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The deposition of Li—Na alloys from an ionic liquid medium has been demonstrated and evaluated with respect to dendrite growth,
oxidation potential, and stability. The maximum coulombic efficiency for the reoxidation of the Li—Na alloy was found to be 91%.
The conductivity of the ionic liquid medium containing the alloy salts was 364—466 wS/cm?. Upon addition of sodium to the
lithium-ion electrolyte, a Li-Na alloy was deposited (mA/cm? current density range) that appears to suppress dendrite formation.
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There is interest in higher power and energy density batteries to
meet the needs of the electronics and automobile applications while
still maintaining durability and safety. Lithium metal-based batteries
are desirable because the anode potential is more negative and the
atomic weight is lower than intercalation anodes. However, anodes
using lithium metal are prone to forming dendrites when recharged,
leading to capacity fading and electrode shorting. Large spatial sepa-
ration between the anode and cathode results in large resistive losses
and low current density. The suppression of dendrites is crucial for
secondary lithium metal-based batteries."

The formation of dendrites occurs with other metals, such as in
the electrodeposition of tin, silver, and zinc.”* Electronic-system
failures have been attributed to short circuits caused by metallic
dendrites. The silver and tin whiskers observed in electronic com-
ponents grow slowly over time when the circuit elements are main-
tained at different potentials. In general, dendrite suppression has
been achieved by alloying the metal with a small amount of a sec-
ond metal, ca. > 1%. For example, tin—lead and zinc—nickel are
reliable metal systems for solderability and corrosion resistance.>®
The deposition potential and melting point of the alloy are often
lower due to the alloy effect.

In this work, the lithium alloy has been investigated as a means
of producing a dendrite-free anode for lithium batteries. Sodium has
been chosen as the alloying metal, although other elements can also
be considered, such as potassium. Chloroaluminate ionic liquids
(ILs) have been shown to provide an electrolytic medlum by which
both lithium and sodium can be electrodep051ted ILs in general
are desirable because they are liquid at (or near) ambient tempera-
ture, nonﬂammable have near-zero vapor pressure, and substantial
ionic conducthlty

A variety of chloride salts (Lewis base) can be mixed with AlICl;
(Lewis acid) to form a cation and AlClZ anion. For example,
NaAICly has been used as the electrolyte in the sodium metal anode,
referred to as the Zebra Cell.'> When an organic chloride salt [such
as imidazolium or quaternary ammonium chloride (QuatCl)] is used
in place of the sodium chloride, depending on the size and symmetry
of the resulting cation, a liquid that melts near or below ambient
temperature can result. 1 Mixing the orgamc chloride with excess
AIClj; results in an IL with residual ac1d1ty 3 The acidity makeup of
the melt is represented by the mole fraction (N) of the Lewis acid,
AlCly

Quat*CI™ + AICl; — Quat* + AICI; [1]

AICI; + AICL; — ALl [2]

In an acidic melt, the negative potential is limited by reduction of
ALCI; to elemental aluminum.'* The excess acidity can be neutral-
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ized by addition of NaCl or L1Cl providing the sodium and/or
lithium ions for electrodepostlon 3 Excess NaCl or LiCl also buffers
the ionic liquid to maintain neutrality during deposition

ALCI; + LiCl — LiAIC, + AICI; [3]

ALCI; + NaCl — NaAICl, + AICI; (4]

Quaternary ammonium salts have been shown to form ILs with a
wide electrochemical stability range ! However, studies have shown
that it is necessary to have an additive such as SOCl, or HCl in the
neutral IL to facilitate the reduction of lithium and sodium cations to
the metal.'®!” It was found that the additives play a role in weak-
ening the bond strength between the cation (Na* and Li*) and
AlCI;."®

In this paper, the formation of dendrites for lithium, sodium, and
their alloys were investigated in an IL electrolyte. The deposition
potential, coulombic efficiency for the reoxidation of the deposited
metal, and composition of the deposit are reported. Figure 1 shows
two QuatCls, benzyldimethylethylammonium chloride (BMECI),
and butyldimethylpropylammonium chloride (BMPCI), utilized to
form ILs. BMECI-based chloroaluminate ILs have a low melting
point (13.4°C) and acceptable viscosity at room temperature
(278 cP).!! Also, BME* has a reduction potential near —2.8 V vs a
saturated calomel reference electrode (SCE) that is sufficient to elec-
trodeposit lithium and sodium. Optical tests were performed using
BMP chloroaluminate ILs Wthh have lower viscosity and greater
transparency than the BME ILs."”

