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ABSTRACT: Alkali metals, such as lithium and sodium, have been expected to be used for rechargeable metal-anode batteries
owing to their low electrode potentials and large capacities. However, the well-known fatal problem, “dendritic growth” caus-
ing a dangerous short circuit, is faced while charging the batteries. Here, through a comprehensive study with electrochemical
experiments, Raman and soft X-ray emission spectroscopies, density-functional-theory calculation, and molecular dynamic
simulations, we provide an advanced guideline for electrolyte design in which a mixture of alkaline earth (Mg, Ca, Ba) salts is
used to inhibit dendrite growth of alkali metals (Li, Na) during electrodeposition. Especially, focusing on CaTFSA:2 as a salient
exemplary alkaline-earth-cation additive, we demonstrate that dendrite-free morphology upon alkali-metal electrodeposi-
tion can successfully be attained by modifying their solvation structures in the dual-cation electrolyte systems. Adding diva-
lent Ca?* promotes alkali cation (Li* or Na*) to form the contact ion pairs (CIPs) with the counter anions, which replaces the
solvent-separated ion pairs (SSIPs) commonly existing in single-cation electrolytes. Such CIPs related to alkali cations would
separate Ca?* ions distantly to shield the strong coulomb interaction among the divalent cations. The stronger binding of the
CIPs would retard the desolvation kinetics of alkali cations and, consequently, realizes a severely constrained alkali-metal
electrodeposition in a reaction-limited process that is required for the dendrite-free morphology. This work provides pro-
spects to construct dual-cation electrolytes for dendrite-free alkali-metal-anode batteries utilizing the concerted interactions

between monovalent and multivalent cations.

H INTRODUCTION

Safe and low-cost rechargeable batteries are indispensable
towards settling the environmental and energy concerns.’?
Alkali metal elements, such as Li, Na, K, have been consid-
ered as promising carrier ions to construct metal-anode re-
chargeable batteries,3* because their low redox potentials
and high capacities are beneficial for increasing the battery
energy density. For the cathodes, various intercalation-
/convention-type active materials with high energy densi-
ties and cyclabilities have been reported, owing to the ad-
vanced structural analysis and the theoretical computation
methods in recent years.>” However, for the anodes, the

ideal alkali metal anodes can hardly be employed practically.

This is because the well-known “dendritic growth” phenom-
ena leads to low reversibility of the deposition/dissolution
reactions and severe safety risks®1%; during charging the
batteries, electrodeposits are usually formed to be long and
sharp dendrites, which easily peel off from the electrode
surface and penetrate the separator, resulting in remarka-
ble degradation in coulomb efficiency and internal short cir-
cuit of the batteries.!! Currently, carbonaceous and alloy an-
ode materials are used to collect the cations during the elec-
trode reactions.?1* These intercalation-type or alloy-type
anode materials take advantage of their intrinsic excellent

electron and ionic conductivity and high chemical stability.
However, compared to the alkali metal anodes, the non-ac-
tive host additives inevitably increase the battery weight
and, therefore, decrease the electrode energy density.!4-1¢
Thus, if it is possible to control the electrodeposition mor-
phology, it will be a game-changing achievement toward in-
novative battery technologies utilizing alkali metal anodes.3

Generally, dendritic morphology tends to be formed
when crystallization or solidification occurs in a diffusion-
limited condition, where the mass transfer governed by the
driving force (e.g., temperature difference, electric field,
etc.) cannot compensate for depletion at/around the
growth interface. Particularly, for the alkali metal anodes,
electrodeposition can be typically divided into an initial re-
action-limited process (desolvation and reduction of Li* or
Na* on the surface) and subsequent diffusion-limited pro-
cess (Li* or Na* transport from the bulk electrolyte to the
surface).'7-19 Borderline that divides the two modes is the
timing (usually called as the Sand’s time!720) when the sur-
face Li* concentration reaches zero. At the reaction-limited
stage, the crystal morphology is usually mossy or whisker-
like, which highly depends on the stability, and the electron
and ionic conductivity of solid-electrolyte interphase
(SEI)?.. Whereas, at the diffusion-limited stage, needle-like



crystals forming the dangerous dendritic morphology are
usually grown synergistically accompanying the electric
and/or diffusion fields localized towards the tip of the de-
posits.?2:23

Since the ionic transport and chemical reactivity upon
electrodeposition highly depend on the properties of the
electrolytes, a large number of efforts have been made to
explore suitable salts and solvents for non-dendritic alkali
metal anodes.2428 For example, salt-concentrated (> 3-5 M)
electrolytes?82? are known to be effective for avoiding the
dendritic growth and enhancing the cyclability of Li metal
anodes. Besides, as intriguing alternative strategies, com-
bining different cation elements, e.g. (alkali-alkali) Li-Cs30,
Li-Na33, (alkali-alkaline earth) Li-Mg3132, have been claimed
to have remarkable effects on suppressing the dendritic
growth. Compared to the former salt-concentrated electro-
lytes, the dual-cation electrolytes are usually used at low
concentrations, which would be beneficial in wide operat-
ing conditions and reducing the production cost. Until now,
the effects of the dual-cation electrolytes have usually been
explained as electrostatic absorption of the additive cations
on the electrode surface3%33. However, the alkali metals
other than Li have similar redox potentials and the mono-
valent alkali cations are easily electrodeposited in terms of
desolvation as well as monovalent Li; therefore, it would be
generally difficult to control and distinguish the electrodep-
osition according as the species of alkali metals. On the
other hand, since Li and Mg can form the solid solutions in
wide composition ranges, Mg that has a higher redox poten-
tial can be involved in the Li-Mg alloy formed upon electro-
deposition; nevertheless, there is an empirical fact that di-
valent cation is difficult to be electrodeposited rather than
monovalent alkali cations, which is an advantageous point
for single-cation electrodeposition under an altered solva-
tion-structure environment. Thus, fundamental mecha-
nisms of the electrodeposition in the dual-cation (alkali and
alkaline earth) electrolytes must be unveiled towards fur-
ther development and applications.

