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and Hui-Ming Cheng*

Rechargeable batteries are considered promising replacements for envi-
ronmentally hazardous fossil fuel-based energy technologies. High-energy
lithium-metal batteries have received tremendous attention for use in
portable electronic devices and electric vehicles. However, the low Coulombic
efficiency, short life cycle, huge volume expansion, uncontrolled dendrite
growth, and endless interfacial reactions of the metallic lithium anode are
major obstacles in their commercialization. Extensive research efforts have
been devoted to address these issues and significant progress has been made
by tuning electrolyte chemistry, designing electrode frameworks, discovering
nanotechnology-based solutions, etc. This Review aims to provide a concep-
tual understanding of the current issues involved in using a lithium metal
anode and to unveil its electrochemistry. The most recent advancements

in lithium metal battery technology are outlined and suggestions for future
research to develop a safe and stable lithium anode are presented.

hydride, and lead-acid are considered the
leading candidates for storing electro-
chemical energy.’l Among these, lithium
ion batteries (LIBs) are ranked top due
to their better power storage ability, long
life stability, and thermal tolerance com-
pared to the others.*fl Since the com-
mercialization of LIBs by Sony in 1991,
this technology has served for decades
and has expanded into larger wunits
including electric vehicles (EVs, hybrid,
or plug-in), power tools, and electric
power storage units.'”] However, the
demand for storage devices with higher
gravimetric and volumetric energy densi-
ties for long range EVs, and large energy
storage systems for power load-leveling is

siidl

1. Introduction

The development of renewable and clean energy technologies
is necessary to fulfill the increasing energy demand and reduce
our reliance on fossil fuels. Hydroelectric, solar and wind
power systems are the most suitable options, but due to their
intermittent nature, energy storage systems are required which
can store the excess energy and supply it back on demand.["?
Rechargeable batteries, such as lithium-metal/ion, nickel-metal
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continuously increasing.'¥! These goals
cannot be achieved with the current LIB
technologies.l>”!

Therefore, a great deal of work has to be done to develop
new rechargeable Li-based batteries having novel cathode mate-
rials composed of a multielectron system, that have higher
energy densities and overcome the charge-storage limitations of
insertion-compound electrode materials. Impressively, lithium—
sulfur (Li-S) and Li-air (Li-O,) batteries, which have cathodes
composed of abundant sulfur and oxygen, are good options to
achieve these goals.’'!] With multielectron redox reactions, the
theoretical specific energies of Li-S (2567 Wh kg™!) and Li-O,
(3582 Wh kg™!) batteries are an order of magnitude higher than
Cg/LiCo0, (387 Wh kg™!) based LIBs.B91213] Therefore, to fully
use the high energy density of sulfur and oxygen cathodes, a fur-
ther increase in charge storage capacity of the anode is crucial.

With this urgent need for high-energy density Li-S and Li-O,
batteries, Li metal has gained tremendous popularity as an
anode due to its high theoretical capacity (3860 mAh g), low
redox potential (-3.04 V vs the standard hydrogen electrode)
as well as the lowest density (0.53 g cm™).Bl Unfortunately,
the large-scale applications of metallic Li are severely impeded
by some serious drawbacks, such as high reactivity, volume
changes, unstable solid electrolyte interphase (SEI), dendrite
growth, and the formation of dead Li during the plating/
stripping process (Figure 1). The consequences of these prob-
lems may include a low Coulombic efficiency, high electrode
impedance, capacity loss, a short life, and safety problems.['+1%]
Therefore, it is necessary to have a deep understanding and
basic knowledge about the Li electrochemistry in order to find
solutions for these problems.
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Here, we present a comprehensive review of the various
aspects of the use of Li metal as the anode in Li metal bat-
teries. Starting with a general introduction, the advantages of
Li metal batteries over the others and the major scientific issues
related to the use of Li metal anode are explicitly discussed. In
the following sections, recent advances in the development of
advanced Li metal batteries are outlined. Finally, the outlook
and future directions for developing next generation Li metal
batteries are presented together with some concluding remarks.

2. Li Metal as an Anode

The estimated practical specific energies for Li-S and Li-O,
are given in Figure 2 where they are compared to several other
battery technologies including LIBs.[! It is clear from this figure
that the specific energy densities of Li-S and Li-O, are sig-
nificantly higher than those of alternative battery technologies.
However, the high reactivity, large volume changes, dendrite
formation, poor cyclic stability, and safety issues are some of the
major problems hindering the practical use of Li metal anode
in these battery systems.['>17] Although, a significant amount of
work has been done during the last 10 years to address these
issues, a versatile solution is still absent.'¥! Therefore, a fun-
damental understanding of Li metal chemistry is essential in
order to make the Li anode a viable technology for next genera-
tion Li metal batteries. In the following sections, we shall dis-
cuss some of the key challenges facing the Li metal anode.

3. Challenges Faced by Li Metal Anodes

3.1. Reactivity of Li Metal

Li is an extremely reactive metal having only one electron in
its outer shell, and due to the shielding effect between the
nucleus and the inner electrons, it can easily loss its outer
electron to form Li*, making it highly reactive and thermody-
namically unstable.') Furthermore, rechargeable batteries are
usually operated at a constant current density with an equal
amount of current flowing between the two opposite electrodes
(Leathode = Lunode)- As the positive electrode is usually porous in
nature, the electric field is uniformly distributed and the current
density is normalized by its relatively high electroactive surface
area.2021l The Li metal anode is nonporous and planar creating
an extremely high local current density with the electric field
lines perpendicular to its surface. This also makes the Li metal
anode highly reactive and causes some serious problems such
as dendrite growth, an unstable SEI, reaction with the elec-
trolyte solution, and safety concerns.?*?2-24] For these reasons
almost all electrolytes, including solid electrolytes, undergo
decomposition as soon they come in contact with Li resulting
in a variety of reduction products (Figure 3).>-%°] The extremely
high reactivity of Li anode has been spectroscopically confirmed
by Fourier-transform infrared spectroscopy (FTIR), X-ray photo-
electron spectroscopy (XPS), and energy dispersive spectros-
copy (EDS) measurements,?>3% and electrochemically observed
with the help of chronopotentiometry, chronoamperometry,
cyclic voltammetry, electrochemical quartz crystal microbalance
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(EQCM), galvanostatic/potentiostatic intermittent titrations
(GITT, PITT), and electrochemical impedance spectroscopy
(EIS).12>31-3%] The reactivity of Li anode has also been theo-
retically confirmed.%38 It has been found that the electrolyte
salts (Figure 3a)l?’! and additives (Figure 3b)1?® are repeatedly
reduced/precipitated on the Li surface from solution.***? Some
of the aprotic salts, such as LiBF,, LiPF4, LiN(SO,CF;),, and
LiSO;CF; are moisture sensitive and produce HF as the hydrol-
ysis product due to the presence of trace moisture in the elec-
trolyte solvents, which immediately react with Li metal anode

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

NANO - MICRO

Sriill

www.advancedsciencenews.com

solvent + salt + additive

c
A=
5=

3]

3
=

o

—

Li ion
Electrolyte  solvent molecules

solvated Li ions?* ‘L fresh Li
R LN

A

Reactivity of Li
(lowest electrochemical
potential, high local current
density, unshielded electron)

\

Volume expansion
(irregular nucleation,
nonuniform deposition
of solvated lithium ions)

Unstable SEI
(poor mechanical
stability, chemical
susceptibility)

www.small-journal.com

dead mass

SEl layer
dendrites towards cathode

tip growth velocity
celgard (v = -p.Eo)

N v
LW
- WL

Dendrite growth

(non porous anode,
local space charge,
concentration gradient)

SElI film %

33

Dead lithium
(continuous growth of
dendrite tips, their isolation
and encapsulation by SEI)

}

|

low ions diffusion sluggish electrode kinetics decomposition of electrolyte loss of active material

A

safety issues

(

Battery short circuiw

Figure 1. Schematic of the various challenges faced by Li anodes.

forming a LiF layer. However, LiClO, and LiAsF; are found to
be stable due to the absence of fluorine and presence of strong
As—F bonding in their molecules, respectively.*>~*! Further-
more, the commonly used ether or carbonate based electrolyte
systems are also found to react with Li metal anode forming
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Figure 2. Comparison of the estimated practical specific energies of dif-
ferent rechargeable batteries systems with Li metal batteries (Li-S and
Li-O,) and their future trend. Reproduced with permission.l"! Copyright
2012, Wiley-VCH.
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reduction products such as (CH, OCO, Li);, CH;0CO,Li,
CH,=CH,, Li,0, LiOH, Li,COs, LiF, Li,PF,, etc.252746-4] Simi.
larly, computational studies have shown that various liquid
electrolytes are highly unstable against Li metal anode.2026:3849]
For instance, Tasaki et al.’% performed detailed ab initio calcu-
lations to study the interaction of Li atoms with ethylene car-
bonate (EC), propylene carbonate (PC), vinyl ethylene carbonate
(VEC), vinyl carbonate (VC), vinyl vinylene carbonate (VVC),
ethylene sulfite (ES), and tetrahydrofuran (THF). A Hartree-
Fock (HF) method was used to optimize the theoretical cluster
model, consisting of 15 Li atoms and one solvent molecule,
such that the carbonyl oxygen was facing the Li cluster while
the hydrocarbon moiety was away from it. Various thermody-
namic parameters, such as activation energy (AE), enthalpy of
reaction (AH), and transition state (T'S), were calculated and it
was deduced that the solvents/additives undergo spontaneous
and exothermic reactions with Li.’®* The computational
studies of Leung et al.’!l and Yu et al.l*%! have also confirmed
the interaction between Li and liquid electrolytes. In addition to
the liquid electrolytes, solid electrolyte materials are also ther-
modynamically unstable against Li metal and are reduced with
highly favorable decomposition energies (Figure 3c,d).l?”]

All electrolytes, including additives,®*4 solvents, >8] and
Li saltsl%%%71 can decompose, polymerize or adsorb on the Li
surface leading to the formation of surface films (SEI). With
repeated cycling, the SEI develops cracks leading to further
reaction of the electrolyte with bare Li and the process continues

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Schematic of the interaction of the electrolyte (solvents, salts, and additives) with the surface of a Li anode. Adapted with permission.?’!
Copyright 2009, The Electrochemical Society. b) Schematic of the interaction of the Li surface with Li salts (e.g., LiTFSI, LiFSI) and additives
(LiN3/LiNOs) in DME solvent. Reproduced with permission.?8l Copyright 2017, Wiley-VCH. The calculated decomposition energies (Ep) of ¢) sulfide and
d) oxide solid electrolyte materials as a function of the applied voltage (¢) or Li chemical potential (uL;). Reproduced with permission.[?’)