Experimental

BMECI, was synthesized from benzyl chloride and dimethyl-
ethylamine. BMPCI was synthesized from propyl chloride and bu-
tyldimethyl amine. '' BMECI, BMPCI, NaCl (99.999%, Alfa Aesar),
and LiCl (99.999%, Alfa Aesar) were dried under vacuum for a

Figure 1. Quaternary ammonium salts: (a) benzyldimethylethylammonium
chloride (BMECI) and (b) butyldimethylpropylammonium chloride
(BMPCI).
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minimum of 48 h at ~70°C before being placed in the glove box.
Anhydrous ethylene (99%) and propylene carbonate (99.7%), alu-
minum chloride (99.99%), and thionyl chloride (99 + %) were ob-
tained from Aldrich and put in the glove box as-received. A Vacuum
Atmospheres glove box was used to prevent exposure to oxygen and
water. The oxygen and water levels were kept below 10 ppm.

A ThermoOrion conductivity meter and a custom-built probe
were used to conduct conductivity measurements. Platinum leads
were attached to two platinum electrodes that were fabricated,
placed in glass, and set apart at a fixed distance. Before every use in
the glove box, the conductivity meter was calibrated with a standard
NaCl solution (Orion). The probe was cleaned with HNOj, rinsed
with deionized (DI) water, and dried in an oven prior to calibration.

Electrochemical measurements were performed by using an
EG&G model 273 potentiostat. Pt (99.999%) and W (99.95%) wires
were purchased from Alfa Aesar. The working electrodes fabricated
by sealing the wires in glass tubes. The electrodes were cleaned with
HNOj; before each use. Alumina powder was used to polish the
electrode surface, followed by a thorough rinsing with DI water
prior to use. The reference electrode was formed by immersing an
aluminum wire in an acidic melt (N = 0.6) in a glass tube that was
separated from the electrolyte by a fine glass frit. The following is
the cell equation for the reference electrode

4ALCL +3e” =2 Al+ 7AICI; E=00V

When neutralizing the melt, various ratios of LiCl/NaCl were
added to the acidic melt at a 20% excess to ensure that neutrality
was achieved while maintaining a consistent Li*/Na* relation. The
electrolytes were then stirred for at least 10 h to make certain neu-
trality was reached. In order to maintain neutrality of the electrolyte,
it was important to perform thorough mixing immediately prior to
experimentation. Approximately 0.5 mol % thionyl chloride was
added using a micropipette and the melt was stirred for 15 min
immediately before running the experiments. Before running the
tests, the three electrodes (working, counter, and reference) were
placed as close as possible to each other.

The deposits were observed with a custom-built glass cell with
an internal cavity less than 1 mm thick. A rectangle Pt foil electrode
(~0.75 cm? area and 0.5 mm thick) was sealed inside the cell on
one end. On the opposite end of the cell from the Pt electrode, a
small vacuum joint allowed liquid to be pipetted into the cell. The
working electrode was formed by sealing a 0.5 mm diam Ni wire in
epoxy and polishing the exposed end smooth. The working electrode
was then fitted into the joint such that it was in the IL and the liquid
was completely sealed from the external environment. Chronopote-
niometry (CE) tests were performed under a nitrogen environment
with the reference and counter electrodes. An optical microscope
and video camera were used to capture images of the electrode
surface after deposition.