In this work, to establish the design guidelines of the dual-
cation technologies employing the electrolytes consisting of
alkali metal (Li, Na) and alkaline earth metal (Mg, Ca, Ba),
we investigated how the interactions between different cat-
ions and anions affects the electrodeposition behavior of al-
kali metals. Especially focusing on divalent Ca?* cation as an
exemplary alkaline-earth-cation additive, we demonstrate
that dendritic Li or Na metal electrodeposits observed in the
Li or Na single-cation electrolytes dramatically change to be
flat and smooth morphology in Li-Ca or Na-Ca dual-cation
electrolytes. This is owing to the fact that the electrodeposi-
tion kinetics is moderated in the dual-cation electrolytes.
Raman spectroscopy and molecular dynamics (MD) simula-
tions demonstrate that Ca?* cations play a crucial role in
modifying the solvation structure; Li* or Na* cations, inter-
vening between the Ca?* cations, tend to form stronger con-
taction pairs (CIPs) with the anions, substituted for primary
solvent-separated ion pairs (SSIPs). The modified solvation
structure increases the desolvation energy of Li* or Na* cat-
ions and, consequently, keep the electrodeposition in a re-
action-limited process. Utilizing the interactions among the

different cation species would contribute to constructing
safe and low-cost metal-anode rechargeable batteries.

BH  RESULTS AND DISCUSSION

Electrodeposition in dual-cation electrolytes. The
electrolytes were prepared by using alkali-metal-TFSA
(LiTFSA, NaTFSA, CaTFSA:) salts as the solutes (TFSA:
bis(trifluoromethanesulfon)imide, [N(SO2CF3)2]) and a
chain-like ether G3 as the solvent (G3: triethylene glycol di-
methyl ether, CsH1804). The O atoms in the chain molecules
chelate the cations upon the salt dissolution.?* Compared to
the complicated solvation in conventional carbonate sol-
vents, the TFSA-/G3 electrolytes facile the investigation on
the interaction between different cations. For convenience,
hereafter we abbreviate the electrolytes as follows; for ex-
ample, “the Li electrolyte” denotes an electrolyte containing
0.5 mol LiTFSA per 1 L of G3, and “the Li-Ca electrolyte”
stands for an electrolyte containing 0.5 mol LiTFSA and 0.5
mol CaTFSA: (totally containing 1 mol of TFSA salt) per 1 L
of G3, and so on.

To investigate the effects of adding Ca salt, we first con-
ducted constant potential (chronoamperometry) electro-
deposition experiments in the Li, Na, Ca single-cation and
the Li-Ca, Na-Ca dual-cation electrolytes. Figure 1a illus-
trates a three-electrodes beaker cell used in the electrodep-
osition experiments. Cu foil was used as the working elec-
trode (WE) to collect the electrodeposits. For the reference
electrode (RE) and the counter electrode (CE), Li and Na
metal was used in the Li, Li-Ca and Na, Na-Ca electrolyte, re-
spectively. In the Ca electrolyte, Ca metal was employed as
CE, and a Li reference electrode (Li RE) was used, as illus-
trated in the right in Figure 1a. In the Li RE, a Li foil was im-
mersed in 0.5 mol L1 LITFSA/G3 which was separated to the
bulk electrolyte by a ceramic filter.

Figures 1b and 1c show the chronoamperometry profiles
during electrodeposition in the Li, Li-Ca and the Na, Na-Ca
electrolytes, respectively; the inset in Figure 1b shows the
profile for the Ca electrolyte. The electrodeposition poten-
tials in the chronoamperometry measurements were set for
-0.5 Vvs. Liin the Li, Ca, Li-Ca electrolytes and -0.5 V vs. Na
in the Na, Na-Ca electrolytes. The electrodeposition was
stopped when the areal capacity reached 5 mAh cm-2 except
for the Ca electrolyte, where the current density for Ca was
almost zero and no obvious deposit was observed (Figure
1d). The previous studies3>3¢ indicate that Ca deposition
hardly occurs in the CaTFSA: electrolyte, because the solid-
electrolyte interphase (SEI) layer formed on the electrode
impedes the Ca?* transport3¢. The exchange reaction of 2Li
+ Ca?* = 2Li* + Ca s also significantly suppressed, which en-
ables us to use Li metal as the RE and CE in the Li-Ca elec-
trolyte (see Figure S1). The current-density profiles ob-
tained for both the Li and Na electrolytes (green curve in
Figure 1b and blue one in Figure 1c) are found to be obvi-
ously unstable and large compared to those in the Li-Ca and
Na-Ca electrolytes (orange curve in Figure 1b and pink one
in Figure 1c). The unstable currents in the Li and Na electro-
lytes reflect the crystal growth in the dendritic form. As
shown in the left of Figures 1e and 1f, most of the deposits
(Li or Na metal) were floating in the single-cation (Li or Na)
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Figure 1. Electrodeposition behavior in Li-Ca and Na-Ca dual-cation electrolytes. (a) Construction of the three-electrode beaker cell
used in the electrodeposition experiments. Cu foil was employed as a working electrode (WE) to collect the deposits. Lower shows
the standard electrode potentials (V vs. standard hydrogen electrode, SHE) of Li*/Li, Ca2+/Ca, Na*/Na for reference. Current-density
profiles of constant potential electrodeposition obtained for (b) LiITFSA/G3 and LiTFSA-CaTFSA2/G3 at -0.5 V vs Li, and (c) NaT-
FSA/G3 and NaTFSA-CaTFSA2/G3 at-0.5 Vvs Na. In the dual-cation cases, the addition of CaTFSA: significantly stabilizes the current
density during electrodeposition of alkali metals. Inset in (b) shows the current profile for Cu-WE in CaTFSA2/G3 at -0.5 V vs Li;
almost zero current indicates that Ca cannot be practically electrodeposited. Photos of WEs after electrodeposition in (d) CaT-
FSA2/G3, (e) LiTFSA/G3 and LiTFSA-CaTFSA2/G3, and (f) NaTFSA/G3 and NaTFSA-CaTFSAz/G3. The floating deposits observed in
LiTFSA/G3 and NaTFSA/G3 were significantly suppressed in the cases where CaTFSA: salt was added. Each salt concentration in all

the electrolytes was 0.5 mol L-L.

electrolyte, being detached from the Cu foil. The weak bond-
ing of the Li and Na dendrites with the Cu foils would be eas-
ily broken by collisions between the crystals. Since the den-
sity of Li (0.535 g cm3) and Na (0.968 g cm-3) are lower than
that of the G3 solvent (0.986 g cm3), deposits peeled off
from the Cu foil floats into the electrolytes, leading to dra-
matic changes in the effective surface area and causing such
an unstable fluctuation of the current. Besides, floats in the
Na electrolyte are found to be finer than those in the Li. elec-
trolyte, suggesting higher reactivity and fragility of Na den-
drites3?