Copyright 2015, American Chemical Society.

until the electrolyte is vanished. In fact, the continuous decom-
position of electrolyte and the formation of unstable SEI are
two of the major causes for the failure of the Li anode, which
must be stopped.’>Z

3.2. Volume Changes in Li Metal during
a Charge-Discharge Cycle

The huge volume expansion of Li metal anode during
plating/stripping is another issue,*"! which is much worse
than changes in alloy-type anodes such as lithium-silicon
(Figure 4a).>® Such huge volume changes mean that despite
the reversibility of the electrochemical process, mechanical
stress may destroy the integrity of the electrode, thus leading to
capacity fade during cycling. Furthermore, the volume expan-
sion could increase the contact area between Li and the elec-
trolyte, which further accelerates the decomposition of the
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electrolyte. The volume changes in going from the stripping to
plating states are illustrated in Figure 4b. During stripping, Li
atoms lose electrons to the external circuit and dissolve in the
electrolyte by migrating through the SEI (Figure 4c-1).54 On
cathodic polarization, the solvated Li ions shed their solvent
molecules at the solution/SEI interface and deposit on the Li
surface to become part of the metallic lattice, leading to uni-
form plating (Figure 4c-11).54%] However, this is only true when
the SEI remains intact. In most cases, the SEI is fractured and
the solvated Li ions can easily make their way through the frac-
tures in the SEI and directly deposit on the metal surface in
an irregular pattern, resulting in Li dendrites, dead Li, and a
large volume expansion (Figure 4c-I11).141556-60] Meanwhile,
the electrolyte molecules immediately react with this fresh Li
on the top surface of the anode to form a new thin SEI that
can again fracture to provide paths for the entry of new electro-
lyte/solvated Li ions and this process continues until the whole
electrolyte vanishes. Based on this failure mechanism, it can be

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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dual-salt-DME electrolytes. Reproduced with permission.*®l Copyright 2018, Nature Publishing Group. c) Schematic of volume expansion in a Li anode.

deduced that efforts must be made to rationally control the dep-
osition of Li*, build integral SEI layers with high mechanical
strength and flexibility, and reduce these volume changes in
order to achieve safe and stable Li metal anodes.

3.3. Growth of Li Dendrites

In 1990, Chazalviel®! modeled the growth of branched metallic
deposits (dendrites) during electrodeposition in dilute salt solu-
tions under a high electric field by proposing the following
basic equations for the concentrations C, and C.

W. = — D.AC, + u.C.E (1)
W, =-D,AC, — u,C,E 2)

where the subscripts a and c, respectively, stand for anions and
cations, W is the ion flux, ut is the ion mobility, D is the diffusion
constant, and E is the electric field. It was concluded that anion
depletion occurs in the cathode vicinity creating a space charge,
which is associated with a potential drop AV, leading to dendritic
growth of the metal. Furthermore, a space charge was also shown
to exist in the vicinity of the filament tips (dendrite tips), which
advanced the front growth at a speed equal to the velocity of the
anions leaving the anode (v, = —,E,) in the applied electric field.

Later, Brissot et al.[?l used this model to investigate Li den-
drite growth in a symmetrical Li/polymer cell under galvano-
static conditions. In their model, D and u were assumed to be
independent of concentration, such that Z,C, = Z.C. = C and all
the potential-dependent terms were eliminated (where z, and
z., respectively, correspond to anionic and cationic charge num-
bers). Therefore, under such conditions, the current density (J)
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at the electrodes will be entirely due to cations, i.e., ] = J. and
J.=0, and hence

A S A

ot

eD(l + “‘] (3)
I

Equation (3) is the mathematical formulation of the Brissot
et al.’s model and can be effectively used to investigate the
growth mechanism of Li dendrites in the cells. The change in
ionic concentration from anode to cathode (dC/dx) is linearly
related to J, so that, two different behaviors could be anticipated
for a Li symmetrical cell at low and high current densities,
depending on the initial ionic concentration (C,), the inter elec-
trode distance (L) and the diffusion constant (D)

(a) Ata low current density (] < J*)

When the electrode effective current density J is lower than critical
current density [* (i.e., J < J*), then dC/dx < 2C,/L, and the ionic
concentration attains a steady state with a constant concentration
gradient varying from C, = C, — AC, at the negative electrode to
C. = C, + AC, at the positive. Under this condition, the potential
also reaches a stationary value and no dendrite growth occurs.
In practice, the cells are operated at a current density that is far
below J* (J << J*), however, dendritic Li has still been observed.!¥
Generally, at a low current density (J < J*), the ionic concentration
remains very close to C, and does not approach zero at the nega-
tive electrode and therefore, the concentration gradient is very low
and cannot be observed directly. However, this situation allows
the cell to be easily polarized until dendrites appear which finally
cause a decrease in the potential and short circuit the cell.6?

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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(b) At a high current density (] > J*)

In this case, the electrode’s effective current density J is
higher than the critical current density J* (i.e., J >J*) and dC/
dx > 2C,/L. Here, a high concentration gradient exists between
the two electrodes and the ionic concentration goes to zero at
the negative electrode (anode) leading to the formation of den-
drites with the divergence of the cell potential at a time 7, called
“Sand’s time” as given below:

2
T= nD(C"e ] (4)
2Jt,
where
P (5)
Ha + He

The term t, is the anion transference number while 7 is the
time at which Li dendrites start to grow. According to Brissot
et al.l°? in an applied electric field E,, the dendrites grow at a
velocity equal to the drift velocity of the anions (i —e., v, = U, E,),
where E, = J/o and o is the conductivity of the electrolyte. As
E, is directly related to J therefore, dendrite growth is highly
dependent on the current density. The dendrites can be pre-
dicted by knowing the value of J*, as given below!1>:6263]

. _ 2DC.e

J I (6)
where e is the elementary charge. The above equation can be
used to calculate J* by knowing the values of C,, t, and D for
Li ions and the distance between the two electrodes. At 1, the
effective current density exceeds the critical current density
(i-e., J > J*) due to the ionic concentration gradient leading to
the creation of a local space charge, which finally results in the
formation of dendrites on the Li metal anode surface. Gener-
ally, this theory is valid for estimating metal dendrite growth at
higher current densities (i.e., J > J*).[6263]

3.4. The SEl on a Li Metal Anode

It is well known that the anode is always covered by a protec-
tive layer called an SEI film.*¥ An unstable SEI results in fast
self-discharge (short shelf-life), increased impedance, irreversible
capacity loss, dendrite formation, and an abnormal Coulombic
efficiency of the cell.1538526469 In early research, the Butler—
Volmer equation was used to investigate the growth and behavior
of the SEI film. It was postulated that the film is formed as result
of the direct transfer of electrons from the Li anode to the cat-
ions in solution. Furthermore, the SEI was believed to interfere
with the deposition/dissolution process of the anode, resulting
in a short cycle life of the anode.’®’! It was therefore recom-
mended that the Li metal anode must be made free of such a
passivating layer in order to achieve a stable life cycle. However,
in 1979 PledP* proposed the SEI model and proved that the SEI
film has no such negative influence on the performance of the
anode. Rather, a stable SEI film allows the transport of Li ions
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while blocking electrons, thereby preventing the electrolyte from
decomposing and improving the electrochemical performance of
the cell (Figure 5). According to this model, the SEI is composed
of one or two sublayers (a primary SEI at electrode electrolyte
interface and a second porous layer next to primary one) and
ion conduction occurs via the thermodynamically stable crystals
of the primary SEI layer.”? Later in 1987, Thevenin and Muller
further classified SEI films into four types according to their
structures and compositions, as given below:1*!

(i) The SEI layer, which has the properties of a solid electrolyte
and is mainly composed of inorganic compounds.

(ii) The polymer electrolyte interphase (PEI) layer is composed
of a compact mixture of polymeric and inorganic com-
pounds and has the properties of a polymer electrolyte.

(iii) The solid polymer layer (SPL) is characterized by average
properties of both solid and polymer electrolytes in which
solid inorganic compounds are dispersed in a polymer elec-
trolyte.

(iv) In a compact-stratified layer (CSL), the passivating layer is
assumed to be made up of two sublayers, which consist of
an SEI on the Li metal surface and another SEI or a PEI at
the solution/electrode interface.

Similarly, Peled et al.l* and Aurbach et al.”3! respectively pro-
posed mosaic-type and multilayer microstructures for the SEI.
In a broader sense, the SEI is the result of reactions between
electrolytes and Li due to the loss of electrons from Li to the
electrolyte solution. Extensive research has been done over the
past 40 years to understand the structure and composition of
SEI film.[30:37,3858,60.72.74-77] Experimental and simulation studies
have shown that SEI comprises of degraded inorganic salt, salts/
anions such as AsF7, PF, CF;SO7;, Li3N, Li,CO3;, NS(O,CF;)
7,C(SO,CF;)73 and LiX (X = F, Cl etc.) and reduction products
of organic solvents such as (CH,0CO, Li),, ROLi, (R = alkyl
group) CH,;CH(OCO,Li) CH,0CO,Li, CH;OLi CH;0CO,Li,
HCOOLi.[1425:293076] The composition of SEI can be correlated
with the reactivity of the electrolyte components and solvated
electrons (e7,,).1%*7>787°1 For instance, BF~4 and ClO™, are sig-
nificantly less reactive toward e, and LiCl and boron (BY) are
rarely found in the SEI. However, B was found in the SEI in
ether-based solutions containing LiBF, due to the kinetic stability
of the ether solvent versus € ;,.1°*’% The composition and prop-
erties of an SEI film strongly depend upon the nature of the sol-
vents, salts, and additives, so attention needs to be paid to the
rational design of electrolytes for building an effective SEI film
on the Li surface.0>68081 However, the SEI is a very compli-
cated layer and its composition and properties may dependent on
numerous factors including electrolyte composition/concentra-
tion, temperature, current density, etc.l Research on SEI forma-
tion and composition has been well reviewed elsewhere.[38:66.72.76]

3.4.1. The SEI and Failure of the Li Metal Anode

Generally, the SEI is considered a bilayer structure consisting
of a primary compact layer directly grown on the Li surface and
a secondary porous layer on the solution side, which controls
the transport of ions in the cell. The transport of Li ions across

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Schematics of SEI: Separation of a Li* from the Li metal surface. (I) Migration of Li* through the SEI by a Schottky vacancy mechanism.

(11) Salvation of the Li* electrolyte and (IIl) transport towards the cathode.

b) Nyquist plots of bare and MoS,-coated cells after 15 cycles and c) after

240 cycles for bare Li; and for 300 cycles for MoS,-coated Li. d) SEM image of bare Li and e) protected Li after cycling at 10mAcm=2. Reproduced with

permission.® Copyright 2018, Nature Publishing Group.

the SEI during charge/discharge and its subsequent effect on
performance can be explained with help of the following reac-
tion steps (Figure 5):7%

Step-I: Electron loss at the Li/SEI interface (Figure 5a-I).