Results

The conductivity of the neutral IL containing sodium and/or
lithium is of interest because of the degree of ion pairing that occurs
between the alkali cation and AICI}. The conductivity of the ILs was
measured as a function of the concentration of the dissolved lithium
and sodium cations at 25°C. The mole fraction of BME*, and AICI,,
and SOCl, was held constant in all the experiments. The conductiv-
ity values for five, neutral ILs with and without SOCI, are shown in
Table I. The mole fraction of the alkali cation in the liquid phase
was 9 mol % in each IL. The conductivity of the IL increased as the
lithium-to-sodium ion ratio increased. The lithium-only ion IL had a
conductivity of 549 wS/cm while the sodium-only IL had a conduc-
tivity of 321 wS/cm. Previously, it was shown that replacement of
the organic cations with sodium ions results in a lower conductivity
melt due to ion-pairing of Na* with AICLI.18 The improvement in
conductivity by replacement of lithium ions for sodium ions may be
due to the smaller size of the lithium ion. A smaller ion could result
in a higher packing density along with a greater mobility, resulting
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Table I. Conductivities of neutral ILs.

Before adding SOCI,  After adding SOCI,

Conductivity Conductivity
LiCl (%)  NaCl (%) (pS/cm) (rS/cm)
100 0 549 542
90 10 466 469
50 50 428 466
10 90 364 371
0 100 321 363

in an increase in conductivity. The conductivity of the LiCl-
neutralized melt may also be higher than that of the NaCl melt due
to a higher molar saturation for Li* then Na* (i.e., some of the
excess LiCl could dissolve). To ensure neutrality of the melt, excess
LiCl and/or NaCl was added (depending on the desired melt com-
position). If a higher percentage of the excess LiCl was dissolved,
relative to that of the NaCl, a higher conductivity would be observed
due to the greater ion density of the melt.

Additives also affect the conductivity of the melts. Thionyl chlo-
ride (SOCl,) has been shown to increase the conductivity by in-
creasing the degree of dissociation of the Li* and Na* from their
counterions, allowing electrodeposition to occur.'® The ~10% in-
crease in the conductivity of the Na-only melt (and little change in
the Li-only melt) implies that the SOCI, increases the free Na*
concentration more than for Li*. The mixed melts show a small
increase in conductivity after SOCl, was added. Because the SOCl,
is neutral and its molar fraction is small, the liquid itself has little
influence on the overall conductivity.18

Cyclic voltammetry (CV) was used to characterize the elec-
trodeposition and reoxidation of sodium and lithium. Figure 2 shows
CVs for five ILs with different sodium-to-lithium ratios. In each
case, the IL had an acidity of N = 0.55 before neutralization.

The reduction potential of the IL neutralized with only NaCl has
previously been reported to be —2.3 V."3 The sodium-containing IL
reduction potential is more negative than that of the IL neutralized
with LiCl, which begins to reduce at —1.8 V. In each case, a hys-
teresis was observed where an overpotential for nucleation of the
metal was present on the first scan to negative potentials. The 90%
Li*/10% Na* IL has a similar current—voltage (I-V) behavior to that
of the lithium-only IL, and the 10% Li*/90% Na* IL is similar to the
sodium-only IL.

The reoxidation of the metal is different for each mixture in Fig.
2. The pure sodium and pure lithium ILs have one large oxidation
peak, while the mixed sodium-lithium deposits have two or three
oxidation peaks. This is possibly due to the presence of different
Li-Na alloys (different ratios of metal), or the selective oxidation of
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Figure 2. CVs of the BMECI: AICl; neutralized melts with 0.5% SOCI, on a
Pt electrode referenced with BMECIL:AICI; (N = 0.6).
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Table II. Coulombic efficiencies.

Cyclic voltametry

Chronoamperometry Chronopotentiometry

Max. efficiency (%)

Max. efficiency (%) Max. efficiency (%)

LiCl (%) NaCl (%) Efficiency (%)* (Switching potential, V)  Efficiency (%)  (Potential steps, V)  Efficiency (%)° (Current steps, MA/cm?)
100 0 72 74 (-2.4) N/A 62 (-2.35/-1.2) 50 75 (1.02:-1.02)
90 10 84 88 (-2.3) 31 91 (-2.3/-1.3) 40 80 (1.02:-1.02)
50 50 83 87 (=2.4) 46 68 (=2.4/-1.3) 62 65 (0.41:-0.41)
10 90 74 74 (-2.6) 63 72 (-2.45/-1.3) 65 65 (0.51:-0.51)
0 100 78 78 (-2.6) 71 71 (-2.5/-1.8) 85 85 (0.51:-0.51)

# Switching potential was —2.6 V.
b Voltage step to —2.5 and —1.2 V.
¢ Potential steps of £0.51 and —0.51 mA/cm?.

one metal from the alloy at a more negative potential than the other
metal. For example, the oxidation potential of pure sodium is differ-
ent from pure lithium metal. A less negative oxidation potential will
prevent any reaction between the metal and the organic cation
(BMEY) that is reduced at —2.8 V.

