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Abstract

Because lithium metal exhibits high specific capacity and low potential, it is the best candidate
for fabricating anodes for batteries. Rechargeable batteries fabricated using lithium anode
exhibit high capacity and high potential cathode; these can be potentially used to fabricate
high energy density batteries (>500 Wh kg™) that can be used for the development of next-
generation electric vehicles. However, the formation and growth of lithium dendrites and the
low coulombic efficiency recorded during lithium plating and stripping under conditions of
high current density hinder the use of lithium metal as the anodic material for the
development of practical rechargeable batteries. In this short review, we outline the current
status and prospects of lithium anodes for fabricating batteries in the presence of non-
aqueous liquid, polymer, and solid electrolytes operated under conditions of high current
density.
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1. Introduction

The demand for electric vehicles (EVs) has recently increased because of their ability to reduce
the emission of carbon dioxide. The low carbon dioxide emission is attributed to the significantly
higher total energy conversion efficiency exhibited by EVs as compared to that exhibited by
conventional internal combustion engines. If the sources of electricity are restricted to hydro, solar,
wind, and nuclear power, the total carbon dioxide emissions from power generation and EVs would
be almost zero. It is important to develop cost-efficient rechargeable batteries exhibiting high
energy and power density to increase the global demand for EVs [1, 2]. Lithium-ion batteries are
presently the primary advanced batteries used in EVs. These consist of a carbon anode, a non-
aqueous electrolyte, and a lithium oxide intercalation compound. However, the specific energy
density of the lithium-ion batteries is less than 250 Wh kg™ (and 680 Wh L™), whereas the specific
energy density target at the cell level is 500 Wh kg™ (or higher) [3]. Therefore, various types of
batteries beyond conventional lithium-ion batteries have been developed and studied. Table 1 lists
the high energy density rechargeable batteries that are presently under development.

Table 1 High energy density rechargeable batteries

System Anode Cathode Cell voltage(V) Theoretical energy Ref.
Density (Wh kg™)

Non-aqueous Li Oxygen 3.0 3505 (4]

Li-oxygen

Li-sulfur Li Sulfur 2.2 2567 (4]

Agueous Li Air 3.2 1910 [5]

Li-air

Zn-air Zn Air 1.65 1086 (4]

Li-metal Li LiNio.sMnp2C0020, 3.8 988 [6]

Li-ion Carbon  LiCoO; 3.8 387 4]

Non-aqueous lithium—oxygen batteries have the potential to generate the maximum specific
energy density. These have been extensively studied in the past two decades [4, 7-9], with the first
study on lithium—-oxygen batteries reported by Abraham and Jiang in 1996 [10]. However, there is
no technological basis that validates the claims that non-aqueous lithium—air batteries with the high
power density and high specific area capacity can generate the predicted high energy densities. The
second highest energy density battery system is the lithium—sulfur system, which is yet to be
commercialized because of certain disadvantages such as the formation of lithium dendrite at the
anode and poor cycling performance exhibited by the sulfur cathode, attributable to the polysulfide
shuttle. Some of the major issues with non-aqueous lithium-air batteries include contamination by
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atmospheric moisture and decomposition of the catholyte in the presence of the reaction product.
However, these factors do not limit the applications of aqueous lithium—-air batteries. The
configuration of the aqueous lithium-air battery is complex: a water-stable lithium-ion conducting
solid electrolyte and a lithium-stable lithium-ion conducting electrolyte are used at the cathodic and
anodic sides, respectively [7]. Lithium-metal anode batteries with a high capacity intercalation
cathode exhibit a theoretical specific energy density that is more than twice the specific energy
density exhibited by the conventional lithium-ion batteries. The specific energy density of the
system at the cell level was estimated to be approximately 500 Wh kg™ [6]. Zn-air batteries, which
consist of a Zn anode, an alkaline electrolyte, and a carbon air cathode, exhibit a high theoretical
energy density of 1086 Wh kg™. Primary Zn—air batteries are widely used, although rechargeable
Zn-air batteries have not yet been commercialized. The challenges with the Zn-air system include
contamination by carbon dioxide present in the air and the formation of zinc dendrite. Therefore,
the air must thus be managed to remove carbon dioxide [11]. The most promising battery for EVs
with a specific energy density higher than 500 Wh kg™ is fabricated using a lithium metal anode.
However, a stable lithium metal electrode should be developed with a long cycle life under
conditions of a high current density (>1 mA cm™2) and a high specific area capacity (>5 mAh cm™).
In this short review, we discuss the performance of the lithium-metal anode in conjunction with
non-aqueous liquid electrolytes, polymer electrolytes, and solid electrolytes under conditions of
high current density.

2. Lithium Electrode in Non-Aqueous Solutions
2.1 Lithium Surface in Contact with Electrolytes

All batteries with an expected high specific energy density of >500 Wh kg™ are fabricated using
a lithium metal anode. Lithium metal is the best candidate to fabricate anodes for high energy
density batteries because it exhibits a high capacity (3860 mAh g™!) and low electrochemical
potential (-3.04 V vs. NHE). Rechargeable batteries fabricated using lithium metal anodes have been
extensively studied for over 40 years. In 1978, Whittingham reported excellent cycle performance
for a Li/TiS; battery operated at 10 mA cm™2, the theoretical energy density of which was 473 Wh
kg™ [12]. Moli Energy in Canada commercialized rechargeable lithium metal chalcogenide batteries
in the second half of the 1980s to power the cellar phones of Nippon Telegram and Telephone (NTT)
in Japan. However, there were concerns regarding its safety as short circuits could be caused due
to the growth of lithium dendrites. Lithium-ion batteries were subsequently commercialized. The
system consisted of a carbon anode and not a lithium metal [13]. However, the specific capacity of
the carbon anode was approximately one-tenth of that of the lithium anode. The formation of
lithium dendrites is promoted by an uncontrolled deposition of lithium [14] through the solid
electrolyte interphase (SEI) that forms on the lithium metal surface [15], as shown in Figure 1. The
limiting current density (J*) for the formation of lithium dendrite is given by the following equation:

J* = (2eCoD/t,L) (D),

where e is the elementary charge, Co is the initial concentration, D is the diffusion constant, t, is the
anionic transport number, and Lis the interelectrode distance [14]. Lithium dendrites do not appear
at a lower J* but at a higher J. The time (1) to dendrite formation is given by the following equation:
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to = mD(Coe/2]t,)? (2),

where to is Sand’s time and J is the current density. Lithium dendrites did not form in the system
consisting of a lithium electrode and thin SEl layer that exhibited high lithium-ion conductivity.
According to Eq. (2), the onset time for dendrite formation is dependent on the diffusion constant
of lithium ions in the electrolyte, which is related to the inverse of the passivation film resistance
(determined from the Nernst and Einstein equation).