Contrary to the above cases of dendrite formation, inter-
estingly, such floats were dramatically suppressed in the Li-
Ca and Na-Ca electrolytes (right in Figure 1e and 1f), result-
ing in the smooth dendrite-free morphology. Such uniform
morphology would strongly reflect the “stable” current

density, which is desired for the safe use of metal anodes.
Similar results were also obtained in the constant-current
(chronopotentiometry) condition of electrodeposition at 2
mA cm%; see Figure S2. This demonstrates that construct-
ing dual-cation systems is a quite effective approach to sup-
press the fatal dendritic growth of alkali metal anodes.

The electrodeposits obtained in the chronoamperometry
tests were further observed using a field-emission scanning
electron microscope (FE-SEM). Compared to the dendrites
in the Li and Na electrolytes (Figures 2a and 2b), electro-
deposits in the Li-Ca and Na-Ca electrolytes (Figures 2c and
2d) are found flat and rather smooth from the front view
and densely bulky from the cross-section view. The respec-
tive ratios of Li or Na to Ca in the deposits were measured
by inductivity coupled plasma (ICP) analysis; both the mo-
lar ratio of Li : Ca and Na : Ca were about 9:1, as shown in
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Figure 2. Morphology, structure, chemical composition, and valence state of electrodeposits obtained in various electrolytes. The
scanning electron spectroscopy (SEM) images of deposits in (a) LITFSA/G3, (b) NaTFSA/G3, (c) LiTFSA-CaTFSA2/G3, and (d) NaT-
FSA-CaTFSAz/G3. Electrodeposition morphology was significantly uniformed in the dual-cation electrolytes. (e) Chemical composi-
tion of the deposits in dual-cation electrolytes, measured by inductivity coupled plasma (ICP) spectroscopy and X-ray fluorescence
(XRF) analysis, where Li or Na was the major component in the deposits. (f) X-ray diffraction (XRD) patterns of the electrodeposits
in LITFSA-CaTFSA2/G3 and NaTFSA-CaTFSAz/G3. Energy dispersive X-ray (EDX) spectroscopy mapping of the cross section view
of the electrodeposits in (g) LITFSA-CaTFSA2/G3 and (h) NaTFSA-CaTFSAz/G3. The EDX mapping areas are the same as those shown
in (b) and (d). Soft X-ray emission spectra (SXES) of Ca L3-M1 (2ps/2 to 3s) and L2-M1 (2p1,2 to 3s) peaks of the deposits in (i) the Li-
Ca electrolyte and (j) Na K-L2 peak of the deposits in the Na-Ca electrolyte. Ca and Na metals, NaTFSA and CaTFSA; salts, and CaF:
were measured as refences. It is suggested that Ca in the electrodeposits is in the oxidized state and Na is in the reduced metal state.
Each salt concentration in all the electrolytes was 0.5 mol L-1.

the tables in Figure 2e. The Na: Ca ratio was also confirmed Furthermore, energy dispersive X-ray (EDX) spectros-

using X-ray fluorescence (XRF) measurement, being close to
that measured by ICP. These results indicate that certain
amount of Ca is also involved into the deposits. However,
the X-ray diffraction (XRD) patterns in Figure 2f shows that
no obvious XRD peaks coming from Ca-metal crystals or al-
loy phases are observed in all the cases. Thus, it is suggested
that this small amount of Ca would be involved in the depos-
its, being in the salt state (described later for details). The
XRD peaks originating from bcc Na metal are clearly seen in
the case of the Na-Ca electrolyte, but this is not the case for
the Li-Ca electrolyte since the Li can hardly be detected by
laboratory X-ray apparatuses, but the flat and smooth elec-
trodeposit surely consists of mainly Li in terms of the chem-
ical composition analyses.

copy was conducted to map the Ca distribution in the de-
posits. Figures 2g and 2h show the element mappings of
the cross sections of the deposits in Li-Ca and Na-Ca electro-
lytes, respectively. The Ca concentration is almost uniform
in the cross sections, as well as the distributions related to
the elements F and S. The molar ratio of Ca: S: F is about 1:
2.35:7.37 in Li-Ca case and 1 : 2.83 : 8.93 in the Na-Ca case
based on the EDX spectra. Since the stoichiometric ratio of
Ca:S:Finthe CaTFSA2 salt, Ca(C2FsNO4S2)2,is 1:4: 12, the
Ca component in the deposits would be attributed to the re-
maining chemical species related to the electrolyte confined
into the electrodeposits. Another possibility is that the re-
duced Ca atoms are mixed in the Li or Na matrix, and the
detected S and F elements are derived from the electrolyte
decomposition. In order to identify the chemical state of Ca,
we carried out soft X-ray emission spectroscopy (SXES).



Figure 2i shows the SXES results of the L3-M1 and L2-M1
emissions of the Ca in the electrodeposits in the Li-Ca elec-
trolyte (orange solid line) and reference samples of metallic
Ca (purple dash line), CaTFSA: salt (green dash line) and
CaF: (blue dash line). In the light of the reference SXES spec-
tra, we found that the oxidization of Ca®to Ca?* was inclined
to increase the X-ray emission intensity of the Ca peaks and
the relative intensity of the L2-M1 peak to the L3-M1 peak.
This similar tendency was also reported for Zn38 and Fe3°.
Since the Ca SXES spectrum of the electrodeposits is close to
that of the CaTFSA2, it can be concluded that the Ca signal
detected by SXES and EDX (and also disappearance of dif-
fraction from Ca metal in XRD profile) can be originated not
from reduced Ca metal but from the Ca salt and/or its rele-
vant chemical species involved in electrodepositing. Be-
sides, in Figure 2j, the SXES result of Na K-L2 peak in the
electrodeposits in the Na-Ca electrolyte is clearly identified
to the metallic state (Na’), being consistent with the XRD re-
sults in Figure 2f. Incidentally, the Ca SXES spectra in the Na-
Ca case is not provided because the deposited Na metal
(melting point ~98 °C) cannot endure long time measure-
ment under electron irradiation for detecting the slight
amount of Ca component.