In the first step, Li metal loses an electron at the SEI/Li inter-

face to form Li* which immediately transfers to the SEI (Li/SEI):
Li® — ne ¢ Li" (Li/SEI) (7)

Step-11: Transfer of Li* from the Li/SEI to the SEI solution
interface (SEI/sol) (Figure 5a-II).

In the second step, the transfer of a Li* takes place through
the defect sites in the crystals of the SEI from the Li/SEI inter-
face to the SEI/sol (provided t;;, = 1):

Small 2019, 1900687 1900687

Li" (Li/SEI) ¢ Li* (SEI/sol) (8)

Step-III: Finally, Li* transfers from the SEI/sol interface to
the bulk solution (m-sol) and its solvation occurs (Li* (m-solv))
(Figure 5a-III).

In this step, the Li* transfers to the bulk electrolyte solution
through the porous SEI layer (t;, = 1).
m — sol + Li" (Li/SEI) ¢ Li* (m — solv) 9)

It is clear that any one of the above reactions could be the
rate-determining step for the back and forth transport of Li ions
across the SEI. According to Pled and Menkin’? under such

(7 of 26) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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conditions the Tafel slope (b) will be a linear function of the
thickness (L) of the SEI:

= 23RTL
aZF

(10)

where Z is the valence of the cation (+1 for Li), ¢ is the half-
jump distance of the ion within the SEI, F is the Faraday con-
stant. R is the resistance, and T is the temperature. The above
assumptions are most valid when the SEI remains intact during
charge/discharge (operation at open-circuit voltage (OCV) or at
low current density). In practice, however, the cells are oper-
ated at high current densities and the SEI is known to suffer
from continuous breaking and repairing process during
repeated cycling. This results into an increased impedance, a
high overpotential and a poor Coulombic efficiency of the elec-
trode.1+586282] For instance, Cha et al.®®] demonstrated that the
EIS spectra of bare and MoS,-coated Li anodes show almost
similar film resistance after initial 15 cycles, suggesting the SEI
to be undamaged (Figure 5b). However, the resistance of the
bare Li anode was found to significantly increase after 240 cycles
compared to MoS,-coated Li anode (Figure 5c) indicative of
SEI failure (Figure 5d,e). Similarly, the Coulombic efficiency
(ratio of irreversible capacity to the total reversible capacity)
has become another important index for measuring the perfor-
mance of an anode in a certain electrolyte.®¥ The average Cou-
lombic efficiency of an electrode is closely associated with an
SEI layer. A stable SEI layer can effectively prevent the chemical
reactions between electrolyte and Li, leading to high Coulombic
efficiency and a long life of the battery. The low Coulombic
efficiencies badly affect the cycle life.®># For example, a Cou-
lombic efficiency of 50% means irreversible loss of half of the
Li during each cycle, which quickly depletes the Li in the bat-
tery. In addition to the irreversible Li loss, the rapid degrada-
tion of the electrolyte due to continuous healing and repairing
of SEI also limits cycle life. Therefore, a Coulombic efficiency of
99% or above (less than 1% of Li loss on each cycle) is desirable
for a practical Li metal battery.®2 However, almost all electro-
lytes are unstable against Li metal anode and therefore, is very
crucial to have a continuous and flexible SEI on the Li metal
anode.”! An effective SEI must facilitate the diffusion of Li ions
while blocking the leakage of electrons to the electrolyte. If the
SEI develops cracks during cycling, the solvent molecules will
thus react with the freshly exposed Li to form a new thin SEI
These solvated electrons (e7,,), with a lower negative reduction
potential than Li, easily diffuse through this freshly-made SEI
and reduce both solvent molecules and anions of the electro-
lyte. Even if, the solvent is stable these electrons can still reach
the cathode and reduce it resulting in self-discharge of the bat-
tery."28788] Therefore, a rapid healing/repair of the SEI during
plating/stripping is absolutely necessary to stop the loss of these
solvated electrons and impede electrolyte decomposition. s’

4. Strategies for Developing Stable
Li Metal Anodes

Significant research has been devoted to designing nanostruc-
tured and engineered electrode frameworks, building a stable
SEI with desired properties and discovering new electrolytes for
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achieving safe and stable Li metal batteries, as summarized in
Table 1. The recent developmental progress and strategies for
protecting Li anodes are discussed below.

4.1. Modification of Li Metal Anode
4.1.1. Melt Diffusion Strategy to Trap Li in Porous Hosts

The extremely high local current density of the planar Li
metal anode causes a nonuniform distribution of Li* flux on
the electrode surface.’” Consequently, the anode experiences
nonuniform Li nucleation, leading to uncontrolled dendrite
growth and a large volume change.?!l Because of this, porous
host materials are used to reduce the local current density in
the Li anode in order to control volume changes and suppress
dendrite growth. Nanostructured 3D porous carbons are con-
sidered ideal host materials to hold the Li due to their high
mechanical, thermal, and chemical stabilities, large surface
area, good conductivity, and low gravimetric density.l'” A light-
weight layered electrode made by infiltrating reduced graphene
oxide (rGO) with molten Li has been produced in an attempt
to address this problem (Figure 6a).?%l On the one hand, the
rGO holds a large amount of Li with uniform deposition during
stripping/plating. On the other hand, the top most rGO layer
acts as a stable artificial SEI film. In addition, the periodically
stacked rGO significantly mitigate the volume changes during
cycling (Figure 6b—d). The layered Li-rGO anode was able to
deliver a specific capacity as high as =3 390 mAh g~!, which cor-
responds to =87.8% capacity of a pure Li metal anode.

Usually porous carbons have poor Li wettability and a lithi-
ophilic coating is used to facilitate the infiltration of molten
Li.24%] These coating agents have been found to guide uniform
Li deposition and inhibit dendrite growth. For instance, ZnO
shows good Li wetting properties and has been used to coat
polymer fibers to facilitate their infiltration with molten Li and
address the issues of volume expansion and dendrite formation
(Figure 6e).°! Similarly, Hu et al.®? and Liu et al.®! separately
used ZnO-coated carbonized wood (C-wood) (Figure 6f) and
commercial carbon fiber cloth (CFC) (Figure 6g) as Li host mate-
rials. The unidirectional channels of Li—-C-wood and Li-CFC
composite anodes were found to help regulate the flow of Li*
along the vertical direction. Furthermore, the large surface
area of the microchannels significantly reduces the local cur-
rent density, which is necessary for uniform Li nucleation and
dendrite suppression. The Li-C-wood and Li-CFC composites
showed good cyclic stabilities and low overpotentials.

Li—carbon composite anodes can help suppress dendrite for-
mation and achieve a high Coulombic efficiency. However, a
considerable amount of the Li may attach to the external surface
of the carbon host during infiltration, causing the resulting Li—
carbon composite anodes to be unsuitable for practical use.l?>24
To this end, an air stable and free standing anode composed
of Li,M alloy nanoparticles (M = Si, Sn, or Al) encapsulated by
large graphene sheets has been demonstrated (Figure 7a).%
Instead of porous carbons, Zhang et al.®®! reported using
metallic nickel (Ni) foam as a lithophalic host for the infu-
sion of molten Li (Figure 7b). An anode based on this Li/Ni
composite showed flat voltage profiles with little hysteresis
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Table 1. Summary of the recent progress made in developing Li metal batteries.

Material Li-nucleation Current density Lifespan CE Cycles Remarks
overpotential [mV] [mA cm™2] [h] [%]
Porous Li foam[%] 25 4.0 320 =95.5 200 Anode
Li-nickel foam[®] 200 5.0 =40 90.0 100 Anode
ZnO-decorated carbon fiber cloth!®?] 15 10.0 900 99.0 140 Current collector
ZnO-coated carbonized wood!®?! 90 3.0 =150 - 225 Anode
Br-doped graphene-like film-CuBr modified Cu foam(23¢l 84 10.0 850 98.8 300 Current collector/ anode
rGO-coated Li foill?7] 9 3.0 700 =99 300 Anode
ZnO-decorated porous carbonl'%’] 40 2.0 500 97 200 Anode
Silver nanowires-3D graphene compositel'%’] 5.0 0.5 400 =97.6 500 Anode
Lig4LasZr,Aly,0,, nanoparticles decorated 3D carbon - - 940 98 1000 Anode
nanofibers scaffold('?’]
3D porous MXene-GO aerogels scaffolds!'®) 18 10.0 =90 97.8 350 Anode
Chemically polished lithium metal(238] 78 1 =600 92 300 Anode
N-doped graphenel?*] 22 1.0 145 98 200 Anode
3D current copperi?] - - 600 =97 50 Current collector
Free standing copper nanowire networkl''2 - - =550 98.6 200 Current collector
Compartmented copper current collector?%) - - 500 =99 150 Current collector
Carbon nanoarray membrane on Ni foam[1?7] =12 2.0 1000 99 200 Current collector
Porous Cu with vertically aligned microchannels('%] =144 1.0 300 98.5 200 Current collector
Nitrogen-doped graphitic carbon foams(''®l 25 3.0 1200 =~99.6 300 Current collector
Cu-Zn alloy'?] - - 800 h 81 120 Current collector
MoS, protective layer!®] =52 3.0 300 99 100 Surface protection
LiysIns, LiZn, Li3Bi, or LisAs alloy coatingsl®®] 65 2.0 1400 - 700 Surface protection
LiF protection layer on 3DLi*! 0 1.0 450 - 200 Surface protection
Lithium silicide coatingl®®! 90 3.0 400 - - Surface protection
3D glass fiber cloths('1] - 0.5 =170 ~98 =90 Surface protection
Dynamically cross-linked polymer with solid-liquid 22 1.0 97 120 Surface protection
hybrid behaviorl'4l
Atomic layer deposition of LiF(34l - 1.0 =260 98.8 180 Surface protection
Poly (dimethylsiloxane) thin film coating!'>"l - 0.5 800 94.5 200 Surface protection
Cross linked polymer- terpenes and lithium powder!®®l - 0.2 400 - - Electrolyte
Potassium nitratel'#4l - 2 =200 98 100 Additive
Optimized lithium polysulfide and lithium nitratel'4’] - 3.0 - 98.5 200 Additive
Diethylene glycol dimethyl ether-LiTFSI system!3 - 1.0 400 96.2 200 Electrolyte
Fluoroethylene carbonatel'*”] - 0.1 - 98 100 Additive
Colloidal particles Al,0,24% - 0.5 940 =99 150 Additive
Fluoroethylene carbonatel'?®l - 1.0 24 95 100 Additive
N-propyl-N-methylpyrrolidinium - 0.5 300 99.1 360 Electrolyte
bis (trifluoromethanesulfonyl)amide-etherl>’]
F-rich interphases on Lil%1] 10.2 0.2 1000 =99.3 =250 Electrolyte
Multilayered graphene/Cs*1242 - 1.0 - 99.9 200 Additive
Li;PO, SEI layerl?43] - 10.0 600 =95 10 Electrolyte
Tris (2,2,2-trifluoroethyl) boratel?44l 16 0.1 1000 90.5 100 Additive
Hollow SiO, nanospheres/?'?] - 0.5 300 - - Additive
1,4-dioxane/LiTFSI-DM E[243] - 0.5 800 98 200 Electrolyte
LiPFg /fluoroethylene carbonate/3,3,3-fluoroethylmethyl - 0.5 - 99 >550 Electrolyte
carbonate/1,1,2,2-tetrafluoroethyl-2,"2,"-trifluoroethyl
etherl246]

*C.E corresponds to the Li plating and stripping Coulombic efficiency (%) over the given number of cycles and current densities (mA cm™2).
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Figure 6. a) Schematic of the fabrication of a layered Li-rGO composite anode. Cross-sectional SEM images of the Li-rGO composite electrode
b) before and c) after Li stripping and d) after 1 stripping/plating cycle. Reproduced with permission from.?l Copyright 2016, Nature Publishing
Group. e) Schematic of the fabrication of a Li-coated Pl matrix electrode. Reproduced with permission.l®] Copyright 2016, Nature Publishing Group.
f) Schematic of the material design of the C-wood (Left), ZnO-coated C-wood (Middle), and Li-C-wood anode (Right). Reproduced with permission.23’]
Copyright 2017, National Academy of Sciences. g) lllustration of the highly interconnected microchannels in CFC/Li. Reproduced with permission.*’!