The CV curve for the 50% Li*/50% Na® is shown in Fig. 2. The
slope of the I-V curve is more gradual than the other melts, indicat-
ing possible kinetic effects. The reoxidation of the metal shows the
most distinct double oxidation peaks of all the alloys studied here. A
significant oxidation current is observed at potentials negative of the
initial reduction values, indicating that both lithium and sodium are
reduced, with lithium at a more positive potential. The sodium is
expected to be oxidized first (having a more negative reduction po-
tential) from the alloy.

The coulombic efficiencies for the deposition-stripping of the
metal was obtained from the CV curves by integrating the total
charge on reduction and oxidation, as reported in Table II. The cou-
lombic efficiency is the total oxidation charge divided by the reduc-
tion charge. The first column of results in Table II shows the cou-
lombic efficiencies from the CV experiments when a —-2.6 V
switching potential was used. The 90% LiCl/10% NaCl IL had the
highest efficiency, 84%, and the 50% LiCl/50% NaCl melt had an
efficiency of 83%. This is consistent with the previous observation
that alloy deposition occurs at more positive potentials, where there
is a lower probability of IL reduction. A survey of conditions was
performed to find the highest coulombic efficiency in each BME IL.
In these experiments, the scan rate was held constant at 100 mV/s
while the switching potential was varied. The second column of
Table II shows the highest efficiency obtained from the survey ex-
periments along with its corresponding switching potential. The
90% LiCl/10% NaCl melt had the highest efficiency at 88% (switch-
ing potential of —2.3 V). The pure lithium IL had an efficiency of
74% (switching potential —2.4 V) while the pure sodium melt had
an efficiency of 78% (switching potential —2.6 V). This is consistent
with the observation that lithium is deposited at more positive po-
tentials than sodium. The optimal switching potential for the 90%
LiCl/10% NaCl melt is similar to that of the 100% LiCl melt. This is
consistent with the data in Fig. 2 which shows a similar [-V behav-
ior for the two ILs.

Chronoamperometry (CA) was also used to measure the coulom-
bic efficiency, as shown in Table II. When the efficiency is measured
by CV, the potential varies throughout the experiment. The current
corresponding to metal deposition vs that corresponding to IL reduc-
tion is a function of potential, especially at the extremes of the
potential scans. In CA, potential steps are used which correspond
more closely to that of a battery’s operation. The reduction and
oxidation potential steps used in the experiments were varied to find
the optimal setting for deposition in each of the ILs. The 90% LiCl/
10% NaCl melt had the highest efficiency, 91%, with potential steps
of =2.3 V followed by —1.3 V (each step was for 100 s). The 90%

LiCl/10% NaCl melt also gave the highest efficiency from CV mea-
surements. The CA curve for the 90% LiCl/10% NaCl melt can be
seen in Fig. 3.

Constant potential steps and step times were applied to each melt
to compare the melt efficiencies directly. The efficiency should in-
crease as the amount of metal plated was increased. This was pre-
viously shown to be true in other ILs and was attributed to an initial
parasitic current due to the reduction of impurities.17 Potential steps
of =2.5 and —1.2 V (100 s per run) were applied to each melt. The
efficiency values of each IL subjected to the same potential steps
(=2.5 V/=1.2 V) can be seen in Table II in the first chronoamper-
ometry efficiency column. The 100% LiCl IL efficiency is not re-
ported because the potential step to —2.5 V is beyond the stable
range of the mixture. The general trend in the maximum efficiencies
follows a trend similar to the CV data.

