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ABSTRACT

Practical applications of Li-S and Li-air batteries require the morphology of the Li metal negative
electrode during charge/discharge (i.e., Li-deposition/dissolution) cycling to be precisely
controlled. Herein, we used magnesium bis(trifluoromethanesulfonyl)amide [Mg(TFSA)2] as an
electrolyte additive to suppress the growth of Li dendrites, utilizing the occurrence of an alloying
reaction between the initially substrate-deposited Mg and the subsequently deposited Li. Notably,
no metallic Mg formation and no change in Li deposition morphology were observed at an
electrolyte composition of 0.1 M Mg(TFSA), + 0.9 M LiTFSA/triglyme, irrespective of the
applied potential. In contrast, increasing the Mg salt concentration to 0.5 M resulted in the
deposition of interconnected granules, reflecting a dramatic morphology improvement. X-ray
diffraction analysis revealed the occurrence of the abovementioned alloying, which finally
afforded a deposit composition of Lio.9sMgo.1 via the formation of an intermediate Lio.14Mgo.s6 phase.
Importantly, the deposits obtained under various applied potentials were relatively smooth, with

no needle-like morphology observed.
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INTRODUCTION

The rapidly progressing applications of Li-ion batteries (L1Bs) as large-scale power sources
in electric vehicles and smart grids aid the realization of a low-carbon society, making Li metal a
very promising negative electrode material in view of its high theoretical capacity of 3860 mAh
g ! compared to that of the conventionally used graphite (LiCs: 372 mAh g1).'"* However, Li
metal is inherently unsuitable for use in rechargeable batteries due to posing certain safety risks.
For instance, repeated Li deposition/dissolution during charge/discharge can result in a thermal
runway and cause serious accidents due to the deposition of Li dendrites that penetrate the
separator and thus induce internal short-circuiting.®> Hence, a number of approaches have been
developed to prevent the growth of Li dendrites, e.g., the use of three-dimensional matrix
substrates,5 8 electrolyte additives,® 2 and the introduction of a solid electrolyte between the Li
electrode and the electrolyte solution.*3!* Thus, Kim et al. introduced a fibrous metal felt (FMF)
as a three-dimensional conductive interlayer at the interface between the separator and the Li metal
electrode, improving the cycling performance of Li/LiFePOg cells.” Therein, the FMF acted both
as an electrically conductive pathway for enhanced charge transfer in the porous layer and as a
robust scaffold compactly accommodating Li deposits in its internal sites. Zhang et al. succeeded
in controlling Li deposit morphology with high coulombic efficiency by using a super-
concentrated electrolyte, namely 4 M lithium bis(fluorosulfonyl)amide (LiFSA) dissolved in 1,2-
dimethoxyethane.’® The use of electrolyte additive such as vinylene carbonate (VC)* and
fluoroethylene carbonate (FEC)'’ enable high reversibility of Li-deposition/dissolution by the
passivation originated from the formation of uniform solid electrolyte interphase (SEI). However,
the SEI-forming additives are gradually expendable as charge/discharge cycle progresses. In order

to construct SEI film with high durability in long-term cycling, a greater quantity of SEI must be



formed, in which case it induces a large overvoltage. In another study, Zhang et al. modified an
electrolyte by addition of Cs and Rb ions to form a positively charged electrostatic shield around
the initial protuberance growth tip to achieve Li deposit leveling.'? Thus, the suppression of Li
dendrite growth by electrostatic control based on the standard electrode potential difference was
demonstrated to be an extremely simple and effective method. In contrast, our strategy relied on
using an electrolyte containing a salt of a metal (e.g., Mg or Al) capable of electrochemical alloying
with Li.®*2% In an electrolyte comprising both Li and Mg salts, Mg ions should be reduced in
preference to Li ions and form a deposit of metallic Mg due to the higher electrode potential of
Mg compared to that of Li (—2.36 vs. —3.04 V2 relative to the standard hydrogen electrode,
respectively). Subsequently, Li deposition is expected to proceed on the previously deposited Mg
to generate Li-Mg alloys. Even in the case of initial excessive Li dendrite formation, the reduction
of Mg ions estimated to occur in the region of high applied electric field should result in the
formation of a Li—-Mg alloy and thereby suppress further morphological changes. If the reaction
occurs reversibly, Mg only dissolved and deposits between the electrolyte and the substrate, and
Mg source should be not consumed even in long-term cycles, unlike SEI-forming electrolyte
additives. The addition effect of alkaline-earth metal ion (Mg?*, Ca?*, Sr¥*, Ba?") to quaternary
ammonium-based ionic liquid electrolytes on Li deposition morphology has already reported by
other researchers?, whereas we focused on addition into glyme-based organic electrolytes in the
present study. Herein, we mainly examined the deposition and alloying behavior of Li in the

presence of different concentrations of Mg(TFSA)2 under constant potential conditions.