A= LiZO
B=LiF

C= LiZCO3
D= Polyolefins
E= Semicarbonotes

Figure 1 Schematic representation of a polyhetero microphase SEl on lithium or carbon
[15].

Imanishi et al. [16] reported a linear relationship between 1/Rf and to (Figure 2) for a
Li/polyethylene oxide (PEQO)-based polymer electrolyte/Li cell at 60 ° C when the current density
was 0.5 mA cm™2 Rf denotes th specific interface resistance. PEO-lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) electrolytes were examined as polymer electrolytes
with different interface resistances at the lithium metal electrode in the presence and absence of
SiO2 and/or N-methyl-N-propylpiperidinium bis(trifluoromethanesulfonyl)imide (PP13TFSI). The
results suggested that the formation of dendrites on the lithium metal was associated with the SEI
resistance. Numerous reviews on lithium anodes in rechargeable lithium batteries have been
published over the years [17—-21]. In this short review, we present a perspective on the lithium metal

electrodes that can be potentially used to develop high power density rechargeable lithium
batteries.

(0]
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Figure 2 Relationship between the dendrite formation onset time (to) and the inverse of
the specific interface layer resistance between Li and a PEO-based electrolyte at 60 ° C
under conditions of 0.5 mA cm™ [16].

2.2 Relationship between the Formation of Lithium Dendrite and the Current Density in Non-
Aqueous Solutions

The specific energy and power densities exhibited by lithium-ion battery packs that are currently
used to develop modern EVs are approximately 100 Wh kg™ and 1500 W kg™, respectively. The
energy and power density targets of the New Energy and Industrial Technology Development
Organization (NEDO) program in Japan for the 2030s are 500 Wh kg™t and ~1500 W kg3, respectively
[1]. The power density has already been achieved, and we can achieve the target of 500 Wh kg™ at
the cellular level using a lithium metal anode and a high-capacity cathode [6]. However, reports on
the formation and growth of lithium dendrites have suggested that high current density and long
charge/discharge cycles lead to undesirable dendrite growth [18]. Seong et al. [22] reported the
effect of the amount of charge and current density on the amount of lithium dendrite formation in
an electrolyte consisting of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 v/v) in the
presence of LiClO4 (1 M). An empirical formula and the corresponding curves were established to
indicate the relationship between the growth of lithium dendrite and the current density/amount
of charge (Figure 3). The formation of lithium dendrite is dependent on the current density and the
total specific capacity (the amount of deposited lithium). The maximum specific capacity of
approximately 3 mAh cm™ is observed at around 1.0 mA cm™. Figure 4 shows the relationship
between the short-circuit onset-time of a cell, consisting of Li/bis(fluorosulfonyl)imide (LiFSI) in 1,2-
dimethoxyethane (DME)/Li (with a large pore size; ~0.7 um) and a Whatman glass fiber separator,
as a function of the LiFSI concentration [23]. The capacities of the short-circuit for the Li/1 M LiFSI
in DME/Li cell system with the glass fiber separator at 0.75, 1.0, and 2 mA cm™ were 71, 54, and 26
mAh cm™, respectively. The capacity of the short-circuit onset-time decreased significantly when
the current densities were higher than 0.75 mA cm™.
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Figure 3 Relationship between the total discharge and current densities. The condition
that corresponds to the area under the line represents the suppression of dendrite
growth of Li deposits [22].
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Figure 4 Short-circuit onset-time as a function of the current density for a cell consisting
of Li/LiFSI in DME/Li with a Whatman glass fiber separator [23].

2.3 Coulombic Efficiency of Lithium Deposition and Stripping in Non-Aqueous Electrolytes

EV batteries must exhibit high coulombic efficiency (CE) under conditions of high current density
and high specific energy and power densities. If 80% residual of the initial lithium is defined as the
cycle life of the lithium metal anode, the lifespans of the lithium metal anodes with CEs of 99, 99.9,
and 99.99% would be 22, 223, and 2231 cycles, respectively [18]. The specific energy density and CE
of such batteries depend on the specific area capacity (specific capacity of the active material [mAh
g '] multiplied by the amount of charged active materials [mg cm™2]) [24]. Figures 3 and 4 show that
the rate of formation of lithium dendrite depends on the current density and the amount of charge.
Table 2 shows CEs for lithium metal electrodes in typical non-aqueous electrolytes. The CEs
recorded in carbonate electrolytes were higher than those recorded in ether-based electrolytes.
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The highest CE of 98.2% was reported for LiPFs in fluoroethylene carbonate (FEC). A high CE in the
presence of a non-aqueous electrolyte was recorded in the presence of high content of lithium salt
and certain additives such as LiNOs. Table 3 summarizes the properties of lithium electrodes
exhibiting high CEs in non-aqueous electrolytes. The LiTFSI (10 M) system in the EC-DME electrolyte
showed a high CE of 99.2%. The CE of 98.2% recorded for 1 M of LiPFg in FEC increased to 99.6% in
the presence of LiFSI (7 M) in FEC. The recorded CE was comparable to that of the graphite electrode
in an electrolyte consisting of LiPFs (1.2 M) in EC-ethyl methyl carbonate (EMC) [25]. Electrolytes
with a high content of LiFSI or LiTFSI are unfavorable for the development of large-capacity batteries
because these are expensive, and a high content of lithium salt solutions generate high viscosity.
The addition of certain salts, such as LiF [26], LINO3 [27—30], and Li>Sg [27] in the electrolytes resulted
in improved CE. The addition of LiF, LiNOs, and Li,Ss in liquid electrolytes reduced the amount of
lithium dendrite formation due to the generation of stable and uniform SEI layers. During the initial
cycling process, the reduction products of LiNOs and LixSs, such as LiNxOy and Li>S/LixS,, were
deposited simultaneously on the lithium electrode. These reduction product layers were smooth
and compact, and the formation of the potential active sites for lithium dendrite nucleates could be
effectively avoided. This suppressed the formation of lithium dendrite and further reactions
between lithium and electrolyte [31]. The addition of 1 w/o of LiNO3; and 0.18 M of Li,Ss in a system
of LiTFSI (1 M) in 1,3 dioxolane (DOL)-DME resulted in a CE of 99.4% after 120 cycles at 2.0 mA cm™
2and 2.0 mAh cm™. The addition of 1 wt.% of LiNOs alone reduced the CE to 90% after just 45 cycles.
A stable and uniform solid-state SEI was thus formed due to the synergistic effect of both lithium
polysulfide and lithium nitride (used as additives in the ether-based electrolyte).

Table 2 CE recorded during lithium deposition and stripping in typical non-aqueous
electrolytes.