Copyright 2018, American Chemical Society.

without dendrite formation (Figure 7c,d). In a full battery with
a LiFePO, (LFP) cathode, the Li/Ni composite anode showed
better performance with reduced impedance and little polariza-
tion over 100 cycles.

The composite Li anodes have shown significant improve-
ment in electrochemical performance. However, infusion with
excess Li would completely fill the pores of the host material
and the resulting anode would behave like a pure planar Li
anode.?* Therefore, the amount of Li infiltrated needs to be
optimized in order to provide paths for ion transport on the
outer as well as on the inner surface of the porous host. Hafez
et al.’® designed a highly porous and hollow Li-graphene foam
containing an optimum amount of infused Li to ensure uni-
form electrolyte distribution throughout the electrode, and to
accommodate the volume expansion and effectively suppress
dendrite formation (Figure 7e). This electrode was stable over
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160 cycles and exhibited a small overpotential of =25 mV at
4 mA cm2. Recently, flexible batteries, especially those with
high energy density cathodes such as sulfur and/or oxygen and
a Li metal anode, have gained tremendous popularity due to
their high energy densities, good rate capabilities, and ease of
portability.””%l So far, a variety of flexible cathodes have been
demonstrated with outstanding performance under bending
conditions.”*1%2] However, the use of a Li metal anode in
bendable batteries is highly challenging. A planar Li anode
could fracture on bending due to the brittle nature of its SEI
and severe dendrite formation, leading to a short circuit of the
cell (Figure 7f). In particular, in Li-S/O, batteries, the soluble
polysulfide/O, species could further corrode the Li anode while
the SEI is fractured so that a periodic replacement of the Li
anode is required during long-term cycling, which is practi-
cally unacceptable for a commercial Li metal battery.[193-106]

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Schematics showing that large graphene sheets can separate Li,Si nanoparticles from gas molecules in air and a cross-sectional SEM
image confirming the encapsulation of Li,Si nanoparticles by large graphene sheets. Reproduced with permission.l*!l Copyright 2017, Nature Publishing
Group. b) Schematic of the fabrication of a Li-Ni anode. c) SEM image of a composite anode without dendrites. d) SEM image of a bare Li anode
showing dendrites. Reproduced with permission.I>l Copyright 2017, Wiley-VCH. e) Schematic of Li foam fabrication: Graphene deposition on a Ni
foam (left), etching the graphene/Ni foam to obtain a hollow graphene foam (middle), Li infusion (right). Reproduced with permission.l Copyright
2018, Wiley-VCH. f) SEM image of a pure Li-metal anode showing cracks. g) SEM image of a Li-rGO scaffold with no cracks after bending. h) Optical
image showing the bending tolerance of a Li~rGO scaffold. Reproduced with permission.l'%] Copyright 2018, Wiley-VCH.

The controlled infusion of Li into a material that can withstand
repeated bending, such as engineered rGO scaffolds, has been
demonstrated to provide enough flexibility to avoid the forma-
tion of surface cracks, solve the local dendrite growth problem
(Figure 7g) and enable the battery to function well under var-
ious bending conditions of the anode (Figure 7h).

4.1.2. Electrochemical Strategy to Regulate Li Deposition

Li metal can deposit irregularly anywhere in the anode as long as
the Li ions meet electrons, leading to the formation of dendrites
which cause short circuiting.”1971%] Although, significant pro-
gress has been made in designing advanced composite Li anodes
by infusing molten Li into 3D porous hosts, it is still a challenge
to control the spatial deposition of Li and limit dendrite forma-
tion. Electrochemical deposition could be an effective strategy
to selectively nucleate and uniformly grow Li metal inside the
porous host during plating/stripping. An ideal host must meet
the criteria of: i) minimum nucleation overpotential to regulate
uniform Li deposition, ii) high electrical conductivity to facilitate
continuous electron transport and limit electrode polarization,
iii) large specific surface area to reduce the local current den-
sity of the anode and inhibit dendrite growth, iv) an intercon-
nected pore network with a high electrochemical stability to hold

Small 2019, 1900687

1900687 (11 of 26)

a large amount of Li and maintain the structural integrity of
the electrode and v) excellent mechanical strength to withstand
internal stresses and accommodate volume changes.[10%-112]
Conductive hosts with functional groups/active cites could sat-
isfy these conditions to achieve controlled and dendrite-free Li
deposition plating/stripping.113] Mukherjee et al.l''*l reported
using porous graphene networks (PGN) to regulate the depo-
sition of Li. Experimental and simulation results showed that
defects in the graphene lattice act as seeds to initiate Li plating,
leading to uniform and dendrite-free deposition. In addition,
unstacked graphenes with a hexagonal-drum like morphology
can reduce the effective current density of the electrode, regu-
late Li deposition, and suppress dendrite formation.''%) Most
studies were aimed at developing large surface area porous
hosts to reduce the local current density and thus inhibit den-
drite formation according to the classical theory of dendrite
growth.[0211-117) However, recent studies have shown that
porous hosts with a large electroactive surface area are helpful in
reducing the nucleation overpotential and producing uniform Li
deposition.[19212250] Therefore, attention needs to be paid to the
nucleation behavior of Li within the host to further regulate Li
deposition and improve the cycling performance of the Li anode.
Cui's groupi?? reported the use of hollow carbon encapsulated
Au nanoparticles as seeds for Li nucleation (Figure 8a). The in
situ transmission electron microscopic studies showed that the

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) Schematic of Au NPs inside hollow carbon and Li nucleation on Au seeds. Reproduced with permission.?2 Copyright 2016, Nature
Publishing Group. b) Schematic of guided Li nucleation and the growth process on NGCF without dendrites. ¢) Reduced nucleation overpotential.
d) Galvanostatic discharge—charge curves showing the high areal capacity of a NGCF@Li anode at 3 mA cm2. e) Charge—discharge curves showing
the capacity of a Li-S full cell with NGCF@Li as the anode at 0.1 C. Reproduced with permission.l"8l Copyright 2018, Wiley-VCH.

nucleation of Li occurs on the Au seeds inside the capsules, and
this eliminated the possibility of dendrite formation so that the
anode maintained a Coulombic efficiency as high at 98% over
300 cycles. Jin et al.'%"l produced ZnO quantum dots decorating
a hierarchical porous carbon (ZnO@HPC) anode to guide uni-
form Li deposition. Without the ZnO coating, Li was demon-
strated to irregularly deposit in the HCP with severe dendrite
growth, however after decorating with the ZnO quantum dots,
the Li favored uniform deposition within ZnO@HPC pores
during the initial nucleation process thus inhibiting the growth
of dendrites. In a full battery with a LiCoO, (LCO) cathode, the
ZnO@HPC-Li anode showed good rate capability and lower
voltage hysteresis at different current densities compared to a
planar Li anode. Recently, a nitrogen-doped 3D graphitic carbon
foam (NGCF) was used as a flexible and lightweight Li host to
produce a more stable Li anode (Figure 8b).''8l In this mate-
rial, the uniformly distributed nitrogen functional groups act as
seeds for the initial Li nucleation, while the large specific surface
area of the porous framework significantly reduces the local cur-
rent density and alleviates volume changes during cycling. As a
result, the NGCF composite electrode showed a lower nucleation
overpotential (<25 mV at 3 mA cm™?) (Figure 8c) and delivered a
high areal capacity (10 mAh cm™2) (Figure 8d). Furthermore, the
NGCF@Li anode had a long lifespan (>1200 h) with high Cou-
lombic efficiency (99.6%) for 300 cycles without dendrite forma-
tion. A full battery with a sulfur cathode and NGCF@Li anode
achieved a high specific capacity of 1128 mAh g1 (Figure 8e).
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Although, constraining Li within a porous host by control-
ling the deposition by seeds has proven to be an effective way
of reducing the local current density, accommodating volume
changes and inhibiting dendrite growth,!>! further improvement
is required to achieve more stable Li anodes with high Li plating/
stripping rates and a long cycle life to produce acceptable Li
metal batteries. To overcome the limitations of low current den-
sity charge/discharge, Liang and co-workers!!®! demonstrated a
silver nanowire and graphene-based binary network (AGBN) as a
host for the uniform electrodeposition of Li. In this material, the
silver nanowires provide a large surface area, high electrical con-
ductivity and act as seeds for Li deposition, whereas the graphene
scaffold gives the electrode mechanical strength and maintains
its structural integrity during fast cycling. With these features, an
anode based on AGBN was operated at a current density as high
as 40 mA cm™ for over 1000 stripping/plating cycles (Figure 9a)
and gave a low nucleation overpotential (<120 mV) (Figure 9b).
Similarly, Zhang et al['' demonstrated oxygen-rich MXene
(Ti3C,) and rGO aerogel scaffolds for Li metal anodes (Figure 9c).
In MXene scaffolds, the layers provided voids to accommodate
volume changes and facilitate Li ion transport due to the pres-
ence of abundant oxygen functional groups (Figure 9d). The
Li-MXene anode remained stable over more than 300 cycles
(Figure 9e) and showed a low nucleation overpotential (18 mV) at
a 10 mA cm*current density (Figure 9f).