EXPERIMENTAL SECTION

LiPFs, LITFSA, Mg(TFSA),, ethylene carbonate (EC), diethyl carbonate (DEC), and
triethylene glycol dimethyl ether (triglyme, G3) were purchased from KISHIDA Chemical Co.,
Ltd. and used without further purification, and 1.0 M LiPFe¢/EC:DEC (50:50 v/v) was employed
as a commercially available electrolyte. To suppress the growth of Li dendrites, electrolytes with
compositions of x M Mg(TFSA), + (1-x) M LIiTFSA/G3 (x = 0.1, 0.5, 1.0) were prepared.
Interactions between Li/Mg ions and G3 were investigated by Raman spectroscopy (T64000
Advanced Research Raman System, HORIBA Ltd.) using the 532 nm line of a Nd:YAG laser at
room-temperature. To eliminate the influence of atmospheric moisture, samples were placed into
a quartz cell that was tightly sealed in an Ar atmosphere. Electrochemical tests were performed
utilizing three-electrode cells comprising a Cu (diameter: 10.8 mm, thickness: 18 pum; Nilaco Co.,
Ltd.) working electrode, Li foil (99.90%; Rare Metallic) counter and reference electrodes, and the
abovementioned electrolytes. Prior to cell fabrication, the Cu substrate was degreased by
sequential immersion into an alkaline detergent (C-4000; C. Uyemura & Co., Ltd.) solution and
dilute sulfuric acid at 60 °C. Electrolyte preparation and cell assembly were performed in an Ar-
filled glove box with a dew point below —80 °C. Li deposition and dissolution in various
electrolytes were studied by cyclic voltammetry (CV), with the corresponding data recorded at a
sweep rate of 0.1 mV s using an electrochemical analyzer (SP-200; Bio-Logic Science
Instruments). Li deposit morphology was characterized by field-emission scanning electron
microscopy (FE-SEM; JSM-7000F; JEOL Co., Ltd.), and the corresponding crystal structures

were determined by X-ray diffraction (XRD, SmartLab; Rigaku) using Cu Ka radiation.



RESULTS AND DISCUSSION

The developed strategy relied on the formation of Mg deposits and subsequent Li—-Mg
alloying for smooth Li deposition. However, the addition of Mg salts to a conventional organic
electrolyte used in LIBs (1 M LiPF¢/EC:DEC) did not result in Mg deposition (data not shown).
Herein, we chose the combination of Mg(TFSA)2 as a magnesium salt and G3 as an electrolyte
solvent, which was reported to facilitate reversible Mg deposition/dissolution.?22> Figure 1 shows
the Raman spectra of electrolyte solutions comprising x M Mg(TFSA)2 + (1-x) M LITFSA/G3 (x
=0, 0.1, 0.5) recorded in the range of 780-900 cm™*. The Raman spectrum of pure G3 shows bands
assigned to CH> rocking and C—O—C symmetric stretching vibrations.?>?® Upon the addition of
LiTFSA to G3, a new band appeared at 864 cm?, reflecting the interaction of G3 with Li ions to
form [Li(G3)n]" complexes.?”?® On the other hand, a shoulder peak ascribed to [Mg(G3)n]** was
also observed in the 0.1 M Mg(TFSA)./0.9 M LIiTFSA/G3 system, indicating the co-existence of
two complexes in the above electrolyte. The signal intensity of [Mg(G3)n]?* increased with
increasing Mg concentration (x = 0.5). In the case of pure Mg(TFSA)2 dissolved in G3 (i.e., in the
absence of LITFSA), the Mg ion was reported to be solvated either by two tridentate G3 molecules
or by one tetradentate and one bidentate G3 molecules. Based on the density functional theory
calculations of Fuji et al., the above species exhibit Raman bands at 889.4 and 877.4 cm™,
respectively.?® Since we observed both of these signals, Mg ions were probably coordinated by
two G3 molecules to form a [Mg(G3)2]** complex even in the presence of Li ions, although the
exact solvation state was not identified.