Solvent Salt Counter Current CE(%) Ref.
electrode Density (mMAcm™) Period (h)
EC 1 M LiPFe Cu 0.1 15 94.8 [32]
PC 1 M LiPFs Cu 0.1 15 76.5 [32]
FEC 1 MLiPFs  Cu 0.1 15 98.2 [32]
DME 1 M LiFSI N 0.25 2.5 75-80 [33]
EC-THF (1:1v/v) 1MLiPFs  Ni 0.6 0.14 74-78  [34]
EC-DME (1:1v/v) 1 MLIBETI Ni 0.6 0.14 87-88 [34]
EC-DMC (1:1v/v) 1 M LiPFg Ni 1.0 4.0 80—-85 [35]

THF: tetrahydrofuran; LiBETI: lithium bis(perfluoroethylsulfonylimide).

Table 3 CE recorded during lithium deposition and stripping in non-aqueous electrolytes

with high CE.
Solvent Salt Counter Current Cycle  CE(%) Ref.
electrode  Density (mAcm™) Period
(h)
PEC 7 M LiFSI Cu 0.25 2 400 99.6 [36]
DMC-BTFE 2.5 M LiFSI Cu 0.5 10 10 99.5 [37]
DOL-DME 1 M LIiTFSI Cu 2.0 1 60 99.4 [27]
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1w/o LiNO3

0.18 M Li2Ss
EC-DME 10 M LITFSI  Cu 0.2 5 20 99.2 [38]
EC-EMC 1.2 M LiPFs  Graphite 0.23 5 20 99.6 [25]

BTFE: bis(2, 2, 2-trifluoroethyl) ether.
2.4 Formation of Lithium Dendrites in Non-Aqueous Electrolytes

Analysis of Figures 3 and 4 reveals that the onset-time of lithium dendrite formation in a non-
aqueous electrolyte is dependent on the current density. Lithium-ion batteries fabricated with a
carbon anode are generally operated under conditions of several mA cm= and mAh cm™2. According
to the report by Seong et al. [22], lithium dendrites were observed after 9.7 h of polarization at 0.2
mA cm™ (1.94 mAh cm™), 3.3 h of polarization at 1.0 mA cm™ (3.3 mAh cm™), and 0.83 h of
polarization at 2.0 mA cm™ (1.66 mAh cm™). The lithium anode performance should be discussed
under conditions of high current densities (>1 mA cm™) and high specific area capacities (of more
than several mAh cm™). The lithium dendrites formed on a lithium electrode grow through the
electrolyte with a separator to the counter electrode. This results in internal short-circuiting that
poses a serious safety hazard. Figure 5 shows the polarization curves measured for the symmetrical
Li/4 M LiFSI system in DME/Li cells in the presence of various separators when the current density
was 1.0 mAcmat 25 ° C.The cell without a separator became short-circuited within a polarization
time of 1 h. In contrast, the cell with a 20 um-thick microporous polyethylene (Toray, 0.02—0.10 um
pore size) separator showed no short-circuit after approximately 40 h of polarization. The abrupt
cell voltage drop could be attributed to the loss of the lithium anode. The 170 um-thick Whatman
glass separator with particle retention of 11 um and a 160 um-thick non-woven separator (pore
size: 0.18 um) resulted in quick short-circuits within several hours of polarization. Figure 6 shows
the cycle performance for a cell consisting of Li/4 M LiFSI in DME/Cu in the presence of a Celgard
2400 separator (conditions: 1.0 mA cm™2; 1 h of polarization). Short-circuit due to the formation of
lithium dendrite was not observed over 300 cycles, and the CE was recorded to be 98.3% [39].
However, this low CE is not acceptable for the fabrication of practical batteries for the development
of EVs.

0.10 0.10
0.05 0.05 170um thick glass separator
f P

0.00 — 0.00

-0.05 -0.05 r
>
= 010 . -0.10
% 0 20 40 60 0 20 40 60
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Figure 5 Polarization curves measured at 1.0 mA cm™2 and 25 ° C for the symmetrical
Li/4 M LiFSI system in DME/Li cell under conditions of varying separators.
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Figure 6 Cycle performance of the Li/4 M LiFSI system in DME/Cu cell with a Celgard
2400 separator at 1.0 mA cm~2 [39].

Results from the cycling tests conducted for the deposition of the lithium metal and the results
obtained during stripping in the presence of the Li/1 M LiPFs system in EC-DEC (1:1 v/v)/Li
symmetrical cell under conditions of 1 mA cm™ and 1 mAh cm™ showed a continuous increase in
the overpotential with cycling, completely degrading the cell at 250 h [40]. The cell consisting of Li/1
M LiTFSI in DOL-DMC (1:1 v/v) under conditions of 1 mA cm™2and 1 mAh cm™ exhibited a gradual
increase in overpotential with cycling and a sudden drop after 100 cycles, indicating internal short-
circuiting [41]. The typical electrolytes used to fabricate lithium-ion batteries cannot be used in the
presence of lithium metal anodes because they exhibit low CE and poor cycling performance during
lithium deposition under conditions of stripping at high current density. The electrolyte with a high
content of lithium salt (LiFSI (4 M) in DME) exhibited excellent cycling performance at 1.0 mAh cm~
2 (Figure 6). However, the CE was not significantly high at 98.3%, and the cycling performance under
conditions of a high specific area capacity could not be determined. Many researchers have studied
the suppression of lithium dendrite formation under conditions of high current density in the past
few decades. Table 4 summarizes the lithium metal short-circuit performance at high current
densities (1-10 mA cm™2) and the CEs for lithium metal electrodes in the presence of various non-
aqueous electrolytes. Several methods, such as identifying the properties of the electrolyte [33, 39],
the addition of salt to the electrolyte [27, 42], and the use of a protective layer to protect the lithium
surface [43—-45] and suppress the rate of lithium dendrite formation have been proposed. A lithium
electrode coated with a lithium-conducting gel-type composite thin layer (thickness: 25 um) of fine
Al,O3 particles and polyvinylidene difluoride (PVDF)-hexafluoropropylene (HFP) with 1 M LiClOs in
EC-propylene carbonate (PC) did not short circuit at 10 mA cm™ and 10 mAh cm™ over 10 cycles
[43]. The charge/discharge efficiency of a cell with a 450 um-thick-coated Li anode and a LiCoO;
cathode (cathode capacity: 1.6 mAh) at 1.0 mA cm™ was higher than 99.8% after 400 cycles.
However, the CE for lithium deposition and stripping of the coated lithium electrode was not
reported. Manthiram et al. [44] reported the suppression of lithium dendrite formation using a
cellulose-based Kimwipe paper and Celgard composite separator at a high current density of 10 mA
cm™2. The electrolytic system used was LiCF3SO3 in DOL-DME. Short-circuit by dendrite formation
was not observed at 10 mA cm™ during the 3 h-long polarization process conducted over 60 cycles.
The current density and specific area capacity recorded were attractive; however, the CE of 98.5%
should be improved further for the practical application in EVs.
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Table 4 Polarization behavior of Li/non-aqueous electrolyte solution/Li cells at room temperature.