In scaffolds with a high electrical conductivity but poor ionic
conductivity, Li plates on the outer surface of the matrix at
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Figure 9. a) Comparisons of the cycling performance of symmetrical cells using a bare Li foil (blue) and a Li@3D-AGBN composite anode (red) at
40 mA cm~2 with a fixed capacity of 1 mAh cm™. b) Nucleation overpotential of a Li foil (blue) and a Li@3D-AGBN composite anode. Rate perfor-
mance of bare Li—Cu and 3D-AGBN anodes with NCM cathodes c) at 10 C and d) at 20 C. Reproduced with permission.['% Copyright 2018, Wiley-VCH.
¢) Schematic of Ti;C,MXene aerogel scaffolds for Li metal anodes. d) Cross-sectional SEM image of the Ti;C, membrane. e) Coulombic efficiency test
of a Ti3C,/rGO aerogel anode. f) Nucleation overpotential curves. Reproduced with permission.'"*l Copyright 2018, Wiley-VCH.

high current densities leading to dendrite growth and sluggish
electrode kinetics.?#120-122] Therefore, designing scaffolds with
substantial ionic and electrical conductivities is crucial. Zhang
et al.'?3] proposed a mixed scaffold composed of ionically con-
ductive Lig4La3Zr,Al).,0;, (LLZO) nanoparticles embedded
in electrically conductive carbon nanofibers (Figure 10a). In
this mixed ion-and-electronic conducting scaffold, the carbon
nanofibers provided high electrical conductivity while the LLZO
nanoparticles facilitated uniform and fast Li ion flux. A Li
anode based on mixed this scaffold showed good electrochem-
ical performance with a stable lifecycle of over 1000 h ata 5 mA
cm~2 current density (Figure 10b).

Usually a planar copper foil is used as the current collector
in Li metal batteries due to its high electrical conductivity and
stable potential window relative to Li. However, Li undergoes
inhomogeneous nucleation on a planar Cu current collector
during the initial plating, which results in dendrite growth
in the subsequent plating cycles.'*1!2l Therefore, the devel-
opment of 3D current collectors with a large surface area is
highly recommended in order to reduce the effective current
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density, regulate Li deposition and suppress dendrite growth.!**]
A porous copper current collector with a submicron skeleton
and large surface area has been demonstrated to constrain the
Li within its pores.?] Compared to a planar current collector,
the protuberances in a 3D porous current collector function as
charge active sites to homogenize Li deposition and suppress
dendrite growth (Figure 11a).2!! However, a drawback of using
a metallic copper 3D collector is the lower areal capacity density
(3.1 mAh cm™2) due to its small surface area (0.8 mg cm~2). To
achieve a higher capacity density, Lu et al.l'!Zl fabricated a free-
standing Cu nanowire (CuNW) network as the current collector
(Figure 11b) that was able to plate 7.5 mAh cm™ of Li, had a
stable lifespan of more than 550 h (Figure 11c) and achieved
98.6% Coulombic efficiency over 200 cycles without Li den-
drite formation (Figure 11d). Importantly, the CuNW was also
thermally stable for the infusion of molten Li to construct a Li—
CuNWs anode. The Li/CuNW composite anode showed high
rate capability and good cycling stability with a LCO cathode
in a full battery. Optimizing the pore size and building aligned
microchannels on porous copper is another strategy that can
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Figure 10. a) Schematics of electronic conducting scaffolds showing the mechanism of simultaneously reducing the local current density, regulating
the current density and the homogenizing ionic flux. Without (top) and with electronic conductor (bottom). b) Galvanostatic voltage profiles of sym-
metric Li/MIEC-Li, Li/EC-Li, and Li/Cu-Li cells. Reproduced with permission.l'3l Copyright 2018, Wiley-VCH.

further increase the internal surface area, provide voids to
accommodate more Li and reduce the effective current density
of a copper current collector.?#1%] Porous current collectors
based on such structures have been demonstrated to signifi-
cantly suppress dendrite growth and buffer the volume changes
of Li metal during cycling.[20:126]

Instead of using copper, Liu et al.'?”l produced a ladder-like
carbon membrane on Ni foam (LCNM@Ni) as current collector
for use in Li metal batteries (Figure 11e). The large surface area
and ordered arrays of carbon nanoribbons of the LCNM@Ni
were demonstrated to respectively reduce the local current den-
sity and homogenize the Li* flux, thus suppressing dendrite
growth and regulating Li nucleation. This unique LCNM@Ni
current collector delivered a high capacity in a full cell with a
LFP cathode (Figure 11f) and had a stable life cycle of more
than 1000 h with a nucleation overpotential as low as 11 mV at
2 mA cm~2 compared to 82 mV for bare Ni foam (Figure 11g).

In summary, nanostructured frameworks have been
designed and explored to address the issues of dendrite growth,
volume changes and the, stability and safety of Li metal anodes
(Table 1). Rapid advances in nanotechnology may allow the
development of nanostructured anodes for next generation Li
metal batteries.

4.2. Building an SEI Film on a Li Metal Anode
The stable SEI film on Li metal anode is crucial for achieving

a safe Li metal battery with a long life cycle. Unfortunately, it
is known to fracture during cell operation and this leads to
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dendrite growth, the formation of dead Li and the decomposi-
tion of the battery electrolyte. At present, an in situ or ex situ
technique is used to achieve a stable SEL. In the former case,
a variety of electrolytes and additives are used to give the SEI
mechanical strength and chemical stability within the operating
potential window, while the latter involves the coating of an
artificial protective layer on the surface of the electrode before
assembling the cell. However, in both cases the ultimate goal
is to gain control over the irreversible capacity loss, impede
electrolyte decomposition, reduce interfacial resistance, and
suppress dendrite formation, and thus achieve safe and high
performance Li anodes.

4.2.1. In Situ Formation of an SEIl on Li Metal Anode

A passivating film is immediately formed on the Li metal sur-
face upon contact with the electrolyte due its high reactivity.*!!
The film that is formed after assembling the cell is known as
an in situ SELB#6%128] However, the in situ SEI is weak and can
develop cracks during stripping/plating. Therefore, suitable
electrolyte additives are used to increase its stability.['834128]
These additives usually have a strong affinity for Li metal
and are used to strengthen the SEI film. However, they must
react with Li to a certain extent in order to avoid the consump-
tion of Li metal. Additives or other contaminants can greatly
change the surface chemistry of the Li metal, so knowledge of
the chemistry of the additive and Li metal is necessary in order
to produce a stable SEI with the desired properties. Extensive
efforts have been made in recent years to experimentally study
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Figure 11. a) Schematic of the electric field on planar (left) and porous (right) copper foils and the corresponding Li deposition sites. Reproduced
with permission.?l Copyright 2015, Nature Publishing Group. b) Schematics of the distribution of Li ion flux and Li-metal plating models on different
current collectors. Planar Cu foil (top) and CuNW network (bottom). The dashed lines between the two electrodes show the distributions of Li ion
flux; the gray regions on the current collectors correspond to the plated Li. ) Voltage profiles at 1 mA cm2. d) Comparison of % CE of a Li anode on a
planar Cu foil and 3D CuNW at 1 mA cm2. Reproduced with permission.l'l Copyright 2016, American Chemical Society. €) Schematic of the process
for the synthesis of a LCNM@Ni collector. f) Charge—discharge curves of LCNM@Ni and Ni foam current collectors at 2 mA cm™2 for 4 mAh cm™2.
g) Magnified voltage profiles showing the Li nucleation overpotentials. Reproduced with permission.'#’] Copyright 2018, The Royal Society of Chemistry.

and theoretically compute the effect of electrolyte additives on
the structure and properties of the SEI during cycling.'8>%
It has been found that the onset potential of SEI formation
lies between 2.0 to 0.8 V, and changes with the nature of the
additive, the composition of the electrolyte and the sweep
rate.l% The selection of a suitable additive needs great atten-
tion because different battery systems operate under different
potential windows depending upon the cathode material and
therefore the onset potential window may also vary. Generally,
the lowest unoccupied molecular orbital (LUMO) of a typical
additive must be lower than that of the electrolyte (both salt
and solvent) so that it is reduced before the primary electro-
lyte and forms an initial SEI on the electrode surface.’’! For
instance, the additive CsPFy that has a lower LUMO energy
level (-1.96 eV) than LiPFg (a salt) whose LUMO is —1.44 eV,
has been found to reduce easily to PF74 and Cs* ions.® The
negatively charged PF; anions act as a self-healing agent by
reacting with Li to form a LiF-SEI layer. In addition, the Cs*
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ions produce an electrostatic shield of positive ions, which
forces additional Li to adjacent vacancies in the anode, and
thus suppresses the formation of Li dendrites (Figure 12a,b).
However, due to its similarity with Li, Cs* could also tend to
deposit together with Li* at a higher current density resulting
in a shortage of additive after repeated cycling.[®!

The trend of developing environmentally friendly, cost effec-
tive, and multifunctional additives has significantly increased
in recent years and a number of inorganic additives, (e.g.,
HF,78%  LiF 1291 LiBr[3% LiNOs, 131132 lithium oxalyldif-
luoroborate (LiODFB),133 copper acetate,[3#), organic addi-
tives (e.g., polymers,'3% VC/[3° fuoroethylene carbonate
(FEC),1128137] toluene, ¥ pyrrolel’*?)) and hybrid additives (e.g.,
AlCl;-pyrrole,% VC-LiNO; (vinylene carbonate),'*®l Li,Ss—
LiNO;-LiTFSI ternary salts!?”) have been used to address the
stability and ionic conductivity issues of the SEI layer. However,
there is a great concern with high energy density Li—S and
Li—O, batteries, where the discharge products of the cathode
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Figure 12. a,b) Schematics of self-healing electrostatic shield mechanism of the SEI. Reproduced with permission.¥l Copyright 2013, American
Chemical Society. c) Weak SEI in an ether-based electrolyte with LiNO; and dendrite growth. d) Stable SEI with both polysulfide and LiNO; without
dendrites. Reproduced with permission.['*l Copyright 2015, Nature Publishing Group. e) Schematic depicting the function of the alloy/LiCl-protected
Li. f) Cross-sectional SEM image of the composite Lil;ln;|Li after plating 2 mAh cm=2 of Li. Reproduced with permission.”® Copyright 2017, Nature
Publishing Group. g) SEM image of a Li anode before dendrite healing. h) SEM image of a Li anode after healing of the dendrites at =70 °C for 3 d.
i) Comparison of the average CE of the Li-S battery after various cycles at =0.75 mA cm=2 with and without the healing of the dendrites. Reproduced

with permission.[*] Copyright 2018, American Association for the Advancement of Science.

materials, such as polysulfides or oxygen, can approach the
anode surface and react with components in the SEI leading
to further complications.2#14ll LiNO; has been widely used
as additive in Li—S batteries to protect the Li from polysulfide
attack.10142] Interestingly, under optimized concentrations, Li
polysulfides and LiNO; have been found to function as addi-
tives in an ether-based electrolyte and have helped to achieve
a more stable and uniform SEI layer on the Li surface than
LiNO; alone (Figure 12c¢,d).'*3] Besides LiNOj, Jia et al.l*4 used
KNOj; as an electrolyte additive to protect the Li anode due to
its synergistic effect of controlling dendrite growth through
the shielding effect of K* and increasing the functionality
of the SEI by the incorporation of NO7;. A KNO; additive to
the LiTFSI-DOL/DME electrolyte system was demonstrated
to deliver a high Coulombic efficiency of 97% after 100 cycles
in a Li-Cu cell, whereas a Li-S battery using a KNO; additive
was able to achieve an average capacity of 637 mAh g™! during
100 cycles. Recently, Nazar and co-workersP®l have reported a
thin alloy layer (Li,M,, where M = In, Zn, Bi, As) of transition
metal chlorides (MCL,) on the Li surface as a dendrite inhibitor
(Figure 12e). Accordingly, a Li ion conductive LiM layer was
directly grown on the Li metal surface followed by an insulating
LiCl layer. In this dual-layer SEI, the alloying agents facilitate Li
ion conductivity, while the insulating LiCl provides mechanical
stability and maintains the texture of the film during cycling,
and thus suppresses the growth of Li dendrites (Figure 12f).
When used with a Li,TisO;, (LTO) cathode, the alloy-protected
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Li anode was able to achieve a long-life of 1500 cycles at 5C rate
in a full cell configuration.

