged Lithium Metal Batteries
with Liquid Electrolytes. Adv. Energy Mater. 2015, 5, 1400993.
(45) Wu, B.; Lochala, J.; Taverne, T.; Xiao, J. The Interplay between
Solid Electrolyte Interface (SEI) and Dendritic Lithium Growth. Nano
Energy 2017, 40, 34−41.
(46) Lin, D.; Liu, Y.; Liang, Z.; Lee, H. W.; Sun, J.; Wang, H.; Yan,
K.; Xie, J.; Cui, Y. Layered Reduced Graphene Oxide with Nanoscale
Interlayer Gaps as a Stable Host for Lithium Metal Anodes. Nat.
Nanotechnol. 2016, 11, 626−632.
(47) Cheng, X. B.; Peng, H. J.; Huang, J. Q.; Wei, F.; Zhang, Q.
Dendrite-Free Nanostructured Anode: Entrapment of Lithium in a 3D
Fibrous Matrix for Ultra-Stable Lithium−Sulfur Batteries. Small 2014,
10, 4257−4263.
(48) Zhang, R.; Cheng, X. B.; Zhao, C. Z.; Peng, H. J.; Shi, J. L.;
Huang, J. Q.; Wang, J.; Wei, F.; Zhang, Q. Conductive Nanostructured
Scaffolds Render Low Local Current Density to Inhibit Lithium
Dendrite Growth. Adv. Mater. 2016, 28, 2155−2162.
(49) Zhang, R.; Chen, X. R.; Chen, X.; Cheng, X. B.; Zhang, X. Q.;
Yan, C.; Zhang, Q. Lithiophilic Sites in Doped Graphene Guide
Uniform Lithium Nucleation for Dendrite-Free Lithium Metal
Anodes. Angew. Chem., Int. Ed. 2017, 56, 7764−7768.
(50) Wang, S. H.; Yin, Y. X.; Zuo, T. T.; Dong, W.; Li, J. Y.; Shi, J. L.;
Zhang, C. H.; Li, N. W.; Li, C. J.; Guo, Y. G. Stable Li Metal Anodes
via Regulating Lithium Plating/Stripping in Vertically Aligned
Microchannels. Adv. Mater. 2017, 29, 1703729.
(51) Zhang, R.; Chen, X.; Shen, X.; Zhang, X. Q.; Chen, X. R.;
Cheng, X. B.; Yan, C.; Zhao, C. Z.; Zhang, Q. Coralloid Carbon Fiber-
Based Composite Lithium Anode for Robust Lithium Metal Batteries.
Joule 2018, 2, 764−777.
(52) Chen, C.; Zhang, Y.; Li, Y.; Kuang, Y.; Song, J.; Luo, W.; Wang,
Y.; Yao, Y.; Pastel, G.; Xie, J.; et al. Highly Conductive, Lightweight,
Low-Tortuosity Carbon Frameworks as Ultrathick 3D Current
Collectors. Adv. Energy Mater. 2017, 7, 1700595.
(53) Kamaya, N.; Homma, K.; Yamakawa, Y.; Hirayama, M.; Kanno,
R.; Yonemura, M.; Kamiyama, T.; Kato, Y.; Hama, S.; Kawamoto, K.;
et al. A Lithium Superionic Conductor. Nat. Mater. 2011, 10, 682−
686.
(54) Liu, Y.; Lin, D.; Jin, Y.; Liu, K.; Tao, X.; Zhang, Q.; Zhang, X.;
Cui, Y. Transforming from Planar to Three-Dimensional Lithium with
Flowable Interphase for Solid Lithium Metal Batteries. Sci. Adv. 2017,
3, eaao0713.
(55) Yang, C.; Zhang, L.; Liu, B.; Xu, S.; Hamann, T.; McOwen, D.;
Dai, J.; Luo, W.; Gong, Y.; Wachsman, E. D.; et al. Continuous
Plating/Stripping Behavior of Solid-State Lithium Metal Anode in a
3D Ion-Conductive Framework. Proc. Natl. Acad. Sci. U. S. A. 2018,
115, 3770−3775.

(56) Xu, K. Electrolytes and Interphases in Li-Ion Batteries and
Beyond. Chem. Rev. 2014, 114, 11503−11618.
(57) Yamada, Y.; Yamada, A. ReviewSuperconcentrated Electro-
lytes for Lithium Batteries. J. Electrochem. Soc. 2015, 162, A2406−
A2423.
(58) Tu, Z.; Nath, P.; Lu, Y.; Tikekar, M. D.; Archer, L. A.
Nanostructured Electrolytes for Stable Lithium Electrodeposition in
Secondary Batteries. Acc. Chem. Res. 2015, 48, 2947−2956.
(59) Yang, C.; Fu, K.; Zhang, Y.; Hitz, E.; Hu, L. Protected Lithium-
Metal Anodes in Batteries: From Liquid to Solid. Adv. Mater. 2017, 29,
1701169.

ACS Energy Letters Perspective

DOI: 10.1021/acsenergylett.8b00526
ACS Energy Lett. 2018, 3, 1564−1570

1570

http://dx.doi.org/10.1021/acsenergylett.8b00526