Li electrode Separator Electrolyte CE (%) Polarization Ref.
Current (mAcm=2) Period (h) cycle
Li/0.8Al,03 0.2 PVDF  Whatman Li ClO4 in EC-PC (1:1 v/V) 10 1 >10 [43]
Li metal Celgard/KW 1.8 M LiCF3SO3 in DME-DOL (1:1 v/v) 98.5 10 3 >60 [44]
Li/Nafion (5 um) Celgard 1 M LiPFg in EC-DEC (1:1 v/v) 10 4 >250 [45]
Li metal Celgard 4 M LiFSI >97 10 0.1 >6000 [39]
Li/carbon-fiber Celgard 1 M LiTFSI-1% LiNO3 in DME-DOL (1:1 v/v) 10 0.1 >60 [42]
Li/MoS; 1 M LiTFSI in DOL-DME 10 0.5 >300 [46]
Li/LiF/GF Celgard 1 M LiPFg in EC-DEC (1:1 v/v) 10 0.1 >160 [47]
Li ENTEK 1 M LiFSI in DX-DME (1:2 v/v) 98 5 1.7 >170 [33]
Ni form Celgard 1 M LiPFe in EC DMC- ca. 90 5 0.2 >96 [48]
Li DMC-EMC (1:1 v/v) 1 3 >100
Li/LiF 1 M LiPFg in EC-DEC 4 1 >60 [49]
Li/AlIPO4 Celgard 1 M LiPFg in EC-DMC-DEC (1:1:1 v/v) 4 0.5 >200 [50]
Li Celgard 1 M LiTFSI-12 mM InTFSl in EC-DME >98 3 1 >100 [51]
Li/porous C 1 M LiPFe in EC-DEC (1:1v/v) 3 0.33 >80 [52]
Li/carbon form 1 M LiTFSI in DOL-DME (1:1 v/v) with 2 wt% ca.99.6 3 0.33 >900 [53]
LiINO3
Li/reduced graphene 1 M LiTFSI in DOL-DME (1:1 v/v) with 1 wt% 3 0.33 >69 [54]
oxide LINOs
Li/carbon nanoarray 1 M LiTFSI in DOL-DME (1:1 v/v) with 1 wt% 99 2 0.5 >1000 [55]
LiNO3
Li 1 M LiTFSI in DOL-DME (1:1 v/v) with 1 wt% 99.4 2 1 >120  [27]
LiNO3-0.18 M Li>Ss
Li 10 M LiFSI in EC-DME (1:1 v/v) 99.3 1 2 >120 [38]

GF: graphite fluoride.
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The protection of the lithium electrode by a lithiated NAFION thin film can effectively suppress
the growth of lithium dendrite because of its high lithium-ion transport number. Figure 7 shows the
cycling performance recorded during lithium deposition and stripping for a NAFION-coated lithium
electrode. The electrolyte system consisted of LiPFs in EC-DEC, and a Celgard separator was used.
Cell short -circuit was not observed at 10 mA cm= during the 4 h-long polarization (40 mAh cm™)
process conducted over 250 cycles. However, the CE of the lithium electrode was not reported. An
electrolyte with a high content of lithium salts exhibited a high CE. Zhang et al. [39] reported that
short-circuit was not observed for a Li/4 M LiFSI electrolytic system in DME/Li cell at 10 mA cm™
when a 0.1 h-long polarization process was conducted over 6000 cycles. The CE was estimated to
be 99.1% at 0.2 mA cm™ and >97% at 10 mA cm™. An electrolyte solution consisting of 10 M of LiFSI
in EC-DME showed a high CE of 99.3% at 0. 2 mA cm™ and no short-circuit was observed at 1.0 mA
cm~2 during the 2 h-long polarization process conducted over 1000 cycles [38]. The high CE of 99.4%
for an electrolytic system consisting of LiTFSI (1 M) and 1 wt.% of LiNO3 and Li3Sg (0.18 M) in DOL-
DME (1:1 v/v) exhibited no lithium dendrite short-circuit during 120 cycles at 2.0 mA cm™. The
polarization process was conducted over 1 h [27]. However, the high CE fluctuated with cycling at a
high specific area capacity of 3 mAh cm™ at 2 mA cm™. Both lithium polysulfide [56] and lithium
nitride [57] have been used as additives in ether-based electrolytes to suppress the growth of
lithium dendrites. A synergistic effect that leads to the formation of a stable and uniform SEI [15]
was observed. The long-term stability of this electrolyte at a high specific area capacity should be
examined. Lithium dendrite-free electrolytes exhibiting CEs higher than 99.9% at current densities
higher than 1 mA cm™ and specific area capacities greater than several mAh cm= are yet to be
developed. The growth of lithium dendrites can be effectively suppressed by protecting the surface
of lithium with thin lithium conducting layers composed of NAFION [45], carbon [42], Al,O3 [43], and
AIPO4 [50]. Furthermore, three-dimensional (3D) electrodes are useful for long cycle operation
because a small change in the volume is observed during charge/discharge cycles [48]. Wan et al.
[53] reported a high CE of 99.6% for a 3D lithium electrode of nitrogen-doped graphitic carbon,
which exhibited a high specific area capacity of 10 mA h cm™ and a high specific mass capacity of
3140 mAh g*. This electrode showed no short-circuit for 900 cycles at 3 mA cm™ and 1 mAh cm™.
The CE of 99.6% at 2 mA cm™ and 2 mAh cm™ decreased to 99.1% at 2 mA cm™ and 8 mAh cm™.
The growth of lithium dendrites with this electrode under conditions of high specific area capacity
should be examined for practical applications. Artificial (ex-situ) SEI films have also been studied to
inhibit the formation of lithium dendrites and protect the lithium metal anode surface. An artificial
SEl electroplated on lithium in DOL-DME solution containing 1 M LiTFSI-5 wt.% LiNO3-0.02 N Li;Ss
was homogeneously distributed on the lithium metal surface. This prevented the immediate
reaction between the lithium metal and electrolyte [58]. An artificial SEI of LiPO4 on lithium metal
showed improved cyclic performance in an electrolytic system consisting of EC-DME-DEC (1:1:1
v/v) and LiPFs (1 M) [59]. The CE for commercial lithium-ion batteries is approximately 99.9% [60,
61]. Further studies to improve the CE of the lithium electrode are required to develop non-aqueous
lithium batteries for practical applications. It is a challenge to improve the CE for lithium deposition
and stripping. We expect to develop a lithium battery system in the future with a high energy density
(>500 Wh kg™2) and a CE of 99.9% for the development of EVs where short-circuiting at 5 mA cm™
and 10 mAh cm~2 will be absent.
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Figure 7 Comparison of Li deposition and stripping behavior of Li/1 M LiPFe in EC-DEC/Li
with Celgard/Li (LE) and Li/Nafion (NL)/1 M LiPFs in EC-DEC with Celgard/Li (NL/LE).
Cycling curves of cells (a) at 0.75 mA cm™ for 10 h and (b) at 10 mA cm™2. SEM images
of (c) the bare Li electrode after 200 h at 0.75 mA cm™ and after 80 h at 10 mA cm™2, (d)
the surface of Nafion layer (NL) on the Li metal electrode after cycling, and (e) a cross-
section of the NL-coated Li metal electrode after cycling [45].