The deposition of Li in the presence of Mg ions was examined by CV (Figure 2). As a
result, 1 M LITFSA/G3 showed paired cathodic (Li deposition) and anodic (Li dissolution) peaks

at—0.5and 0.24 V vs. Li/Li*, respectively, with the introduction of 0.1 M Mg(TFSA): resulting in



no remarkable changes. However, a broad cathodic peak between 0.6 and —0.05 V vs. Li/Li* was
observed for 0.5 M Mg(TFSA)., with the fact that the standard electrode potential of Mg is higher
than that of Li by 0.68 V implying that this peak was due to Mg deposition. Thus, Mg deposition
did not proceed in 0.1 M Mg(TFSA). + 0.9 M LITFSA/G3. The cathodic response of the above
system below 0 V was ascribed to Li deposition or Li—-Mg alloying reactions. Interestingly, only
one anodic (dissolution) peak was observed, with its potential being lower than that of other
electrolytes, whereas the introduction of 0.1 M Mg(TFSA). resulted in the appearance of two
separate peaks. However, since the effect of Mg salt addition on Li deposition was difficult to
determine, we investigated the morphology of Li deposits formed during constant-potential
electrolysis at —0.2, -0.4, and —0.8 V/ vs. Li/Li".

Figure 3 shows FE-SEM images of deposits obtained at certain applied potentials and times
in electrolytes containing Li and Mg salts. The use of a Mg-free electrolyte (i.e., 1 M LITFSA/G3)
inevitably resulted in dendrite formation, regardless of applied potentials and times, with the
deposit morphology being not different from that observed for a conventional electrolyte (1 M
LiPFs/EC:DEC; Figure S1). In particular, the produced acicular Li deposits resulted in short circuit
formation, thus causing battery thermal runaway (Figure S2). However, dendrite growth was
slightly suppressed in the case of 0.1 M Mg(TFSA).. In this case, the Li deposit comprised a certain
amount of fine needles, and Li gradually grew in the vertical direction with time upon the
application of a constant potential of —0.2 V vs. Li/Li* (Figure S3). Li existed as particles and
acicular shape below —0.4 V vs. Li/Li*, and metallic Mg was not detected from XRD patterns of
the deposits in any case (Figure S4). In contrast, in the case of 0.5 M Mg(TFSA)2, spherical
deposits attributed to metallic Mg were observed after 3 min when a potential of -0.2 V vs. Li/Li*

was applied, with the above deposits growing and retaining their morphology up to a time of 30



min. After 30 min, high-resolution imaging revealed the formation of needle-like Li deposits,
which, however, could not be detected by XRD. Li can react with Mg to form solid solutions of
broad composition, and the single BCC phase solid solution alloys exists over 11.5-100 wt.% L.
in Li-Mg.Y, presumably explaining why Li was not detected by the above XRD experiments. A
comparatively smooth deposit was obtained after 10 h, comprising Mg and LigsMgo.1. Although
the above deposit corresponded to a Li-rich phase, no dendritic morphology was observed,
implying that the electrochemical formation of Li-Mg alloys played a key role in suppressing
surface morphology change. Notably, deposits comprising interconnected grains were observed at
all times at an applied potential of —0.4 V vs. Li/Li*. XRD analysis (Figure 4) revealed that the
previously formed Mg deposit underwent lithiation to form Lio.14Mgo.gs after 30 min and Lig.osMgo.1
after 10 h. Since the counter electrode comprising Li metal acted as a source of charge carrier ions
in the electrochemical cell, the formation of Li deposits on the substrate with time is natural.
Nevertheless, the suppression of dendritic growth of Li is very interesting. Furthermore, the effect
of Mg salt addition became more pronounced at a potential of —0.8 V vs. Li/Li*, when a dense Mg
deposit was formed after 3 min, with the reduction of Li ions after 10 min resulting in the
deposition of Li metal on Mg, with no Li—-Mg alloying yet occurring. Finally, the above alloying
led to the formation of a smooth deposit (Lio.1.4Mgo.ss), With progressing lithiation affording
Lio.osMgo.1 while retaining smooth morphology (Figures S5 and S6). EDS mapping images (Mg-
Ka) of the deposits also indicated the formation of Li-Mg alloy (Figure S7). These changes in Li
deposit morphology were also reflected in the time dependence of electrodeposition current
density observed for various electrolytes.