Reaction Kkinetics of the alkali metal electrodeposi-
tions. The non-dendritic morphology of alkali metals ob-
tained in the dual-cation electrolytes would be attributed to
change in the reaction kinetics caused by adding the Ca salt.
To evaluate the reaction kinetics, we compare the cyclic
voltammograms (CVs) in various single-cation and dual-
cation electrolytes. In the present CV measurements, we
dared to employ the “Li RE” (illustrated in Figure 1a) for all
the cases to compare the potentials in different electrolytes.
The potential was scanned in a range of -1V~ 1V vs. Li RE
atascan rate of 10 mV s,

Figure 3a shows the CV profile in the Ca electrolyte. The
response current density was almost zero on a Cu foil,

which indicates the Ca?*/Ca redox reaction can hardly occur.

This is consistent with the result on the constant potential
electrodeposition as show in the inset in Figure 1b. Next, to
investigate how the additive Ca salt affects not only cathodic
but also anodic reactions, Li-foil WE was used for the CV
tests in the Li or Li-Ca electrolyte and similarly Na-foil WE
was used for the tests in the Na or Na-Ca electrolyte. In the
single-cation Li or Na electrolyte (Figures 3b and 3c), the
response current is substantially proportional to the scan-
ning potential, displaying a symmetry reaction both in the
cathodic and anodic ranges. In contrast, in the dual-cation
(Li-Ca and Na-Ca) electrolytes (Figures 3d and 3e), the
slopes of the cathodic currents are obviously decreased,
whereas those of the anodic currents remain unchanged.
Since the equilibrium redox potentials (where response
current becomes zero) of Li*/Li and Na*/Na are substan-
tially unchanged in the Li and Li-Ca electrolytes and also in
the Na and Na-Ca electrolytes, respectively, the addition of

Ca salt mainly affects the kinetic aspect of the redox reaction.

Similar results are also observed in CVs using a Cu foil WE,
where the coulombic efficiency of Li and Na electrodeposi-
tions are improved owing to the dendrite-free morphology
achieved in the dual-cation electrolytes; see Figure S3.

Moreover, as shown in Figures 3f and 3g, the chronopoten-
tiometry experiments using Li-Li symmetric cells also
proved that adding CaTFSA: salt could remarkably improve
the cycle life and moderate the overvoltage increasing dur-
ing cycles. Nevertheless, since the abrupt short circuit oc-
curs due to the depletion of the Ca2* content in the electro-
lyte upon cycles, this involvement must be overcome in a
future work; details are given in Figure S4.

Generally, it is known that the electrodeposition process
can be divided into the following three steps!74%-42: (i) Cati-
ons are transported from the bulk electrolyte to the elec-
trode. (ii) Cations are desolvated from the coordinating sol-
vent molecules and anions and then reduced to atoms by the
electrons coming from the electrode. (iii) Reduced atoms
are absorbed on the electrode surface to form crystals. It
may be considered that the current density in the CV pro-
files, Figures 3b-3e, is mainly dominated by the steps (i) and
(ii). The step (iii) would not markedly affect the redox reac-
tions because Li or Na metal foil was used as WE, where the
nucleation processes is not necessary (just only growth/ad-
hesive process is required). In the Li or Na single-cation
electrolyte (Figure 3b and 3c), the step (i) can be the rate-
determining process, where their desolvation kinetics is
sufficiently fast in terms of the diffusion in the electrolyte.
In this situation, a steep gradient of concentration would be
generated towards the electrode surface (where carrier cat-
ions are dried up), leading to the dendritic growth during
the crystallization'”. The non-uniform crystallization would
further lead to a non-uniform electric field that further ac-
celerates the dendritic growth. In contrast, the decrease in
the cathodic current densities in the Li-Ca and Na-Ca dual-
cation electrolytes (Figures 3c and 3e) implies that the ad-
ditive Ca salt raises the activation energy of the electrodep-
ositions. This would be mainly ascribed to the changes in
desolvation kinetics with charge transfer processes in the
step (ii).

Here we try to grasp the effects of adding Ca cation, focus-
ing on the solvation structures in the dual-cation electro-
lytes. Figures 3h and 3i show the experimental Raman
spectra of the Li, Ca, Li-Ca and Na, Ca, Na-Ca electrolytes, re-
spectively. The Raman peak around 740~750 cm! is at-
tributed to expansion and contraction of the whole TFSA-
anion*3. The peak intensity increases as the salt concentra-
tion increases, showing a very slight rise in the wave-
number (Figure S5), being consistent with the previous re-
port#* On the other hand, the Raman peaks around
770~900 cm is attributed to the vibration of G3 molecule.
Especially, the Raman peaks around 870~880 cm-! can be
assigned to a characteristic C-O-C stretching and H-C-H
rocking vibration mode when the chain-like ether mole-
cules chelate metal cations, which is usually called “breath-
ing mode”44+45, For certain ether and cation species, the fre-
quency of the breathing mode depends on the coordination
number and the chelation configuration. The breathing
modes in the single-cation Li, Na, and Ca electrolytes are al-
most unchanged in the present concentration range 0.1~1.0
mol L (see Figure S5). The peaks assigned to the breathing
mode in the respective single-cation electrolytes are indi-
cated by colored vertical lines. Interestingly, compared to
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Figure 3. Cyclic voltammograms (CVs), Raman spectra in various electrolytes, and Gaussian calculation for Raman shift. CVs profiles
obtained for (a) CaTFSA2/G3, (b) LiTFSA/G3, (c) NaTFSA/G3, (d) LiTFSA-CaTFSAz/G3, (e¢) NaTFSA-CaTFSA2/G3. Cu foil was used as
the working electrode (WE) in (a), Li and Na foil were employed as WE in (b, c¢) and (d, e), respectively. For the reference electrode,
Li reference electrode (Li RE) was used, where Li foil was immersed in LiITFSA/G3 and separated from the electrolyte by a ceramic
filter, as illustrated in Figure 1(a). (f) Galvanostatic deposition/dissolution profiles for Li-Li symmetric cells with the Li electrolyte
(green) and with the Li-Ca electrolyte (orange). (g) Maximum voltage change ratio with respect to the number of the lithiation pro-
cesses (n); n is double of the cycle number because of the symmetric cell structure. Each salt concentration in all the electrolyte was
0.5 mol L-1. Experimental Raman spectra of (h) the Li, Ca, Li-Ca electrolytes and (i) the Na, Ca, Na-Ca electrolytes in the range of 720-
900 cm-L. (j) Raman shifts and activities of Li*-G3, Na*-G3, Ca2*-G3 complexes around 780-900 cm-1 computed with density functional
theory (DFT) methods of B3LYP/6-311++G(d, p) using Gaussian 16 code48. Also the formation energies of various Li+, Na* complexes
computed by B3LYP/6-311++G(d, p) are shown. The binding energy would significantly increase if a TFSA- anion is directly coordi-
nated to a Li*, Na* cation in CIP state. The structures of the complexes are illustrated based on the computational results. The char-
acteristic “breathing mode” of G3 molecule is colored in each case, which is generated when the G3 molecule chelate a cation. The
Raman shifts of the breathing mode increase in the dual-cation electrolytes as shown in (h) and (i), indicating the changes of chelated
G3 molecules. Note that theoretical and experimental Raman spectra can be discussed qualitatively but the values cannot be com-
pared directly.