3. Lithium Electrode in a Solid Electrolyte

3.1 Solid Electrolytes for Lithium Batteries

EVs are primarily developed using lithium-ion batteries fabricated using a carbon anode, an
intercalation oxide cathode, and a non-aqueous liquid electrolyte. However, the specific energy
density of lithium-ion batteries is insufficient to meet the growing demand of the driving distance.
The best candidates for the next-generation batteries beyond lithium-ion batteries are considered
to be lithium batteries developed using a lithium metal anode and an intercalation cathode [6].
Lithium batteries with a lithium metal anode and a high-capacity cathode such as high Ni-NMC
(LiNixM1x02, M = Mn and Co; x>0.6) are expected to have specific energy densities as high as 500
Wh kg™. However, this type of battery poses a safety hazard as it contains a flammable liquid
electrolyte. Lithium dendrites formed during Li plating and stripping can penetrate the separator,
leading to battery short-circuiting, eventually causing fire and explosion. It is a challenge to
overcome the safety hazard to develop EV batteries with practical applications. Replacement of the
non-aqueous electrolyte with non-flammable and chemically/electrochemically stable solid
electrolytes provides a promising solution to these safety issues [62].

Primary lithium solid electrolyte batteries consisting of Li/Lil/l>-poly-2-vinylpyridine (PVP) [63]
have been widely used to develop heart pacemakers, where thin lithium conducting solid electrolyte
film of Lil is prepared on a lithium anode in contact with a charge-transfer complex of |,-PVP. The
reliability of this type of cell is extremely high, making it suitable for use in pacemakers. However,
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this type of cell cannot be recharged, and the cell resistance increases with the discharge period
because the Lil reaction product is deposited on the cathode electrode. The Li/Lil/l>-PVP cell
contains a specially designed cathode. The lithium-ion conductivity of Lil is as low as 5.5 x 10~ S cm™
1at30° C[64] and the discharge current density of the Li/Lil/I>-PVP cell is approximately 20 uA cm™
2, The first rechargeable solid electrolyte lithium battery was reported by Gauthier et al. in 1985 [65],
which consisted of lithium conducting PEO-based polymer electrolyte of PEOgLiClO4 (or LiCF3S0O3)
and a TiS, (or Ve013) cathode. The lithium-ion conductivity of the polymer electrolyte at room
temperature was as low as 1077 S cm™. Therefore, the cell was operated above 65 ° C. The cell with
the TiS, cathode exhibited good cycling performance. The cell was cycled at 0.5 mA cm™ for
discharge and 0.125 mA cm™ to charge at 100 ° C over 16 cycles. Polymer electrolyte batteries
have been developed on a large scale by Hydro Quebec and 3 M for EV applications under contract
(the United States Advanced Battery Consortium [USABC]) since 1993 [66]. An energy density of 155
Wh kg™ (target: 300), a power density of 315 W kg™ (target: 300), and cycle life of 600 (target: 1000)
were established for the 38.8 kWh module in 1998. However, the development of lithium polymer
batteries for EVs has not yet been realized as safety issues are yet to be addressed. Most of the
polymer electrolytes partially suppress the formation of dendrites at the interface between the
lithium electrode and the polymer electrolyte [67]. At present, polymer, inorganic, and
inorganic/polymer composite electrolytes have been studied as solid electrolytes for the fabrication
of lithium batteries. In this short review, we will focus on the formation of lithium dendrites at the
interface of the lithium metal electrode in the presence of solid electrolytes.

Various types of high lithium-ion conducting solid electrolytes have been reported in the last
three decades. Table 5 summarizes the properties and types of the solid electrolytes that exhibit
high room temperature lithium-ion conductivity. The highest lithium-ion conductivity of 2.5 x 1072
S cm™ at 25 ° C for Lig4sSi174P1.44511.7Clos was reported by Kanno et al. [68]. The lithium-ion
conductivity was higher than 1.66 x 1072 S cm™ (exhibited by the conventional non-aqueous liquid
electrolyte composed of LiPFs [1 M] in EC-DME [1:1 v/v]) [69]. The solid sulfide lithium-ion
conductors are stable when in contact with the lithium metal. However, they are unstable when in
contact with the atmosphere. While oxide lithium-ion conductors such as the NASICON-type and
perovskite-type oxides are more stable in the atmosphere, they are unstable when in contact with
the lithium metal. The garnet-type oxide lithium-ion conductors are stable in contact with lithium
metal but react with water and oxygen in the air, gradually decreasing the lithium-ion conductivity.
New types of solid lithium-ion conductors, such as LizOClosBros [70], 0.7 Li(CBgH10)-0.3Li(CB11H12)
[71], and LisYBr [72], have been reported. The room temperature lithium-ion conductivities of these
conductors are higher than 102 S cm™ or approximately 103 S cm™. They are stable in contact with
lithium metal and should be handled in a glove box because they are considerably hygroscopic.
Polymer electrolytes are attractive electrolytes that can be used to develop lithium batteries
because they are more flexible than liquid organic electrolytes. The processing cost and flammability
of the polymer electrolytes are also lower than those of the liquid organic electrolytes [73]. The
room temperature conductivities of the conventional polymer electrolytes are considerably lower
than those of the liquid electrolytes. A typical PEO-based polymer electrolyte composed of
PEOsLITFSI exhibits a conductivity of 1 x 10™ S cm™ at 25 °C and transforms to a high-temperature
phase at around 60 °C, exhibiting high ion conductivity of approximately 103 S cm™ [74]. In the past
few decades, high room temperature lithium-ion conductivity polymer electrolytes have been
extensively developed by several researchers [75]. However, there are presently no polymer
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electrolytes that exhibit room temperature lithium-ion conductivities higher than 103 S cm™. The
inorganic/polymer composite electrolytes exhibited high lithium-ion conductivity, excellent
mechanical strength, and high thermal and chemical stability over those of the pristine polymer
electrolytes [76, 77]. Gel-type polymer electrolytes were proposed by Abraham and Alamgir in 1990,
which were isolated as dimensionally stable, free-standing films [78]. The gel-type polymer
electrolytes contain liquid electrolytes. Therefore, the behavior at the lithium metal electrode-gel-
type polymer electrolyte interface is similar to the behavior of a system composed of a lithium metal
electrode and a liquid electrolyte [79]. Figure 8 shows the Arrhenius plots of the ionic conductivities
of the various solid electrolytes. One advantage of solid electrolytes is that they can be used over a

wide range of temperatures, unlike conventional liquid electrolytes.

