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INTRODUCTION

The ambient-temperature chloroaluminate molten salt AlCl5:1-ethyl-3-methylimidazolium
chloride (ImCl) has proven to be a useful solvent for investigating the electrochemistry of organic
and inorganic materials (1,2). In melts with an AlCl3:ImCl molar ratio > 1 (N > 0.5, where N is
the AlCl3 mole fraction), termed acidic melts, the anodic limit is determined by the oxidation of the

AICly" anion, and the cathodic limit is set by reduction of the AlyCl;" anion to Al metal. In melts

with an AICl3:ImCl molar ratio < 1 (N < 0.5), termed basic melts, the anodic limit is determined
by chloride oxidation, and the cathodic limit is set by reduction of the imidazolium cation. Finally,
at an AlCl3:ImCl ratio = 1 (N = 0.5), a neutral melt, the anodic and cathodic limits are determined

by AICl4~ oxidation and imidazolium reduction, respectively, providing a wide electrochemical
window of ca. 4.4 V (3). Although desirable, this wide electrochemical window is difficult to

achieve and maintain since electrochemical processes can alter the composition of the melt by
producing or consuming the electroactive components of the melts. Examples of electrochemical

processes which alter the composition of the melt are shown in reactions {1] and[2].
M (electroactive metal) + 2n AICly~ <===> MCl,("X)- 4+ n ALCly” + xe  [1]
Cl +2e <===>2 CI’ (2]

Recently, it has been reported that NaCl added to an initially acidic melt (excess AlCl;) can
be employed as a “buffer” to maintain the neutral composition (4). The alkali metal chloride

neutralizes the A12Cl7‘ species via reaction [3};
NaCl(s) + AlyCly” <===> Na* + 2AICly &)
yet the solubility of the alkali metal chloride in the buffered neutral melt is negligible preventing
introduction of excess choride ions. Therefore, when AlyCly™ or chloride ions are introduced into
the buffered neutral melt, they are removed via reactions [3] and (4], respectively.
Na* + CI' <===> NaCl(s) [4]
Because Na* is not normally reduced before the imidazolium cation, the wide electrochemical

window is maintained (4). Similar buffering is achieved for LiCl; however, Li* is reduced before




the imidazolium cation, thus, narrowing the electrochemical window (5). Incomplete buffering is
achieved for KCl and CsCl, i.e., the solubilitics of these alkali metal salts in the acidic melts appear
to be too low to completely neutralize the melt by reaction [3].

Of primary interest to the work performed at the Frank J. Seiler Research Laboratory is the
development of high energy density batteries based on these ambient-temperature molten salts,
including the alkali metal buffered melts. Recently, an evaluation of various battery configurations
employing these molten salts has been published as a Technical Report by R. L. Vaughn (6). The
evaluation is comprehensive, describing earlier as well as the most recent developments in this
area, and should be consulted to fully appreciate the chemical reactions occurring at the anodes and
cathodes pioposed for these molten salt batteries. Batteries employing a NaCl buffered melt as the
electrolyte with solid Na as the anode and CuCl (secondary battery) or CuCl, (primary battery) as
the cathode demonstrate promising characteristics; however,the performance of the battery is
bampered by reaction of the solid Na with the melt forming a passivating layer on the Na surface.
Similar reactions have been noted for solid Li in the melts (5,7). In addition, Li metal reacts with
ImCl in acetonitrile (8) in a similar manner as the reaction of N-alkyl-imidazoles with Li metal and
Li reagents (9).

To provide further insight into the chemistry of the alkali metals in these melts, we initiated
an examination of the electrochemistry of the alkali metals at a 125-um radius tungsten disk
clecrode. The small size of the electrode makes possible electrochemical studies of electroactive
species present in high concentrations (10). In addition, it is relatively easy to fully coat such a
small electrode with mercury, thus producing a mercury film electrode (MFE) at which deposition
of alkali metals occurs at a much less negative potential due to formation of alkali metal amalgams.
From the reduction potentials for these amalgams it is possible to predict the reduction potentials
for the alkali metals themselves.

To our knowledge the only other study of metal deposition at a mercury elctrode in an
ambient-temperature melt is that for Al in acidic AICl3:ImCl (11). Also, relevant to this work is a
study of the electrical double layer at a hanging mercury drop clectrode in the AlCl3:1-
butylpyridinium chloride ambient-temperature molten salt (12).