the single-cation electrolytes, the breathing mode especially
related to Ca?* is obviously shifted to high frequency in both
the Li-Ca and Na-Ca dual-cation electrolytes.

to understand the shift of the breathing mode with the aid
of computation. Figure 3j shows the theoretical Raman ac-
tivities of G3 vibration in various complexes computed by
the density functional theory (DFT) methods at the
B3LYP/6-311++G(d, p) level using Gaussian 16 code*s. It is
found that the frequency of the breathing mode is affected
by the coordination number of G3. Most importantly, for the

This Raman spectroscopy measurement indicates that
the solvation structure in the dual-cation electrolytes is
modified by adding CaTFSA., which significantly affects the
reaction kinetics upon the electrodeposition. Then, we try



Ca?*-G3 complex, the Raman shift to a higher frequency (c.a.
2%) can be observed for [Ca(G3)2]* compared to [Ca(G3)]?,
indicating that the breathing mode would be enhanced
when the chelated G3 molecule is increased. As to the G3 co-
ordinated to Li* or Na*, the frequencies are substantially un-
changed (within 1%) without respect to the coordination
number of G3. Rather, the breathing mode of [Li(G3)]*
shows a lower frequency (green) than that of [Li(G3)]*, that
is, the Raman shift of breathing mode decreases when the
chelated G3 molecule is increased. The different tendency of
Li* compared to Na* and Ca?* would be originated from the
difference in the ionic radii*¢. As shown in the inset in Figure
3j, the smaller Li* cation cannot be coordinated by all of the
8 oxygens of two G3 molecules in the [Li(G3)z]* complex,
and the repulsion between oxygens weakens the breathing
mode. Furthermore, also in the cases of CIPs such as
Li(G3)TFSA and Na(G3)TFSA complexes, although few
changes are seen in their breathing-mode frequencies re-
lated to G3, the binding energies of Li(G3)TFSA and
Na(G3)TFSA are about two times higher than [Li(G3)2]* and
[Na(G3)2]*, indicating that the CIP state causes stronger
solvation bonds with alkali cations in the dual-cation elec-
trolytes. Therefore, if such a CIP state is preferred in the
dual-cation electrolyte, the entropic disadvantage accompa-
nying the CIP formation would be compensated by the ion-
ized dissolution of the divalent Ca cations and TFSA anions.

Molecular dynamics simulations of dual-cation elec-
trolytes. The above calculation provides the useful infor-
mation on the static coordinate of G3 and TFSA around one
cation. However, it is quite significant to investigate
whether the CIP states, such as Li(G3)TFSA and
Na(G3)TFSA, actually occur in the more practical situation
or environment. Thus, to further understand the solvation
structure, we performed molecular dynamics (MD) simula-
tions in series of the electrolytes consisting of G3 solvent
with different TFSA- salts; e.g., the solution model of 0.5 mol
L1 LiTFSA/G3 consists of 10 Li*, 10 TFSA-and 111 G3. De-
tails of the calculations are described in Methods.

Figures 4a and 4b show the computed coordination
numbers in single-cation electrolytes of alkali metals (Li, Na,
K, Cs) and in single-cation electrolytes of alkaline earth met-
als (Mg, Ca, Ba), respectively. The coordination numbers of
G3 solvent and TFSA- anion were estimated based on the
number of oxygen atoms nearest to the cation (i.e., in the
first solvation shell). For example, if the number of oxygen
atoms belonging to G3 (CsH1004) or TFSA- ([N(SO2CF3)2]) in
the first solvation shell is 4, the coordination number would
be counted as 1 (= 4/4) because each molecule has 4 oxygen
atoms. The partial distribution functions of the oxygen
around cations are shown in Figure S6. TFSA- anions che-
lating to the cations in the first solvation shell can be as-
signed as contact ion pair (CIP) state. Other TFSA- anions,
which are separated from the cations by the G3 solvent, can
be regarded as the solvent-separated ion pair (SSIP) state.
In the single-cation electrolyte, the alkali cations are shown
to be primarily coordinated by G3 molecules, and the coor-
dination numbers increase according as the ionic radii (Li*
< Na* < K* < Cs*) regardless of the salt concentration (0.1 ~
1.0 mol L1). The TFSA- anions are almost in the SSIP state,

indicating week combination with the alkali cations. In con-
trast, the alkaline earth cations (Mg?*, Ca2*, Ba2*) tend to be
directly combined with TFSA- anion (CIP state), especially
when the salt concentrations are increased. This marked
difference in these combination states would originate from
the relatively strong coulomb interactions of the divalent
cations.