Table 5 Room temperature ion conductivities of various types of solid electrolytes.

Type Electrolyte Conductivity  Stability Ref.
at25(Sem™) jnair  with L
Thio-LISICON LizoGeP2S12 1.2 x 1072 unstable stable [80]
Thio-LISICON Lig.45Si1.74P1.44511.7Clo 3 2.5x 1072 unstable stable [68]
Argyrodite LisPSsClo.3Fo.7 5x 10 unstable stable [81]
NASICON Li1.3Alo3Ti1.7(PO4)3 7x107* stable unstable  [82]
NASICON Li1.4Alo.4Geo 2Ti1.a(POa4)3 1.29x 1073 stable unstable  [83]
Garnet LizLaszZr,012 7.7 x107* unstable stable [84]
Garnet Lig.s5Gao.15LasZr.012 2,06 x 1073 unstable stable [85]
Perovskite Lio.34La0.31TiO2.94 1.0x 1073 stable unstable  [86]
Anti-perovskite  LizOClosBros 1.94x 1073 unstable stable [70]
Layer LisN 6x1073 unstable stable [87]
Hydride 0.7Li(CBgH10)-0.3Li(CB11H12) 6.7x 1073 unstable stable [71]
Halide LisYB 7.2x10™% unstable stable [72]
Polymer PEOSsLITFSI 1.0x 107 unstable stable [74]
Polymer Polyimide/PEO/LITFS 2.3x10™* unstable stable [88]
Gel-polymer PVDF-HFP-1M LiPFs in EC-DEC 3.4 x 1073 unstable stable [89]
(1:1v/v)
Composite 20 Wt%Lis/sSry/16Tas/aZris0s- 5.4 x 107 unstable stable [76]
80 wt% PEO10LiTFSI
Composite 25 wt% LiZry(PO4)3-75 wt% 1.2 x10™ unstable stable [77]
PEO10LiTFSI
Composite nanofiber  Lig4lasZrAlg2012- 2.5% 107* unstable stable [90]

PEO-LITFSI

PVDF: poly(vinylidene fluoride); HFP: hexafluoropropylene.
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Figure 8 Arrhenius plots of the ionic conductivities of various solid electrolytes [91].
3.2 Lithium Dendrite Formation in Solid Polymer Electrolytes

Polymer electrolytes are attractive for the large-scale development of batteries as they are easy
to prepare, exhibit particularly large thin films, and have lower flammability (compared to liquid
electrolytes). Imanishi and co-workers reported excellent lithium deposition and stripping cycle
performance for a PEO-based electrolyte at 0.3 mA cm™ for a 30 h-polarization method conducted
at 60 °C (Figure 9). Under these conditions, lithium dendrite short-circuit was not observed for an
1800 h cycling process [16]. The SiO, oxide filler and N-methyl-N-propylpiperidnium
bis(trifluoromethanesulfonyl)imide ionic liquid could effectively improve the conductivity and
reduce the interface resistance between the lithium electrode and polymer electrolyte. The
composite polymer electrolyte exhibited excellent cycle performance for lithium deposition and
stripping at 0.3 mA cm™. A high specific area capacity of 9 mAh cm= was recorded at 60 °C. However,
the room temperature conductivity of the polymer electrolyte was only 3.68 x 10 S cm™. The
onset time for the formation of lithium dendrites for a typical polymer electrolyte was longer than
that of a conventional liquid electrolyte. The formation of lithium dendrites should be suppressed
at higher current densities. For example, PEO1sLiTFSI at 60 °C exhibited an onset time of 15 h at 0.3
mA cm™2 (4.5 mAh cm™) and 125 h at 0.1 mA cm™ (12.5 mAh cm™) [67]. A lithium-stable lithium-
conducting solid electrolyte, such as LiyLasZr,012, an ionic liquid, and a liquid electrolyte were added
to the polymer electrolytes to improve the room temperature conductivity and suppress the
formation of lithium dendrites. Table 6 summarizes the electrical conductivities, cycle performance,
and cell resistance of Li/polymer-based electrolyte/Li cells. A typical polymer electrolyte composed
of PEO1sLiTFSI cannot pass a high current density at room temperature because its ionic conductivity
is significantly low, and the interface resistance between the lithium electrode and electrolyte is
high. The ionic conductivity of PEO1gLiTFSI (5.13 x 107 S cm™ at 25 °C) increased to 4.1 x 10# S cm"~
1at 60 °C. Lithium dendrite short-circuiting was observed at 1.0 mA cm™ when the polarization
process was conducted for 15 h at 60 °C [92]. A composite film composed of lithium-stable and
flexible PEO and a garnet type solid electrolyte is attractive as a lithium battery electrolyte; however,
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the room temperature conductivity is not adequately high. So, a cell with such a polymer electrolyte
would need to be operated at a high temperature [93]. Fu et al. [90] reported that a flexible
composite solid electrolyte consisting of a nanofiber of LissAlp2LasZr,012 membrane with a PEO-
based polymer electrolyte could operate at room temperature. The polymer electrolyte content
was ~ 20 wt.% and the room temperature conductivity was 2.5 x 10™* S cm™. No lithium dendrite
short-circuit was observed at 0.5 mA cm™ during the 0.5 h-long polarization process over 500 cycles.
Although this result is attractive, the cycle performance should be examined under conditions of
higher specific area capacity. Another approach to prepare a room temperature polymer electrolyte
involves the use of a gel-type polymer electrolyte [78]. Gel-type polymer electrolytes consist of a
liquid lithium-ion conducting electrolyte and a polymer network such as PEO, poly(acrylonitrile)
(PAN), or poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFB). The ionic conductivity of a
gel-type polymer electrolyte is comparable to that of a liquid electrolyte because the liquid
electrolyte content is as high as 70—-80 wt.%. A gel-type polymer electrolyte composed of PVDF-HFB
containing boron nitride (BN) nanoflakes exhibited excellent lithium plating and stripping cycle
performance at room temperature [94]. At room temperature, no short-circuit was observed for
the gel-type polymer electrolyte at 1.0 mA cm™ during the 3 h-long polarization process carried
over 320 cycles. The Li/1 M LiTFSI in EC-DEC/Li cell with a Celgard separator showed a short-circuit
at 1.0 mA cm™2 during the 3 h-long polarization process carried over approximately 60 cycles. An
advantage of the gel-type polymer electrolyte is that a self-standing electrolyte film can be prepared
that exhibits a high lithium-ion conductivity at room temperature. However, the flammability of this
electrolyte is similar to that of a non-aqueous liquid electrolyte.
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Figure 9 Cycle performance of the Li/PEQ1sLiTFSI-SiO,-PP13TFSI/Li cell at 60 °C and 0.3
mA cm~2 (time: 30 h). The inset shows a comparison of the 11 cycle of Li/PEO1s-SiO,-
PP13TFSI/Li and Li/PEO1s-PP13TFSI/Li [16].