Building an SEI with additives has proven to be an effective
strategy for protecting the Li anode from reacting with electro-
lytes and suppressing dendrite formation. However, most anode
additives are vulnerable to reduction and even those with a lower
LUMO cannot always maintain a stable and compact SEI layer.””]
Therefore, alternative solutions are required in order to achieve a
safe and stable Li metal anode. Recently, Li et al.'*! have found
that a high current density above =9 mA cm™ can help trigger
the self-healing of dendrites on the Li anode surface. It was dem-
onstrated that a significant amount of heat is generated by the
dendrites when the plating/stripping current density is increased,
which forces the surface Li atoms to rearrange, and thereby heal
the dendrites and smoothens the Li metal surface. It was found
that in practice, the self-healing of dendrites can occur by thermal
annealing of the anode for about 3 d at 70 °C (Figure 12g,h). Fur-
thermore, the effect of temperature and current density on the
self-healing of dendrites was studied in a Li-S battery and after
heat treatment the device showed a higher Coulombic efficiency
that an untreated device, as shown in Figure 12i.

4.2.2. Building an Artificial SEI Film on a Li Metal Anode

The artificial coating/ex situ modification of an SEI is con-
sidered more effective and easier than the in situ strategy. So
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far, a great deal of work has been done to protect the Li anode
with artificial SEI coatings and many nanostructured mate-
rials, including self-assembled carbon spheres, layered metal
oxides, and graphene have been used.[67:8>91146-151] Tt is highly
desirable that the SEI should be: i) thin and firmly attached to
the Li surface in order to provide a continuous Li ion flux; ii)
mechanically strong to effectively suppress the growth of den-
drites; iii) and flexible enough to buffer the volume changes of
the electrode.®%° Polymer thin films obtained by a layer-by-
layer self-assembly technique (LBL) can meet these require-
ments. The LBL technique permits the building of a multilayer
SEI on the Li surface, which can allow the exchange of more
ions than their stoichiometric number relative to the elec-
trode either by simple adsorption or electrostatic interactions
using hydrogen bond donor and acceptor groups in the polymer
framework.[21°2153] Bucur et al.®¥ introduced a pH-sensi-
tive membrane composed of a negative polyelectrolyte such
as poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

(PEDOT:PSS) and a positive polyelectrolyte, such as
(a) (b)
Li metal —_—
Separator  s— / J)

\eB e exchangeo -

www.small-journal.com

poly(diallyldimethylammonium) chloride (PDAD), on a copper
substrate to address the issue of Li dendrites and improve
the Coulombic efficiency (Figure 13a). One of the advantages
of such a polymer membrane is that the adhesion strength
between the substrate and the membrane can be tuned to pro-
mote the nucleation of Li underneath it. The membrane main-
tains its structural integrity on repeated cycling due to its highly
flexible and elastic nature, and helps control dendrite growth,
impeding electrolyte decomposition and improving life cycle of
the anode. The Li metal anode coated with such a pH-sensitive
membrane had a stable life of over 200 cycles and a Coulombic
efficiency of up to 95% was achieved. In another study, Liu
et al.’> demonstrated a dynamic cross-linked polymer with
“solid-liquid” hybrid characteristics for use as an interfacial
layer on a Li metal anode (Figure 13b). Such unique dynamic
properties of the polymer helped provide uniform surface
coverage. However, in most cases, the monomers used were
linear and the polymer membranes had an irregular porosity,
which resulted in a nonuniform ion flux and caused irregular
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Figure 13. a) Schematic of the layer-by-layer (LBL) assembly of oppositely charged polymers on a planar surface. Reproduced with permission.*
Copyright 2016, The Royal Society of Chemistry. b) Molecular structure of the cross-linked polymer used to protect Li metal anodes Reproduced with
permission.[ Copyright 2017, American Chemical Society. ¢) Schematic of the HIO; coating on a Li surface. Reproduced with permission.['>¢ Copy-
right 2017, American Chemical Society. d) Diagram showing the reaction of gaseous Freon R134a with a Li surface to build a LiF SEI layer. Reproduced
with permission.’®l Copyright 2017, American Chemical Society. €) Schematic of the fabrication of an interfacial layer on a Li anode. f) Diagram-
matic representation of the different parts of an interfacial layer; lithiophobic (top), carbon nanotube/zinc oxide (GZCNT) (middle), and lithiophilic
(bottom). Reproduced with permission.* Copyright 2018, Nature Publishing Group. g) Schematic of a MoS, layer coating a Li anode. Reproduced
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2018 Wiley-VCH.
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Li deposition. Ionic insulator species, such as Li,CO; and/or
LiOH are predominantly found in the SEI and their removal is
extremely necessary for a better performance.l'>”! Recently, an
artificial SEI composed of iodic acid (HIO;) (a weak solid-state
acid) has been reported to act as a scavenger for Li,CO; and/or
LiOH (Figure 13c).>° HIO; not only helps remove the insu-
lating Li,CO;/LiOH species but also generates ion conductive
Lil and LilOs, thus significantly increasing the Li conductivity
of the film.[8%17I Compared to an uncoated Li anode, a cell with
an HIO;-coated Li anode showed lower polarization, reduced
impedance, and achieved a longer life cycle with higher Cou-
lombic efficiency. Similarly, fluorinated compounds, such as
HF, have been found to help in forming a LiF-rich SEI to pro-
tect the Li anode and guide uniform Li plating.%1%8159 Unfor-
tunately, the coating of planar Li metal with such functional
materials has poor mechanical strength to stop the growth of
dendrites or accommodate the volume expansion and the SEI
can therefore easily fracture during cycling.'#23122 Thin layer
coatings of 3D composite Li anodes can overcome the limita-
tions of their planar counterparts due their large surface area
and ability to accommodate the volume changes.P®!

Cui et al.’”) demonstrated a LiF-coated 3D Li-reduced graphene
oxide (Li-rGO) anode (Figure 13d). Coating the 3D Li anode with
gaseous species (Freon R134a) produces a homogenous film with
a controllable thickness. Li metal batteries based on a LiF-coated
Li-rGO anode showed significant improvement in its electro-
chemical performance compared to an uncoated planar Li anode.
Nevertheless, the batteries still suffered from sluggish kinetics
and a high overpotential was observed due to cracking of the film.
Since LiF is highly fragile due to its inorganic nature, 10% FEC,
and 1% VC were added to the electrolyte to respectively heal the
cracked parts and increase the flexibility of the film. However, the
addition of such additives could result in an uncontrolled thick-
ness of the SEI, which could give rise to other complications,
such as poor ion diffusion and increased impedance.

In a broader sense, bulk organic polymers are flexible but
mechanically poor in resisting dendrite growth, while inor-
ganic materials are mechanically strong but fragile, and in
both cases the result would be the failure of SEI. An ideal SEI
should fulfill the following criteria: i) minimum electronic but
maximum Li conductivity; ii) uniform morphology and compo-
sition, iii) elasticity and flexibility to accommodate the volume
changes during Li stripping/plating; iv) a softer outside and
harder inside to provide mechanical robustness and suppress
dendrite growth.[°®l Nanostructured materials, such as layered
nanosheets, are considered ideal coating agents that meet these
requirements. Furthermore, the small voids between adjacent
layers could allow the transport of Li ions while preventing the
large solvent molecules from approaching the Li surface. In a
recent study, Zhang et al.®l reported a hybrid SEI coating on
Li metal with an upper lithiophobic carbon nanotube layer and
a lower lithiophilic ZnO/carbon nanotube layer, as schemati-
cally shown in Figure 13e. The top layer was shown to provide
high mechanical strength against dendrite growth[?38103.110.127]
while the bottom lithiophilic ZnO layer anchored the
whole layer onto the Li foil and improved Li conductivity
(Figure 13f).92107160 The Li anode coated with this lithiophilic—
lithiophobic bifunctional layer showed a stable lifespan for over
1000 h without any dendrite formation after 200 cycles.
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Similarly, atomic layer deposition (ALD) and molecular layer
deposition (MLD) are also considered simple techniques for
the fabrication of thin, elastic, and mechanically strong artifi-
cial SEI films directly on the electrode surface.’”>1:161-163] They
offer more possibilities than gas coating and a conformal SEI
with a precise thickness can be produced to protect the Li from
direct contact with the electrolyte.!%4-101 As an example, amor-
phous aluminum oxide (Al,O3) is electronically insulating with a
bandgap of 9.9 eVI’®7] and has been used as an ALD coating agent
on a Li anode.'¥! Experimental and simulation results have
shown that Al,O; coatings greatly control the tunneling of elec-
trons out of the anode surface, and hence decrease the electro-
lyte decomposition. However, it should be noted that most of the
metal oxides lithiate during charge/discharge where Li replaces
the metal (M) forming Li,O + M. Therefore, it is crucial to also
consider the chemical composition of the SEI after lithiation
before choosing metal oxide based coatings.P11% MLD is con-
sidered another effective strategy to produce pure polymeric or
inorganic—organic hybrid thin films on surface of anode, and can
significantly improve the stability of SEI in both ether-based and
carbonate-based electrolytes.'%8] Recently, Sun et al.'® reported
MLD-coating of an ultrathin polymer film of “polyurea” on Li-
metal anodes as an artificial SEI layer to regulate Li-ion flux and
suppress dendrite formation. The Li-metal anode protected with
the polyurea layer was demonstrated to exhibit a long and stable
life cycle of more than 1000 h at a current density of 0.5 mA cm?.