On the other hand, in the Li-Ca and Na-Ca dual-cation
electrolytes, the solvation structures of Li* and Na* cations
are remarkably changed. Figure 4c show the change in the
coordination numbers for Li-Ca and Na-Ca electrolytes, as a
function of the content of CaTFSA, that is added into the so-
lution model of 0.5 mol Lt LiTFSA/G3 or NaTFSA/G3. Cor-
responding partial distribution function profiles are pro-
vided in Figures S7 and S8. Interestingly, adding the CaT-
FSA: salt significantly promote the coordination of TFSA-
anions to the Li* and Na* cations. Especially for the dual-cat-
ion electrolytes with 0.4 mol L1 CaTFSA2, the coordination
number of TFSA- to Li* or Na* cation reaches about 0.5,
which means that two of the four oxygens of a TFSA- anion
chelate a Li* and Na* cation on average.

Based on the simulation results, the additive CaTFSA: is
found to modify the solvation structure of the alkali cation
to be chelated by the TFSA- anions directly rather than by
the G3 molecules, thus getting closer to contact ion pair “CIP”
state from solvate-separated ion pair “SSIP” state. Figures
4d and 4e shows several typical solvation structures of Li*
and Na* extracted from the snapshots (in the Li-Ca or Na-Ca
electrolyte) during the MD simulations (enlarged views
given in Figure S9 and S10). The coordination numbers
(cn.) of G3 and TFSA- counted from the number of the near-
est oxygen atoms are also shown below the figures. Adding
CaTFSA:z increases the fraction of the CIP complexes (alkali
cation coordinated by both G3 and TFSA-) and reduces that
of the SSIP complexes (alkali cation coordinated by G3 with-
out TFSA-). This result is in very good agreement with the
Gaussian calculation shown in Figure 3j. Besides, the simi-
lar solvation structures are also obtained in the MD simula-
tion for the models of Li-Mg and Li-Ba dual-cation electro-
lytes, suggesting the universality of the dual-cation effects;
see Figure S11 and S12. Direct coordinating of TFSA- to al-
kali cation increases markedly the solvation energy, as
shown in Figure 3j, which can well explain the current-den-
sity decrease observed in CVs of Figure 3c and 3e.

We here speculate why such a CIP state of alkali cation is
preferred in the dual-cation electrolyte from the viewpoint
of the inter-cation distances. As shown in Figures 4f and 4g,
the partial radial distribution functions, pg(r), on Li*-Li* and
Na*-Na*, indicate that their inter-cation distances in the dual
cation electrolytes are dramatically shortened compared to
those in the single-cation electrolyte. This reflects that the
electrostatic interaction between the alkali cations is dimin-
ished or alleviated by the more electrically neutral CIP state
with TFSA-. Furthermore, such Li* and Na* cations in the CIP
state tend to interpose among the Ca?* cations (compare
purple dashed and solid curves in Figures 4h and 4i), which
would contribute to reducing the total free energy of the so-
lution systems and, especially, to separating the divalent Ca
cations distantly.
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Figure 4. Coordination number, solvation structure in dual-cation electrolytes, and mechanism of electrodeposition process com-
puted by molecular dynamics (MD) simulations. Coordination numbers for (a) alkali metal (Li, Na, K, Cs) single-cation electrolytes,
(b) alkaline earth metal (Mg, Ca, Ba) single-cation electrolytes, and (c) Li-Ca and Na-Ca dual-cation electrolytes. Coordination num-
bers in the first solvation shell of the cations were evaluated based on the nearest-neighbor oxygen atoms belonging to the G3 mol-
ecule and TFSA- anion. CaTFSAz was gradually added into the solution models of 0.5 mol L-1 LiTFSA/G3 and NaTFSA/G3. In single-
cation electrolytes, alkali cations are almost coordinated by G3 molecule, whereas the alkaline earth cations are preferred to be
partially coordinated by the TFSA- anions with an increase in the concentration. In the dual-cation cases, TFSA- coordinated to Li*
and Na+ (conduct ion pair, CIP) is remarkably increased. Solvation structure in (d) Li-Ca and (e) Na-Ca dual-cation electrolytes, ex-
tracted from a typical snapshot during the MD simulations. Coordination numbers (c.n.) of G3 and TFSA- based on the nearest oxygen
atoms to the cations are also shown below each figure. Cation-cation partial distribution functions, pg(r), in (f) the Li, Li-Ca electro-
lytes and (g) the Na, Na-Ca electrolytes, and corresponding cumulative coordination numbers calculated from pg(r) are shown in (h)
and (i), respectively. The CIP-state Li+ and Na* is shown to separate Ca2+ ions distantly in the dual-cation electrolytes. Electrodepo-
sition mechanism in (j) the Li, Na single-cation electrolytes and (k) the Li-Ca, Na-Ca dual-cation electrolytes. The solvation structure
of alkali cation (Li* or Na*) is modified to CIP by additive CaTFSAz in the dual-cation electrolytes, so that the desolvation energy is
inevitably increased, resulting in occurrence of the electrodeposition in a reaction-limited condition.
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Table 1. Summary of additive effects of alkaline earth (Mg, Ca, Ba) TFSA salts on the alkali-metal (Li, Na) electrodep-
osition in TFSA-/G3 electrolytes consisting of single cation or dual cations.
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“A” denotes Li or Na, and “M” denotes the alkaline earth element of Mg, Ca, or Ba. The CV measurements and constant potential
electrodepositions were done in various electrolytes, where each salt was set to 0.5 mol L-1 in the respective electrolytes. The column
for “Modification in solvation structure” shows the ratios of the contact ion pairs (CIPs) to the solvent-separated ion pairs (SSIPs) of
Li+ or Na*, which are evaluated based on the MD results. The electrolyte models used in the MD computations consisted of the salts
corresponding to the present experiments, where each concentration was set to 0.5 mol L-1. The circle and the cross marks indicate
whether the characteristic is favorable (circle) or unfavorable (cross) for alkali-metal-anode batteries.