Table 6 Polarization behavior of the Li/polymer electrolyte/Li system.

Electrolyte Polarization Ref.
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Operation Conductivity Cell Current Period Cycle
temper- (Scm™) resistance (mA (h)
ature (Q cm?) cm2)
(°C)
PEO1sLiTFSI 60 4.1x10™* 400 1.0 15 1 [92]
PEO1sli TFSI-1.44 60 7.64 x 107 60 0.3 30 >30 [16]
PP13TFSI-10 wit%
SiO,
PEO1sTFSI-80 wt.% 25 2.5x10™ 20 0.5 0.5 >500 [90]
nanofiber
Lis.4Alo.2LasZr2012
membrane
75  wt%PEO1oLiTFSI 40 3.5x10™ 900 0.3 0.17 >300 [77]
25 wt% LiZI‘z(PO4)3
90 wt% PEOsLiTFSI- 55 5.6x 107 100 0.5 1 >670 [93]
10 wt%
Lie.sLasZri4TaoeO12
PVDF-HFB-1 M LiTFSI 25 8x 107 150 1.0 3 320 [94]
in EC-DEC with 0.5
wt% BN

3.3 Formation of Lithium Dendrites in Inorganic Solid Electrolytes

Table 5 lists the various types of inorganic lithium-ion conducting solid electrolytes that have
been reported to date. Some of the reported electrolytes have been examined as electrolytes for
the development of lithium batteries [8, 95]. The most important requirement for the development
of inorganic lithium-ion conducting solid electrolytes for the fabrication of all-solid lithium batteries
is that they should be stable in contact with lithium. Solid electrolytes that contain a transition metal,
such as Li1.3Alo3Ti17(PO4)s and Lio34La031TiO2.04, are unstable in contact with lithium metal. The
instability can be attributed to the reduction of the transition metal in the presence of lithium [96,
97]. These lithium-unstable solid electrolytes have been used as separators for aqueous lithium-air
batteries as they are stable in water [98, 99]. A lithium-stable polymer electrolyte and a non-
aqueous liquid electrolyte were used as a buffer layer between the lithium anode and the water-
stable solid electrolyte. Thio-LISICON, argyrodite, garnet-type, and halide solid lithium conductors
are stable in contact with lithium metal. The other requirement for developing a solid lithium-ion
conductor as an electrolyte in batteries is that lithium dendrites should not form during the
processes of lithium deposition and stripping. According to Monroe and Newman, the shear
modulus of solid electrolyte must be approximately twice that of metallic lithium (4.2 GPa) to
suppress the formation of lithium dendrites [100]. The shear modulus of the garnet-type
Lis.2sLasZraAlp 24012 was reported to be 61 GPa [101]. Imanishi and co-workers reported the short-
circuit of a Li/garnet-type solid electrolyte/Li cell. This could be attributed to lithium dendrite
formation and propagation at 0.5 mA cm= and 25 <T for a short period of polarization [102-104],
as shown in Figure 10. The short-circuiting of the Li/garnet-type solid electrolyte/Li cell resulted
from the growth of lithium dendrites through the grain boundaries [103]. Suzuki et al. reported no
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short-circuit due to lithium dendrite formation for a Li/garnet-type solid electrolyte/Li cell in the
presence of a quasi-single crystal solid electrolyte (no grain boundaries) operated at 0. 5 mA cm™
and room temperature [105].
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Figure 10 Cell voltage vs. polarization period curves for Li/LizxLasZr,xTaxO12 at 0.5 mA
cm~2 and 25 <T [104].

The dendrite short-circuit period is dependent on the current density. Table 7 shows the
polarization behavior of the Li/lithium-ion conducting solid electrolyte/Li cells. At room temperature,
almost all the solid electrolytes exhibit high interface resistance between the solid electrolyte and
the lithium electrode and the polarization behavior has been reported at a low current density of
less than 1 mA cm™ (exception: LigPSsClo3Fo7) [81]. The lithium-ion conductivity of this electrolyte
was recorded to be 5.2 x 1074 S cm™ at 25 <C, which was lower than that of LigPSsCl at 3.1 x 1073 S
cm™. However, the cell resistance of Li/LigPSsClo3Fo7/Li was as low as 130 Q. The lithium
symmetrical cell underwent ultrastable Li plating and stripping over 250 h under the conditions of
a high current density of 6.37 mA cm™2 (polarization time: 0.78 h; 5 mAh cm™2; Figure 11). The cell
was pre-treated with lithium (plating and stripping for ~ 200 h at 0.127 mA cm™ and 0.1 mAh cm™
2). The high performance could be explained by the formation of a highly dense and sheet-like
surface morphology. A symmetrical lithium cell with a high lithium-ion conducting solid electrolyte
of LISICON-type Li;oGeP,S12 short-circuited at 0.25 mA cm™2 (polarization time: 1 h; 5 cycles) [106].
The performance of the lithium electrode was improved using a lithium metal/graphite composite
electrode and by applying pressure. Garnet-type LizLasZr,01; is an attractive candidate for the solid
electrolyte with a lithium anode because of its stability with both lithium metal and water. Sakamoto
and co-workers [107] reported that no short-circuit was observed for a Li/Lis.75Alo.25La3Zr,012/Li cell
at 0.2 mA cm™ when the polarization process was conducted over 2 h over 100 cycles.
Lie.7sAlo.25sLasZr,012 was prepared by hot-pressing at 62 MPa and the surface was polished using 400
grit SiC sandpaper. Composites of the garnet-type solid electrolyte and polymer electrolyte have
been proposed because of their flexibility. The composite consisting of 80 wt.% Lig4Alo2LaszZr,012
nanofiber film and 20 wt.% PEO1sLiTFSI showed excellent lithium deposition and stripping cyclic
performance at 0.5 mA cm™ when the polarization time was 0.5 h (number of cycles: 350; room
temperature) [90]. The cell resistance of the Li/0.7Li(CBgH10) 0.3(CB11H12)/Li cell with a new type
high lithium-ion conducting solid electrolyte was low and excellent cycle performance was achieved

Page 18/28



JEPT 2021; 3(1), doi:10.21926/jept.2102019

at 0.2 mA cm™ [108]. The lithium deposition and stripping performances of a Li/LisPS4/Li cell were
improved using an In-Li electrode. A cell fabricated using a Li electrode was short-circuited at 0.3
mA cm™ over 23 cycles when the polarization time was 2 h, whereas a cell with 1.27 In-Li did not
short-circuit at 1.0 mA cm™ (polarization time: 1 h; number of cycles: 100) [109].
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Figure 11 Li plating and stripping performance for Li/LisPSsClo.3Fo.7/Li cells. (a) Current
density (0.127 mA cm™2) and cut-off capacity (0.1 mAh cm™). (al1-a3) Enlarged view of
panel a. (b) Current density (1.27 mA cm™2) and cut-off capacity (1 mAh cm™). (c) Current
density (6.37 mA cm™2) and cut-off capacity (5 mA cm™) [81].