Similarly, layer transition metal dichalcogenides (LTMC),
such as 2D molybdenum disulfide (2D-MoS,), have emerged
as a new class of layer materials due to their remarkably
diverse range of unique properties. MoS, interlayers have been
used for blocking polysulfides in Li-S batteries due to their
high flexibility, good Li conductivity, and strong mechanical
strength.['70-172] Recently, Cha et al.®3] reported the formation
of a =10 nm SEI coating by sputtering 2D-MoS, nanosheets
onto a Li metal anode with the aim of creating a physical bar-
rier between the electrolyte and the Li metal (Figure 13g). The
atomically thin layers of 2D-MoS, tightly adhere to the Li sur-
face forming a uniform interface and maintain a homogeneous
ion flux. In addition, a considerable amount of Li can be trapped
between two adjacent MoS, layers, providing a consistent Li ion
flow, facilitating fast Li diffusion, and reducing the interfacial-
contact resistance. A full Li-S cell consisted of a 2D-MoS, pro-
tected Li anode and a CNT/S composite cathode was able to
achieve a high specific energy density (=589 Whkg™), a long
life cycle (1 200 cycles) and quite high Coulombic efficiency
(=98%). Similarly, Tang et al.?* demonstrated the deposition of
a smooth Li silicide (Li,Si) coating to restructure an inhomoge-
neous Li surface to produce a uniform distribution of the Li*
flux (Figure 13h). In situ optical microscopy observations con-
firmed that the Li,Si-modified Li anode showed dendrite-free
Li dissolution/deposition behavior, whereas a bare Li electrode
suffered with obvious dendrite growth. The developments and
understandings of MLD and ALD techniques for applications
in batteries have been well reviewed recently.'66:173]

In summary, SEI is a complicated structure and under-
standing the formation, composition, phase transformation,
morphology, chemical evolution, and mechanical degradation
of the SEI layer is of great importance for improving the elec-
trochemical performance of the anode.7#17°] Unfortunately,

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

il

www.advancedsciencenews.com

due to the extremely high reactivity of Li metal and SEI to
oxygen and moisture, it is difficult to readily use the majority
of standard analytical techniques. Especially, the ex situ analysis
is not always considered as a reliable tool because Li electrode
could react with the surrounding environment after removing
from electrolyte solutions and washing with solvents.[76177]
Therefore, in situ characterization techniques are preferably
used to gain more understanding of the SEI layer. Various
surface-sensitive techniques, such as FT-IR, Raman spectros-
copy, in situ cryogenic electron microscopy and in situ AFM are
frequently used to investigate the surface chemistry and mor-
phological changes in SEI during cell operation.'”7-18 Simi-
larly, operando XRD, impedance spectroscopy, operando X-ray
photoelectron spectroscopy, XAS, and NMR can be used to
probe phenomenon such as, phase transformation volumetric
expansion of anode, chemical composition, and local structural
and chemical evolution of the SEI layer.>17>181-183] Fyrther
details about the advanced characterization of SEI can be found
in recently published reviews.['7>177]

4.3. Designing Electrolytes for Achieving Safe and Stable Li
Metal Anodes

The electrolyte is one of the more important components of the
battery, and the structure and composition of the SEI film is
closely related to the nature of the electrolytel!>23866:67] Theoret-
ical calculations show that an electrolyte will be stable if its LUMO
is higher than the Fermi level of the anode; otherwise it will
reduce on the anode surface.3¥1#1 However, in most cases, the
LUMO of the electrolyte (solvents and salts) is higher than that
of Li but is still found to reduce on the anode.*® Therefore, it is
highly desirable to develop new electrolyte systems composed of
novel components (including solvents, salts, and additive), which
can operate in a wider potential window, improving ionic conduc-
tivity and guaranteeing thermodynamic stability and safety.

A typical electrolyte must satisfy several requirements such
25:(184,185]

(i) A large stability window so that all of the desired reactions
can happen without electrolyte composition.

(ii) Be able to form a chemically stable and mechanically strong
SEI film.

(iii) Be ionically conductive (oy;>107* S cm™) but electronically
insulating (0p < 1071° S cm™).

(iv) A high Li ion transference number (t;;/tow = 1)-

(v) Beinertto other components of the cell and only participate
in the desired redox reactions.

(vi) Not lose its properties because of a slight change in the bat-
tery environment (e.g., electrical, mechanical, and thermal
alterations to the system).

(vii) Be nontoxic, nonflammable and nonexplosive when the cell
is damaged or short circuits.

(viii) Be cost effective and commercially feasible.

Organic liquid electrolytes are more frequently used in Li
metal batteries and can be broadly classified as carbonate-based
(e.g., PC, EC, dimethyl carbonate (DMC), diethyl carbonate
(DEC), and ethyl methyl carbonate (EMC)) or ether-based
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(e.g., dioxalane (DOL), 1,2-dimethoxyethane (DME), and tetra-
ethylene glycol dimethyl ether (TEGDME)).'>!# Carbonate-
based electrolytes generally offer good solubility of Li salts and
have an oxidation potential (highest occupied molecular orbital)
at =4.7 V and a reduction potential (LUMO) near 1.0 V.[186-189]
Furthermore, in carbonate-based electrolytes, the Li ion diffu-
sion activation energy is low due to their relatively low viscosity.
They are also able to develop an SEI film on a Li anode surface
that stops decomposition of the electrolyte. However, despite
their success in Li-dendrite suppression and achieving long
life Li metal anodes, carbonate-based electrolytes are not suit-
able for high energy density Li-S and Li-O, batteries, in which
they irreversibly decompose due to nucleophilic attack by poly-
sulfides/reduced oxygen species.'>18+190.191 n addition, car-
bonate-based electrolytes have low flash points (< 30 °C) making
them highly flammable, which leads to safety concerns.['184
Ether-based electrolytes such as DME, DOL, and TEGDME
have also been widely used in Li metal batteries.'7%192 Their
low viscosities and high ionic conductivities make them highly
compatible with Li-S and Li-O, batteries. Compared to carbon-
ates, ether-based electrolytes have been found to deliver high
Coulombic efficiencies and low voltage hysteresis.[*>:190:193]

Besides solvents, the selection of suitable Li salts for liquid
electrolytes is also crucial for building a stable SEI and sup-
pressing Li dendrite formation. The salts in the electrolyte can
also react with the Li anode surface to form an SEI film.'%l
The most frequently used Li salts in Li metal batteries include
LiClO,, LiAsF,, LiBF,, LiTF, LiPF,, LiTFSI, etc.'>* Owing to
its good solubility in organic solvents, high ionic conductivity
(9.0 mS cm™! in EC/DMC at 20 °C) and appreciable anodic sta-
bility (5.1 V), LiClO, is considered one of the favorite salts for
achieving a high Coulombic efficiency of Li metal anodes.*!
However, a strong oxidizing perchlorate intermediate is reported
to violently react with organic species at high current densities,
giving rise to serious safety concerns.[*>19] Therefore, LiAsF is
preferred due to its superior safety, because arsenate in its high
oxidation state (V) is less toxic than As(III) and As(0).**] How-
ever, similar to LiClO,, the SEI formed on a Li anode using a
LiAsFg-based electrolyte mainly consists of Li,COs, which is an
ionic insulator and has a negative effect on the cycling perfor-
mance of the cell.*>'>% In contrast, LiPF; and LiBF, form an
ionically conductive LiF-rich SEI, which has been demonstrated
to enable more uniform Li deposition and protect the Li metal
anode from side reactions, especially in high energy density
Li-S and Li-O, batteries.’>!>% Furthermore, highly concentrated
salt solutions have also been reported to significantly improve
the performance of the Li anode and Coulombic efficiencies up
to more 98% have been achieved at high current densities for
1000 cycles.[%7>81 Recently, Linda et al.'®? adopted a new strategy
of tuning the electrolyte structure by adjusting the solvent/salt
molar ratio in a diethylene glycol dimethyl ether (G2) and LiTFSI
system (G2:LiTFSI) to simultaneously tackily the polysulfide
shuttling and dendrite growth problems (Figure 14a,b). By using
this modified electrolyte system, a Li—S cell was able to maintain
a 720 mAh g capacity over 100 cycles compared to 420 mAh g!
for the unmodified electrolyte (Figure 14c).

Room temperature ionic liquids (RTILs) have emerged as
a new class of electrolytes for rechargeable Li batteries. Com-
pared to carbonate or ether-based electrolytes, RTILs have
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several advantages such as a high boiling point, low vapor pres-
sure, better thermal stability, nonflammability, a high oxidation
potential (=5.3 V vs Li*/Li%, and good Li-salt solubility. These
features make RTILs ideal candidates for use in safe Li metal
batteries.'%2001 Unfortunately, low Li ion conductivities, high
viscosities, and poor stabilities below 1.1 V hinder their wide
application as electrolytes for Li batteries.?°!l To tackle these
issues, various salt additives (e.g., EC or VC) and secondary
solvents (e.g., PC or DOL/DME) have been added to RTILs to
produce hybrid electrolytes.”1842021 The hybrid ionic liquid
electrolytes based on pyrrolidinium, imidazolium, and
piperidinium have been proven to effectively suppress Li
dendrite growth and improve the performance of Li metal
anodes.[1>57:184201-203] For instance, Archer and co-workersl?%2
have demonstrated a hybrid ionic liquid electrolytes based
on silica nanoparticles functionalized with the ionic liquid
1-methy-3-propylimidazolium bis(trifluoromethanesulfone)
imide (SiO,-IL-TFSI) for application in Li metal batteries. In
the SiO, -IL-TFSI electrolyte, the silica nanoparticles were dem-
onstrated to serve as reservoirs for the anions and hence reduce
their mobility. As a result, no space charge develops in the elec-
trode and thus the dendrite growth is suppressed.