On the basis of the results on pg(r), Figures 4j and 4Kk il-
lustrate the electrodeposition mechanisms for single-cation
and dual-cation electrolytes, respectively. In the single-cat-
ion electrolyte, Li* or Na* cations are almost coordinated by
G3 molecules. The relatively weak solvation structure
would lead to a low activation energy for the reduction re-
action, so that the electrodeposition process eventually pro-
ceeds under a diffusion-limited condition. On the contrary,
in the dual-cation electrolytes, the TFSA- anions tend to be
closely coordinated to Li* or Na*, being in the CIP state,
which would play a significant role to alleviate the strong
repulsive interaction between the divalent Ca cations, as il-
lustrated in Figure 4k. Such contact ion pairs of alkali cation
and anion contribute to the high activation energy for the
reduction reaction, that is, the freedom of the alkali cations

is deprived by anions closely contacting to them, resultingly
retarding the reduction/desolvation process. Consequently,
the electrodeposition can proceed in a reaction-limited con-
dition, which is required for realizing the dendrite-free
morphology in metal anodes.

Universality of divalent cation mixing effects. Besides
the Ca salts, other alkaline earth divalent cations can also be
intriguing candidates that provide similar effects in modify-
ing the solvation structure of alkali cations. In order to es-
tablish general rules for the electrolyte design, we summa-
rize the additive effects of alkaline earth salts of MgTFSA,
CaTFSAz2 and BaTFSA: in the electrodeposition of alkali
metal (Li, Na) in Table 1. The electrodeposition morpholo-
gies observed by FE-SEM are taken also from Figure S13.



Several features to be considered for electrodeposition in
dual-cation electrolyte are chosen in terms of “coulombic ef-
ficiency” from CVs, “ion exchange”, “alloying capability in
the phase diagram”, and “electrodeposition capability of the
alkaline earth cations”. Further importantly, the population
of CIP and SSIP evaluated from the MD simulations are
listed. First of all, from the viewpoint of the solvation-struc-
ture modification, all the alkaline earth cations (Mg, Ca, Ba)
are suitable to form the CIP state of both the alkali cations
(Li, Na). As expected, under the constant potential condition
(-0.5 V vs Li or Na), in all the dual-cation cases the electro-
deposits are found to exhibit morphologies distinct from the
conventional dendritic one (of Li or Na). Specifically, among
them, Li-Ca, Li-Ba, and Na-Ca systems are preferred in terms
of the single alkali-cation electrodeposition.

In the Li-Mg3! and Na-Mg electrolytes, the electrodeposits
also contain Mg in a ball-like shape without dendrites, be-
cause Mg metal is capable to be plated in the Mg single-cat-
ion electrolyte. Especially, in the bulk amount of electrolyte,
Lior Na atoms in the deposit are spontaneously replaced by
Mg?* cations remaining due to the higher redox potential of
Mg?*/Mg (about 0.7 V vs Li, 0.3 V vs Na). In contrast, Ca?*
and Ba?* cannot be plated in the single-cation electrolytes,
although they exhibit the redox potentials very close to Li
and Na (Ca?*/Cais 0.18 Vvs Li,-0.13 Vvs Na, and Ba%*/Ba is
0.06 V vs Li). As a result, the chemical composition of the
electrodeposits is not significantly affected by the additive
salts. In these cases, the additive cations could work as a
solvation structure modifier to circumvent the dendritic
growth of alkali metals. Overall, for constructing dual-cation
electrolyte systems towards dendrite-free alkali-metal an-
odes, an effective additive salt should have the following
three characteristic features: (i) to moderate the desolva-
tion process of alkali cations, (ii) to prevent the ion ex-
change and the reduction from the electrolyte, and (iii) not
to interfere the dissolution process of the deposited alkali
metal.

B SUMMARY AND PRESPECTIVES

Grasping and solving of the fatal “dendritic growth” prob-
lems are indispensable for practical use of alkali metal an-
odes in rechargeable batteries. Complicated reactions oc-
curring between organic electrolytes and metal anodes
make it difficult to ascertain the key factor determining the
electrodeposition morphology. In this work, we revealed
that mixing of divalent cations (Ca?*) with monovalent cati-
ons (Li* or Na*) can significantly modify the solvation envi-
ronment in the electrolytes (altering from SSIP to CIP of al-
kali cations), which helps the electrodeposition of Li or Na
metal keep in a reaction-limited process. This feature of the
solvation change contributes to making uniform diffusion
field around the electrode surface, providing a recipe to-
wards a long-awaited flat deposition morphology. Although
we still have a problem on the coulombic efficiency in the
dual-cation electrolytes, our present study significantly ad-
vances with unveiling the reaction mechanism of metal an-
odes and provides design guidelines for future dual-cation
electrolytes towards developing safe and high-performance
rechargeable batteries.
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B EXPERIMENTAL SECTION

Materials  preparation. Bis(trifluoromethanesul-
fonyl)imide, TFSA-, salts (purity 99.5%) were purchased
from SOLVIONIC Company and Kishida Chemical Co., Ltd.
Triethylene Glycol Dimethyl Ether, G3, solvent (purity
>99.0%) was purchased from Tokyo Chemical Industry Co.,
Ltd. The electrolytes with various salt concentrations were
prepared in gloveboxes (Miwa Mfg Co., Ltd. and UNICO Ltd.)
filled with high purity argon atmosphere. For the counter
and reference electrodes, sodium and calcium metals were
purchased from Sigma-Aldrich Co. LLC., and lithium metal
was purchased from Honjo Metal Co., Ltd. For the current
collector (working electrodes), copper and phosphor
bronze foils (thickness 20 pm) were purchased from
Takeuchi Metal Foil and Powder Co., Ltd.

Electrochemical tests. Electrochemical experiments
were conducted using a potentiostat VMP-3 or VSP-300
(Bio-Logic SAS). The constant potential electrodeposition
was conducted with three -electrode beaker cells (VM2A,
EC-frontier Co., Ltd), where the area of working electrode is
fixed to be 1 cm2. The cells were assembled and tested in
gloveboxes filled with high purity argon atmosphere.

Morphology observation. Electrodeposits were washed
by dropping tetrahydrofuran (99.5%, FUJIFILM Wako Pure
Chemical Corporation) and subsequently dried in argon at-
mosphere. Photos of the electrodes were taken with a mo-
bile phone (Sony Corporation). Microstructures of the elec-
trodeposits were observed in detail with a Field Emission
Scanning Electron Microscope (FE-SEM) JSM-7200F (JEOL
Ltd.) The samples were prepared in argon atmosphere and
transferred to the high vacuum chamber of FE-SEM without
exposure to air. Cross section samples were prepared with
a trimming cutter (CSC6, JEOL Ltd.).