Table 7 shows that cells with a lithium electrode and an inorganic solid electrolyte have been
rarely studied under conditions of high current density and specific area capacity required for EV
batteries. Excellent lithium plating and stripping cyclic performance at high current density was
observed for Li/LiePSsClosFo7/Li and 1.27In-Li/LisPS4/1.27In-Li cells. However, the excellent
performance of the former cell was obtained when the lithium plating and stripping pre-treatment
process was conducted at a low current density to form a dense SEl. The 1.27In-Li alloy electrode

exhibited excellent cycle performance, whereas the 1.23In-Li alloy electrode exhibited poor
performance.

Table 7 Polarization behavior of Li/solid electrolyte/Li cells at 25 °C.

Electrolyte and electrode  Conductivity Cell Polarization Ref.
(S em™) resistanc  cyrrent Period  Cycle
2
eQcm (mAcm™2) (h) (number)
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Li/LisPSsClo.3Fo.7/Li 5.2x10™* 130 6.37 0.78 >160 [81]
1.27 0.79 >635
Li/Li6_4AIo,2La32r2012_20 2.5 % 10_4 700 0.5 0.5 >1000 [90]
wt% PEO1sLiTFSI/Li
Li/Li5,5La3Zr‘1,5Nboz.solz/Li 5.7 x ].0_4 750 0.5 0.08 short [102]
Li/Lig.7sLasZr1.7sTao2s012/Li 7 x 107* 700 0 0.1 short [110]
Li/75Li,S-25P,Ss/Li 1.53x 107 0.5 5 short [111]
Li/Li3PSa4/Li 2.6 x10™ 280 0.3 2 23 [112]
Li/Lis.sLasZr15Tags012/Li 363 0.2 0.5 >5 [113]
0.3 0.5 5
Li-G/LiroGeP2S1,/Li-G 1.2 x 1072 0.25 1 >250 [106]
Li/LinoGeP,S1o/Li 1.2 x 1072 0.25 1 5 [106]
Li-/0.7Li(CBgoH10) 6.7x1073 28 0.2 1 >150 [108]
0.3(CB11H1o)/Li
Li/Lie.25Alo.25La3Zr2012/Li 250 0.2 2 >100 [107]
Li/Li6,75La32r1,75Tao_25012_ 6.7 x 10_4 0.1 0.5 >300 [114]
14 wt% BNP-TFSI/Li
Li/Lie.25Alo.25La3Zr2012-20 1x10™ 320 0.1 12 >38 [115]
wt% EMIMLITFSI/Li
Li/Li5,1Gao,3La32r2012/Li 1x 10_3 0.1 2 >50 [116]
1.27In-Li/LisPSa/1,27In-L 6.7 x 107 350 1 1 >100 [109]
BNP: 1-butyl-1-methylpyrrolidium; EMIMLIFSI: 1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide.

A deep plating and stripping cycle should be examined for developing the Li-In alloy anode. The
increase in cell potential during the lithium deposition and stripping cycles in the Li/solid
electrolyte/Li cell can be potentially attributed to the reaction between lithium and the solid
electrolyte. In addition, several studies have reported the electrochemical instability of the sulfide-
based lithium-ion conducting solid electrolytes under conditions of low voltage [117, 118]. However,
there has been no report on the CE of the lithium deposition and stripping processes in a solid
electrolyte. The CE is an indicator of the reaction between the solid electrolyte and the lithium
electrode. All-solid-state lithium batteries with lithium anodes are expected to be used for EVs
because they address the present safety concerns and enable a wide operating temperature. They
are considered to be promising next-generation batteries beyond lithium-ion batteries. However,
the technology employed for developing all-solid-state lithium batteries is complex, particularly the
methods followed to prepare the solid electrolyte thin film. High conductivity thin films of the
sulfide-based solid electrolytes and the polymer and oxide lithium-ion conducting composite
electrolytes are more easily prepared following casting methods.

4, Conclusion

A lithium metal anode coupled with a high-capacity cathode can be potentially used to develop
a high energy density rechargeable battery (>500 Wh kg=%; specific energy density target for EV
batteries). The formation of lithium dendrites at high current density (>1 mA cm™) should be
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avoided to develop efficient lithium anodes. A high specific area capacity (>5 mAh cm™2) and a high
CE (>99.9%) should be achieved to develop lithium anodes for rechargeable batteries. At present,
non-aqueous liquid electrolytes without lithium dendrite formation and a high CE of more than
99.9% have not been reported at a high current density of more than 1 mA cm™. This hinders the
practical application of the lithium anode. The lithiated NAFION thin layer on the lithium anode can
improve the CE in lithium dendrite formation-free non-aqueous electrolytes. Solid electrolytes can
be used to address the safety concerns; however, lithium dendrite-free solid electrolytes at high
current density have not been reported to date (exception: lithium electrode pre-treated with a
LisPSsClosFo.7 electrolyte). This solid electrolyte exhibited low interface resistance with a lithium
electrode and no dendrite short-circuit was observed over 350 cycles at 6.37 mA cm™ and 5 mAh
cm~2. This electrolyte satisfies the dendrite formation-free requirement at high current density and
specific area capacity. The lithium electrode was pre-treated at a low current density for a long cycle.
A flexible composite electrolyte comprising a sheet of nanofibers of the garnet-type lithium-ion
conducting solid electrolyte and a PEO-based polymer electrolyte showed excellent lithium
deposition and stripping cycle performance at 0.5 mA cm™ (at room temperature). The
Li/composite electrolyte/Li cell resistance was as high as 700 Q cm™ at room temperature. A
composite electrolyte that consists of inorganic and polymer components is thus attractive for the
development of an electrolyte to fabricate an all-solid-state lithium battery because of its flexibility
and high conductivity at room temperature.
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