www.small-journal.com

The other options are inorganic solid electrolytes, which are
crystalline, glass, or ceramic materials including sulfides,[20+-206]
oxides, 297208 nitrides,?! and phosphates.’#?'% In addition
to safety, good Li ion conductivities and high elastic moduli
ranging from tens to hundreds of GPa are their key advan-
tages.'l As a result, they offer fast Li ion transport and give
the SEI enough mechanical stability to prevent dendrite
growth.#1527] However, such high modulus materials often
adhere poorly to the electrode surface, which significantly
increases the interfacial resistance during cycling.'+?!1 Fur-
thermore, most inorganic solid electrolytes have a very narrow
electrochemical stability window and are thermodynamically
unstable with a Li metal anode.l"*1>%7] First-principles calcula-
tions on the thermodynamic stability of inorganic solid electro-
lytes have shown the favorable nature of the reaction between
the solid electrolytes and the Li metal anode.””) Generally, solid
electrolyte materials are respectively reduced and oxidized
at low and high potentials. For example, the thiophosphate
electrolytes reduce at 1.6-1.7 V and oxidize at 2-2.3 V, and
this abnormal behavior leads to irreversible decomposition.
Compared to sulfides, oxides have high reduction potentials.
They are hard to oxidize (oxidized until >3 V). In particular,
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Figure 14. Simulated structures of the (diethylene glycol dimethyl ether) G2:LiTFSI electrolyte system with different G2:LiTFS| ratios, a) 7:1 and b) 0.8:1.
Li* cations are represented by purple while cyan and gray are free and coordinated G2 molecules, respectively. CIPs and aggregates of TFSI~anions are
shown in gold and blue, respectively. c) Cyclic performance of Li-S cells using these two electrolytes. Reproduced with permission.[82 Copyright 2018,
Nature Publishing Group. d) Schematic of a ceramic-cross-linked gel polymer electrolyte. ) SEM image of a Li anode showing uniform Li deposition.
Reproduced with permission.22l Copyright 2016, American Chemical Society. f) Schematic of a 2D boron nitride nanoflake additive for gel polymer
electrolytes. g) Comparison of the ionic conductivities and Li transference numbers. Reproduced with permission.?26l Copyright 2017, Royal Society
of Chemistry.
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NASICON-type materials such as Lij3Al;3Ti; 7(PO,); (LATP)
and Lij 3Aly3Ge; ;(PO,); (LAGP) solid-state electrolytes are ther-
modynamically stable up to 4.2 V. Although, inorganic solid
electrolytes are safer and helpful in forming a stable SEI film,
still they need to be protected from side reactions with the Li
anode by using coating agents, which results in an increase in
the battery impedance.['>%7:212.213]

Gel polymer electrolytes, a class of polymer electrolytes, are
promising candidates for use in Li metal batteries. They are
composed of a liquid electrolyte solution (e.g., LiPF;, LiClO,)
dissolved in an organic solvent, (e.g., EC, DMC, DEC, PC)
entrapped in a polymeric matrix either through physical
or electrostatic interactions.?'*?15] Such a combination of
polymer and liquid electrolytes provides good mechanical
stability and good transport properties comparable to those
of liquid electrolytes. The physiochemical properties of a gel
polymer electrolyte is determined by the structural stability
of the polymer framework and polymer-solvent-Li* interac-
tions, and when these interactions are strong the electrolyte is
more stable than one with weak interactions.?! For instance,
poly(acrylonitrile)-(PAN) and  poly(methyl methacrylate)
(PMMA)-based gel polymer electrolytes are more stable due
to the strong interaction between Li* and electron-rich oxygen
and nitrogen atoms, respectively.?'* Poly(vinylidene fluoride)
(PVAF) is found to have the weakest polymer—solvent-Li*
interactions due to physical trapping of the electrolyte solu-
tion.2142162171 However, various approaches have been used
to improve ionic conductivity, reduce the crystallinity, and
increase the mechanical stability of the PVAF matrix.[148:218219]
Replacing LiPFg, LiClO, or LiBF, salts with lithium chelatobo-
rates has produced improvements in the thermochemical and
Li ion transport properties of gel polymer electrolytes.?20-222]
For instance, a composite gel polymer electrolyte based on
PVdF and lithium polyvinyl alcohol oxalate borate (LIPVAOB)
has been shown to significantly improve the Li ion conduc-
tivity, allow fast Li transfer and develop a stable SEL?2 It can
be seen from Equations (4) and (5) that Sand’s time (1), which
is the start time for Li dendrite formation, is directly related to
1/t.nion and for a binary Li* electrolyte the t,,;0, + t;, = 1. This
means that by increasing #;;, to unity, the Sand’s time could
be increased and Li dendrite growth could be theoretically
stopped.1®1 Saito et al.2Yl reported gel-polymer electrolytes
composed of LITFSI/EC+DMC and polyvinyl butyral (PVB)
that reduced the anion mobility by the presence of Lewis acid
ionic groups on the PVB polymer chain. As a result, this gel
polymer electrolyte showed a significant improvement in the
Li transference number and Li ion conductivity with increased
degree of salt dissociation. Tsao et al.??] reported using a com-
posite gel polymer electrolyte composed of a ceramic cross-
linker and a poly(ethylene oxide) (PEO) matrix to increase
the Li transference number and suppress Li dendrite growth
(Figure 14d). The Li metal anode with this gel polymer electro-
lyte achieved 97% Coulombic efficiency over 100 cycles without
dendrite formation (Figure 14e). The addition of nanomate-
rials, such as boron nitride nanoflakes (BNNFs) to gel-polymer
electrolytes, has also been demonstrated to substantially
improve the Li ion conductivity, increase the Li transference
number, build a stable SEI and effectively suppress Li dendrite
formation (Figure 14f,g).220]
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Compared to gel polymer electrolytes, solid polymer electro-
lytes can provide good mechanical rigidity preventing dendrite
growth. They are composed of solvent-free, polymer-salt sys-
tems where the Li salts are dissolved in a polymer matrix.[?”]
A typical example of a solid polymer electrolyte is linear PEO
(monomer unit —CH,CH,0—), as first reported by Wright.?8]
Later, Armand demonstrated the use of LiX/PEO systems
(X =Cl, F, etc.) as electrolytes for Li batteries.???) In PEO-based
solid electrolytes, the dissolution of the Li salt is promoted by
the Lewis acid-base interactions between Li* of the salt and
oxygen of the PEO.214230.231] Degpite good safety, versatility in
design, flexibility and robustness, solid polymer electrolytes are
limited by their poor ionic conductivities.l?*

In summary, the choice and development of a suitable elec-
trolyte are still the bottleneck of Li metal batteries and more
research work in this area is required. Details of the various
electrolyte systems have been already extensively discussed in
several previous reviews.[+3:46.141.215.233]

5. Conclusions and Perspectives

Li metal batteries have attracted the attention of prominent
research groups and industry due to their high energy densities.
During the last four decades, extensive research effort has been
devoted to developing advanced Li anodes in order to meet the
energy requirements of portable electronic devices, vehicles,
and the rigid demands of industry. Li metal battery technology
is expected to reach its maturity in the near future, and this will
enable it to fulfill the needs of various energy demanding appli-
cations. Here, we outline the possible opportunities and direc-
tions which would help open the way for future research on the
Li metal anode (Figure 15).

5.1. Nanostructured 3D Composite Li Metal Anode

Most of the initial research on the Li anode was based on a
hostless planar Li foil. In recent years, significant progress has
been seen in developing composite Li anodes. In most cases,
the porous host is either conductive carbon that has been
coated with lithiophilic agents such as ZnO or metals such as
Ni and Cu.l219596112] Although these porous hosts partially help
to reduce the electrode current density and suppress Li dendrite
formation, coating with such heavy metals/metal oxides can
greatly offset the advantage of the high energy density of the Li
anode because neither the porous host nor the coating agents
contribute to the capacity. Furthermore, the outer conductive
surface of these porous hosts provides sites for Li deposition
and may result in dendrite growth during cycling.?!l These
issues can be addressed by using nanostructured electrodes
with aligned microchannels (preferably lightweight porous car-
bons) having the outer surface insulating (to avoid Li deposi-
tion outside the pores) and the inner surface conductive with
lithiophilic functional groups on the interior of the channels.
An anode based on such nanostructures is expected to reduce
the local current density of the electrode, suppress dendrite
growth, facilitate Li transport through the aligned channels and
control Li nucleation with atomic accuracy!!13123.12]
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Figure 15. Outlooks for Li metal batteries. Diagram of the relationship of electrolyte, SEI and anode with each other along with their corresponding

desired properties.

5.2. Electrolyte Systems with Desired Electrochemical Properties

The discovery of new electrolytes could allow the use of Li
metal electrodes for the development of high-energy Li-S and
Li—air batteries. Most research work on Li metal batteries has
involved individual components, such as electrode, electrolyte,
and SEI. It needs to be emphasized that the development of a
practical battery does not rely on a single component and joint
efforts are required. For instance, the Li anode is found to have
a high Coulombic efficiency in liquid organic electrolytes such
as ethers or carbonates. However, polysulfides from a sulfur
electrode are found to have a highly solubility in these electro-
lytes, which causes a severe shuttling effect and causes further
complications in the cell. On the other hand, electrolyte systems
with a high viscosity, such as gel-polymer or even solid electro-
lytes, are found to significantly reduce the dissolution of poly-
sulfides and mitigate the polysulfide shuttling effect. Indeed,
solid electrolytes would offer more safety, strong mechanical
stability, and a high energy density.'>?** However, their high
impedance and interfacial instability are two main limitations.
Therefore, a combination of multiple electrolyte systems, that
is, “hybrid electrolytes,”, could effectively address these issues.
This can be achieved by the incorporation of additives, using
suitable Li salts or modifying solvents. The introduction of a
suitable secondary component or an additive could also increase
the electrolyte stability widow, which is very important to stop
electrolyte decomposition and reinforce a stable and strong SEI
to effectively suppress dendrite formation.36:38]

5.3. 2D Planner SEI with Regular Porosity and lon Selectivity
A stable and robust SEI is also very important to achieve den-

drite free and stable Li anodes. As discussed in this review, in
situ or ex situ approaches have been used to stabilize the SEI
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structure through electrolyte component modulation or artifi-
cial coatings. We believe that in connection with hybrid elec-
trolyte systems, an in situ developed SEI could possess good
mechanical stability and ion selectivity that would help to effec-
tively suppress Li dendrite growth. In addition, a hybrid electro-
lyte may also provide opportunities to use self-healing agents
to immediately repair the broken regions of the SEI during
repeated cycling.['®]

Besides the in situ modification of the SEI, impressive pro-
gress has been made in developing artificial layers on the Li
anode and more research efforts are required. In comparison,
ex situ techniques are preferred because they provide more con-
trol over the thickness of the SEI and allow the use of desired
coating agents with high chemical stability and good mechan-
ical strength. The artificial coating of a flat Li foil using organic
polymers, inorganic layer materials or gas molecules only func-
tions as a physical barrier at the anode—electrolyte interface,
and most of these strategies suffer from the problems of poor
Li ion conductivity and chemical or mechanical instability.
Therefore, we suggest using nanostructured 2D porous mate-
rials with regular porosities and controlled functionalities for
artificial coatings, which would act as ionic sieves to selectively
absorb Li ions while stopping the diffusion of electrolyte mole-
cules or other impurities. In conclusion, the ex situ modifica-
tion of SEI could be preferred because it is an easy technique
providing unlimited material choices for SEI chemistry and
processing methods, whereas the in situ approach may involve
complex parasitic reactions at the anode/electrolyte interface.l*®!

Summing up, Li metal battery technologies involve compli-
cated operations from material processing to battery packing
and recycling, covering a vast scientific area including chem-
istry, physics, materials, engineering, computational tech-
niques, etc. Therefore, multidisciplinary skills and joint
research efforts are required for their development and prac-
tical applications. Nanotechnology-based solution could help to
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promote the commercialization of Li metal batteries. In doing
so, attention must also be paid to maintain the energy density
of the composite anode high enough and whether a method
has necessary characteristics for the large-scale development of
Li metal anodes.
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