X-ray diffraction (XRD). XRD patterns were measured
using an automated multipurpose X-ray diffractometer
(SmartLab, Rigaku Corporation). An air-tight stage was
used to keep an argon atmosphere throughout the measure-
ments without exposing samples to air.

Soft X-ray emission spectroscopy (SXES). The SXES
was conducted using the spectrometers (JS300N and
JS2000, JEOL Ltd.) attached on the FE-SEM. The X-ray was
excited by a finely focused incident electron beam. The ac-
celeration voltage of the electron beam was 15 kV and the
current was around 50 nA. The background of the SXES
spectra was removed and the intensity was normalized with
respect to the L3-M1 peak for Ca and K-L2 peak for Na. Shift
in the experimental X-ray energies was corrected based on
the database values*’.

Composition analyses. Energy dispersive X-ray spec-
troscopy (EDX) detector attached on the FE-SEM was used
to measure the composition of the electrodeposits. Induc-
tively coupled plasma optical emission spectroscopy (ICP-
OES) and X-ray fluorescence measurements were entrusted
to Analytical Research Core for Advanced Materials, Insti-
tute for Materials Research, Tohoku University.

Raman spectroscopy. The Raman spectra of the electro-
lytes with various concentrations was measured at room



temperature using Raman spectrometer NRS-5100, JASCO
corporation. To capable the comparison of intensity among
different samples, each electrolyte was injected into a deep
columnar container made of stainless steel, where the sam-
ple irradiated by the incident laser (532 nm) was fixed to
the same volume.

First-principles calculations. Density functional Theory
(DFT) calculations were conducted using Gaussian 16
code*® with B3LYP hybrid functional*® and 6-311**G(d, p)
basis set5%-52, The Raman activities of vibration modes of se-
ries cation-G3 complexes were estimated by normal fre-
quency analyses. The formation energy of each complex was
calculated according to AE = E(complex) - E(cation) - E(an-
ion) - E(G3), where E is the electronic energy of each species
complemented with thermal free energy correction.

Molecular dynamics (MD) simulations. The MD simu-
lations were performed with LAMMPS code53. The solution
models were constructed with 111 G3 molecules as the sol-
vent and appropriate number of cations and TFSA- anions
corresponding to the proper salt concentration. For exam-
ple, the model of 0.5 mol L-* NaTFSA - 0.5 mol L1 CaTFSA: /
G3 electrolyte consisted of 10 Na*, 10 Ca?* cations, 30 TFSA-
anions and 111 G3. Each model was built in a cubic box with
random configuration of the species. The initial volume of
each box was set according to the practical density of the
corresponding electrolyte. For the force field parameters,
the pair interaction potentials between the cations with
TFSA- and G3, was calculated based on the Lennard-Jones
(L]) potential with the long-distance coulomb interaction
(cutoff distance of 15 A). L] parameters for the cations were
adopted from a previous work by S. Mamatkulov et al5*. For
the TFSA- and G3, structure optimization was first con-
ducted by DFT calculations (B3LYP/6-311+G(d, p) at
Gaussian 16*8), and then the restrained electrostatic poten-
tial (RESP)>> was calculated to determining the partial
charges. Subsequently, the force-field parameters (L], bond,
angle, dihedral) were generated using the general AMBER
force field (GAFF2)5657. The Lorentz-Berthelot combining
rules were employed to calculate the L] potentials between
cations with atoms in TFSA- and G3. The long-range forces
(k-space) were computed with the particle-particle parti-
cle-mesh (PPPM)58.

In the present MD simulations, NPT ensemble (300 K, 1
atm) was finally employed to estimate the solvation struc-
ture of each electrolyte model. Prior to this, in order to avoid
divergence, the simulation was conducted in the following
three steps. First, the energy minimization was performed
for 20,000 steps to remove the obviously inappropriate
atomic configurations (e.g., cation contacts, etc) in the initial
solution models. Second, each model was computed using
the NVT ensemble (300 K) for 2 ns to minimize the Helm-
holtz free energy. Finally, each model was computed using
the NPT ensemble (300 K, 1 atm) for more than 5 ns to min-
imize the Gibbs free energy and to obtain the thermal equi-
librium structure of the system. The timestep in NVT and
NPT ensembles was set to 1 fs.

For analyzing the solvation structures, the partial radial
distribution function, gj(r), on each cation (the center atom
i = Li*, Na*, Ca?*, etc; the counter atom j = Li*, Na*, Ca?*, etc,
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and 0%) was multiplied by the number density, p;, of corre-
sponding counter atomic species j, to compare variations
between the different electrolyte models. The value of p;
was determined by the number of each species j per average
cell volume in the equilibrium state. The atomic configura-
tions and cell volume in the last 2 ns in the NPT-MD simula-
tions were used to obtain g;(r) and p;. Using gii(r), the partial
coordination number in the shell between r1 and r2 was cal-
culated by the following equation,

T2
n; = J’ 4mr?p;g,;(r) dr

1
Figure 4h and 4i were obtained by the integration from ry
= 0 to 2, where r2 was altered from 0 to 12 A, which indi-
cates the cumulative coordination number, nj;, around each
cation species i. On the other hand, using the cation-oxygen
correlation gio(r), the coordination number (c.n.) of the
nearest oxygen atoms around the center cation i was calcu-
lated in the first solvation cell, where the shell thickness, r1
and rz, depends on each cation. As an example, the interval
of integration used for oxygen coordinated around Li* is
shown in Figure S6a. Especially, the oxygen atoms belong-
ing to G3 (CsH1804) and TFSA- ([(CF3S02):N]") were distin-
guished in computing the coordination numbers. In the
body text, the subscripts are eliminated for the sake of visi-
bility, but each g(r) function is clearly displayed in different

color with annotation.
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Supporting Information. Additional electrochemical experi-
ments such as Li-Li symmetric cells, additional Raman results,
radial distribution functions obtained by MD simulations.
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