Figure 5 displays chronoamperograms recorded at an applied potential of —0.8 V vs. Li/Li*,

revealing that for Mg salt-free and 0.1 M Mg(TFSA).-containing electrolytes, the cathodic current



densities rapidly increased from approximately —10 to —20 mA cm~2, almost reaching a steady state
after 1 h. This sudden response was ascribed to the significant increase in the specific surface area
of the formed deposit, i.e., Li dendrites. On the other hand, no such response was observed in the
case of 0.5 M Mg(TFSA)., which suggests the suppression of morphological changes. Indeed, the
above cathodic behaviors were in good agreement with the results of FE-SEM imaging.

Based on the above, we concluded that the suppression of Li dendrite growth was induced
by the electrochemical formation of a Li-Mg binary alloy (Figure 6). In electrolytes containing
both Li and Mg salts, Mg ions, exhibiting a higher standard electrode potential than Li ions, are
preferentially reduced to metallic Mg that is deposited on the substrate. Subsequent Li storage is
enabled by the formation of Li-Mg alloys (solid solutions) such as Liog.14Mgo.ss and Lio.sMgo.1,
which avoids dendrite formation. Even when Li dendrites are produced, the reduction of Mg ions
in regions with a high applied electric field is thought to form the above alloys and thus suppress
further morphological changes.

Finally, we investigated Li deposition morphology in different electrolytes under constant
current condition and evaluated their Coulombic efficiency. Figure 7 shows charge—discharge
curves at the first cycle and the 20th cycle under the constant current density of 0.1 mA cm=. FE-
SEM images of deposits at the initial charge state (1 mA h cm™) are also depicted. As with the
results of constant potential electrolysis, Li dendritic growth was suppressed and the deposits
became smooth with increasing Mg salt concentration in the electrolyte: the addition of 0.1 M
Mg(TFSA)> made the diameter of needle-like deposit decrease, and deposit obtained from the
addition of 0.5 M Mg(TFSA)2 resulted in mixed morphology consisted of spherical Mg metal and
liner Li metal. Based on the results, a plateau observed at the potential of 0.1 V vs. Li/Li* in 0.5

M Mg(TFSA)2 + 0.5 M LITFSA/G3 at the first cycle is originated from the Mg deposition and it



is considered that Li deposition or Li-Mg alloying reactions proceeded at subsequent region.
However, although the cycling performance obtained from the electrolyte of 0.5 M Mg(TFSA)2 +
0.5 M LIiTFSA/G3 was best among glyme-based electrolytes, their performances were by no
means satisfactory. The main reason for the low Coulombic efficiency in Mg-free and 0.1 M
Mg(TFSA)2-added electrolytes is probably due to the decomposition of G3 solvent which is not
involved in solvation.?®3® G3 molecule has less electrochemical stability and surface layers
induced by the electrolyte decomposition inhibits ion conduction. On the other hand, in 0.5 M
Mg(TFSA).-added electrolyte, it is thought that the passivation of deposited Mg metal is
responsible for the low efficiency: Mg metal could not dissolute as Mg ion to the electrolyte. In
fact, XRD patterns measured at discharge state of 1.5 V in the first and the 10th cycle indicated
that Mg metal remained on substrate as it was without dissolution (Figure S8). To enhance the
Coulombic efficiency, that is, to achieve the reversible Mg-deposition/dissolution, we are now
attempting to address the improvement of electrochemical stability and the optimization by the use
of concentrated electrolyte and the addition of chloride.

Nevertheless, the obtained data raises some questions, i.e., whether the same behavior is
observed if metallic Mg is used as a negative electrode from the beginning? Since the reactivity of
alkaline earth metals toward air hinders their use as active electrode materials, the utilization of

Mg ions in the electrolyte is preferred to the handling of metallic Mg as the negative electrode.

Conclusions
Herein, we examined Li deposition in Mg(TFSA)2-containing electrolytes using CV and

constant-potential electrodeposition at various Mg salt concentrations and applied potentials. The
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use of a Mg salt-free electrolyte (1 M LITFSA/G3) inevitably resulted in the growth of Li dendrites
irrespective of the applied potential, with no improvements observed at a Mg(TFSA)2:LiTFSA
molar ratio of 1:9. In contrast, Mg was deposited prior to Li in 0.5 M Mg(TFSA), + 0.5 M
LIiTFSA/G3, which resulted in electrochemical Li-Mg alloying. In the above system, the products
formed at various applied potentials after 10 h corresponded to Lio.9sMgo.1 and exhibited a relatively
smooth morphology. However, under constant current condition, although Li dendrite morphology
was suppressed with increasing Mg-salt concentration in the electrolytes, their Coulombic
efficiencies were not high. This is probably because the ion conduction was inhibited by the surface
layer induced by the electrolyte decomposition and the passivation of Mg metal suppressed the
dissolution. To enhance Coulombic efficiency, we are attempting to address the improvement of

electrochemical stability and the optimization of electrolyte composition.
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Figure captions

Figure 1. Chemical structures of Mg-, Li-salts and triglyme (G3) solvent used in this study. Raman
spectra of pure G3 solvent and electrolyte solutions of x M Mg(TFSA), + (1-x) M LiTFSA/G3 (x
=0, 0.1, 0.5) in the frequency range of 780 to 900 cm ™.