CE was also used to measure the coulombic efficiency. The
maximum efficiency was measured by optimizing conditions to
maximize the efficiency for each IL. These results are shown in
Table II. The values of efficiency are similar to those observed by
the other techniques. The 90% LiCl/10% NaCl, which gave the
highest efficiency values with CV and CA, had a coulombic effi-
ciency of 80% when the current steps were 1.0 mA/cm? for 100 s.
The current steps for maximum efficiency were higher in the ILs
with high lithium concentration. This can be seen in the CVs in Fig.
2 during deposition where at lower overpotentials there is less com-
petition from reduction of the IL. The current steps required for
maximum efficiency for a CE measurement, depending on the melt,
ranged from 0.41 to 1.22 mA/cm?, as seen in Table II. Each melt
was then directly compared by subjecting each IL to current steps of
0.51 mA/cm? for 100 s per step. These results are seen in Table II
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Figure 3. Chronoamperometry of the BMECL:AICI3 melt (N = 0.55) neu-
tralized with excess 90% LiCl/10% NaCl on a Pt electrode at 25°C with
SOCI, added. Potential steps of —2.3 V followed by —1.3 V were applied.
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Figure 4. Photograph of lithium deposited on nickel at 1.53 mA/cm? for
30 min from a chloroaluminate BMPCI IL (4 X magnification).

and show that at a relatively low current, like 0.51 mA/cm?, ILs
with higher sodium concentrations have a higher efficiency.

Elemental analysis was performed on the metal deposits for each
of the melts in order to determine if both lithium and sodium were
present. Atomic absorption spectroscopy and a qualitative flame test
were used to determine the presence of lithium and sodium in the
deposits. The metal from the electrochemical depositions was ini-
tialy dissolved in DI water. A platinum wire was immersed in the
metal-containing solution and then placed into a blue flame. Sodium
and lithium ions produce yellow and red flames, respectively. The
pure sodium IL produced a deposit which resulted in a yellow flame
and the lithium IL produced a deposit which resulted in a red flame.
When the Li*/Na* alloy deposits were tested, the flame color was
clearly a mixed yellow and red flame. This qualitative analysis con-
firmed the presence of lithium and sodium deposit from the mixed
Li*/Na* IL. Atomic absorption was used to quantify the alloy ratio
deposited from the 90% Li/10% Na IL. Standard solutions of LiCl
and NaCl were prepared and used to calibrate the atomic absorption
spectrometer. The electrodeposited metal was dissolved in DI water
and the concentration of the two ions was measured. The Na-to-Li
ratio obtained by atomic absorption was compared to that in the
melt. A Na/Li molar ratio of 50:1 was found from metal deposited
from the BMECI IL. This ratio is not consistent with the composi-
tion of the melt, indicating that the deposit was sodium-rich; how-
ever, quantitative dissolution of the metal deposit may not have
occurred. This result clearly shows that Li/Na alloys are present
during deposition, resulting in the changes of the electrochemical
properties discussed earlier.

Visual examination of the deposits for dendrite formation was
performed using a custom-built optical cell. This cell was thin so
that visual observations could be made through the IL without dis-
turbing the working electrode. CE tests were performed using a
nickel electrode (0.5 mm diam) and BMP IL, which was found to be
more transparent than the BME IL. Initially, a constant reduction
current of 1.53 mA/cm? was applied for 2.5 min. Following depo-
sition, the open-circuit voltage of the working electrode (relative to
the counter electrode) was between —3.3 and —4 V. A constant oxi-
dation current of 1 mA/cm? was then applied until a sharp increase
in the voltage was observed, indicating the oxidative removal of the
alkali metal. Reduction (1.53 mA/cm?) was performed for 30 min
followed by examination under a microscope.

Figure 4 shows the dendrite formation from an IL containing
only LiCl (no sodium ions present). Dendrites are clearly visible in
all depositions from lithium-only ILs. This is consistent with previ-
ous findings where dendrites were seen at currents as low as
0.5 mA/cm? in as short as 1 min.”” When the tests were repeated
with a 50/50 wt % mixture of LiCl and NaCl neutral ILs, no den-
dritic growth was observed. The NaLi alloy deposit was thin and
smooth on the surface of the electrode. The electrodes were thor-
oughly examined for dendrites. The potential of the working elec-
trode was —3.65 V vs the counter electrode at open circuit. This
shows that alkali deposit was present on the surface. The application
of an oxidation current of 1 mA/cm? for 1 min resulted in a voltage
consistent with the oxidation of alkali metal from the surface. The
open-circuit voltage was —3.55 V following this test. Finally, im-
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mersion of the alkali metal electrode in water resulted in a visible
reaction and formation of gas bubbles, consistent with the reaction
of elemental lithium or sodium with water.

Extending the deposition time to 4 h resulted in a thicker, rough
deposit in each IL. While the Li/Na deposit had a rougher but non-
dendritic surface, the lithium-only IL showed the preferential growth
of dendrites.

The ability of codeposited sodium to suppress the growth of
dendrites was also investigated by dissolving LiClO, and NaClO4
(1 M) in ethylene carbonate/propylene carbonate (50:50 vol %).
When only 1 M LiClO; was used in the electrolyte, dendritic
growth was observed upon deposition for 5 h. When a 50:50 vol %
mixture of 1 M LiClO4 and 1 M NaClO, was used, a spongy, po-
rous deposit was formed.

Discussion

The goal of this work was to deposit a Li—Na alloy which could
be used as the anode in an alkali metal battery without the formation
of dendrites during deposition. Shifts in reduction potentials and
oxidation peaks are consistent with alloy deposition. A reduction
potential shift occurred during deposition for all the mixed Na*/Li*
ILs, indicating alloy deposition. Studies have shown that the depo-
sition of two or more metals (in this case, lithium and sodium) is
possible as long as the reduction potentials are similar.* Figure 2
shows that the pure lithium and pure sodium I-V curves are similar
in shape and potential from —2.15 to — 2.32 V. The 90% Li/10%
Na IL clearly exhibits reduction in this potential range. Chemical
analysis confirms the presence of sodium and lithium in the deposit.

The overpotential exhibited during oxidation of the 90% LiCl
and 10% NaCl melt deposit is consistent with the existence of an
alloy. On positive-going sweeps, oxidation begins at —2.0 V, which
is 0.2 V more negative than the point of initial reduction (—1.8 V).
This could be due to the presence of an alloy or selective oxidation
of one metal from the alloy at a more negative potential. Other
studies have shown that two-phase alloys can codeposit on a polar-
ized electrode surface even if a system is capable of forming a
continuous solid deposit.4 Multiphase alloys can produce the mul-
tiple oxidation peaks, as seen in our results.

Like lithium, both silver and tin form dendrites in the presence of
a potential gradient. Dendritic growth with silver and tin is sup-
pressed by alloy formation. Similarly, dendrite formation was ob-
served when the deposition was carried out at 1.5 mA/cm? for
30 min in a LiClI neutral IL. When a mixed (LiCl and NaCL) neutral
IL was used under the same conditions, dendrite formation was not
observed. Further studies are necessary to determine the optimal
conditions and composition for preventing dendritic growth. Param-
eters such as concentration and current density must be examined
for use as a Li—Na alloy anode.

A rechargeable Li-ion battery consists of a lithium anode and a
metal oxide cathode such as lithium cobalt oxide.?! To maximize the
specific capacity of the battery, the minimum sodium concentration
at which a nondendritic deposit is formed should be used. Also, the
amount of sodium should be minimized as the cathode works on the
lithium-only cyle, making it necessary for the electrolyte to hold the
entire Na* content when the battery is discharged. For example, the
minimum sodium content to suppress dendrites needs to be under-
stood to operate in a battery with a metal anode and oxide cathode
(e.g., MnO,/Li,Mn0O,). The sodium would particapte in the anode
reaction but not with the cathode (to an appreciable extent). During
charging, the majority of the sodium would reside in the metallic
state on the anode and maintain a minimum content so as to surpress
dendrite growth. During discharge, the lithium would reside in the
metal oxide (e.g., Li,MnO,) and a majority of the sodium ions
would be dissolved in the electrolyte. Thus, the volume of electro-
lyte, solubility of sodium ions, and minimum sodium content in the
alloy to suppress dentritic growth are intimately related.
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