Figure 2. Cyclic voltammograms of Cu/Li cells with a Li reference electrode, corresponding to Li-
deposition/dissolution behavior on/from a Cu substrate in electrolytes of x M Mg(TFSA)2 + (1-X)
M LITFSA/G3 (x =0, 0.1, 0.5). Inset: Enlarged view of the anodic profile in the range from -0.2
t0 0.6 V.

Figure 3. FE-SEM images of deposits obtained from x M Mg(TFSA)2 + (1-x) M LiTFSA/G3: (a)
x=0, (b)x=0.1, (c) x=0.5.

Figure 4. XRD patterns of deposits electrochemically grown on a Cu substrate in electrolytes of
0.5 M Mg(TFSA)2 + 0.5 M LIiTFSA/G3 at each time under various constant potential.

Figure 5. (a) Photographs of deposits on Cu-foil substrate obtained from an electrolyte solution of
0.5 M Mg(TFSA), + 0.5 M LITFSA/G3 under applied potential of —=0.8 V vs. Li/Li*. (b) Time
dependence of current density for the electrodeposition in x M Mg(TFSA), + (1-x) M LiTFSA/G3.
Inset: Enlarged view of the profile in the initial 1 hour.

Figure 6. Schematic illustration of proposed suppressing effect of Li dendritic growth by addition
of Mg-salt. (a) In a commercially available electrolyte, Li deposition occurs inhomogeneously. By
repeated deposition—dissolution cycling, the deposition morphology results in dendrite that causes
a rapid capacity fading and thermal runway of batteries. (b) In an electrolyte containing Mg-salt,
Mg-ion preferentially undergoes reduction to form metallic Mg on a substrate due to its higher
standard electrode potential. Subsequently, Li deposition proceeds on the Mg and reacts with that

to electrochemically form a binary Li-Mg alloy.
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Figure 7. (a) Charge—discharge curves obtained from various electrolytes at constant current
condition (0.1 mA cm™). Inset: Variation of Coulombic efficiency. (b) FE-SEM images of deposits

obtained after the first charge state.
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Figure 3. FE-SEM igeof ’dep‘its obtained from x M Mg(TFSA), + (1-x)
M LiTFSA/G3: (@) x=0, (b) x=0.1, (¢) x=0.5.




(c) 0.5 M Mg(TFSA), + 0.5 M LiTESA/G3
After 3 min 10 min : : __ ‘30 min
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Fiéur -EM Images of deposits obtained from x M
M LiTFSA/G3: (@) x=0, (b) x=0.1, (¢) x=0.5.
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Figure 4. XRD patterns of deposits electrochemically grown on a Cu
substrate in electrolytes of 0.5 M Mg(TFSA), + 0.5 M LiTFSA/G3 at each

time under various constant potential.
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Figure 5. (a) Photographs of deposits on Cu-foil
substrate obtained from an electrolyte solution of 0.5
M Mg(TFSA), + 0.5 M LiTFSA/G3 under applied
potential of —0.8 V vs. Li/Li*. (b) Time dependence of
current density for the electrodeposition in x M
Mg(TFSA), + (1-x) M LiTFSA/G3. Inset: Enlarged
view of the profile in the initial 1 hour.
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Figure 6. Schematic illustration of proposed suppressing
effect of Li dendritic growth by addition of Mg-salt. (a)
In a commercially available electrolyte, Li deposition
occurs inhomogeneously. By repeated deposition—
dissolution cycling, the deposition morphology results in
dendrite that causes a rapid capacity fading and thermal
runway of batteries. (b) In an electrolyte containing Mg-
salt, Mg-ion preferentially undergoes reduction to form
metallic Mg on a substrate due to its higher standard
electrode potential. Subsequently, Li deposition proceeds
on the Mg and reacts with that to electrochemically form
a binary Li-Mg alloy.