ImCl was synthesized as previously described except dicthyl ether was used in place of
ethyl acetate for the recrystallization (2). All melt preparations and electrochemical experiments
were performed under a purified He atmosphere in a Vacuum Atmosphere dry box at 27 C. Mehs
were prepared by addition of sublimed AICl3 (Fluka) to ImCl with stirring until the desired molar
ratio was obtained. For preparation of an alkali metal chloride buffered melt, an acidic melt with an
AlL)Cl7” concentration equal to the desired alkali metal jon concentration was first prepared. A

quantity of the alkali metal chloride in excess of that needed to neutralize the Al,Cl;™ (reaction [3])
was then added, and the mixture was stirred overnight at room temperature. The concentration of
the alkali metal in the resulting neutral buffered melt was taken to be the initial AlyCly”

concentration, i.e., no correction was made fcr the change in the density of the melt. This
correction is expected to be < 5 % since this is the maximum density change observed for the same
AlCl3:ImCl acidic melts neutralized with ImCl (13).

The tungsten working electrode consisted of a length of 250-um diameter tungsten wire
(Alpha Chemical) sealed in 1-mm LD. Pyrex glass capillary tubing. The end of the glass was
ground to expose a circular disk of tungsten which was polished with alumina powder.. The
reference electrode consiliged of an Al wire immersed in an acidic 1.5:1.0 AlCi3:IxnCl melt (N =
0.6) contained in a separate glass capillary tube in which a fiberglass fiber was sealed at one end to
make electrical contact with the analyte solution. The counter electrode consisted of an Al wire
dipped directly into the analyte solution. The cell consisted of a glass vessel fitted with a Teflon
cap through which three holes were drilled to allow ingertion of the electrodes into the melts.

Cyclic staircase voltammetry and chronoamperometric experiments were performed using
an EG&G PARC Mode! 273 Potentiostat/Galvanostat controlled with th G 70
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RESULTS AND DISCUSSION

Lithium D . Ba T El i
In a LiCl buffered melt ([Li] = 0.564 M, starting with N = 0.53) bulk deposition of Li

was observed at ca. -1.9 V on the bare 250-im diameter tungsten electrode while Li stripping was
negligible, Figure 1. The apparent small stripping current may not be Li anodization, but instead,
may be associate with the passivating film which is deposited on the tungsten electrode following
the Li deposition. To obtain reproducible results, it was necessary to wipe the electrode between
cach electrochemical experiment to remove this film. The film is probably a product of the reaction
of Li with the imidazolium cation (8,9). It is doubtful that the lack of sufficient Li stripping is du

to protonic impurities because of the large quantity of Li* reduced. The behavior of Li is in

agreement with a previous study (5).
The results of staircase cyclic voltammetric experiments are summarized in Table I. The

peak potential shifts to more negative potentials with increasing scan rate, v, while the value of

lp,vlﬂ remains relatively constant. These trends are consistent with a reversible electron transfer
followed by an irreversible chemical process, i.c., an E;C; mechanism (14). The peak potential
shift is larger than expected (theoretical: 30/n mV negative shift for a ten-fold increase in v), but the
additional potential shift may be due in part to IR-drop. If the Li deposition is actually an E.C;
process, then Ep will actually be positive of the formal potential (14). Additional, features can be

seen in Figure 1 at potentials positive of that for bulk Li deposition. Of particular note is the small
cathodic spike at ca. -1.2 V which has been associated with underpotential deposition of Li (7).

By starting with an acidic melt and titrating the Al)Cly with LiCl, it is possible to observe
both Al and Li deposition. By adding 0.103 g LiCl to 14 g of a 0.53 AICi3:ImCl melt ([Li*] =
0.2?"M"§hd' A7) = 0:33 M) the voltammogram shown in Figure 2 is obtained. The Al
deglosition and smppmi'mmpobmus at potentials slighty negative of 0 V, and Li* reduction
is spen af ca. -1.9. V- ol addition of LiCl eventually produces a buffered neutral melt, and
Li¥ redicion 8 tie only major electrochemical process observed. It is notewosthy that for melts




partially neutralized with LiCl, small cathodic and anodic features are again observed in the
voltammograms at potentials between the aluminum and lithium electrochemistry. These features
may be associated with Li underpotential deposition, as well as an interaction between Al and Li;
however, there is no justification for invoking the formation of a LiAl alloy at this time.
Underpotential deposition and stripping of Li is clearly observed in Figure 3 for a partially
neutralized melt. Finally, it appears that Al deposition may occur in melts presumed to be fully
buffered, as shown in Figure 4, where the cathodic wave at -0.9 V is believed to be due to Al
deposition.

To better quantitate the Li* reduction process, chronoamperometric experiments were

performed at potentials from -1.7 to -2.2 V. It was again necessary to wipe a film from the
electrode following each chronoamperometric experiment. The Li* reduction, Figure 5, shows the

classic features - rapid rise followed by a t1/2 decay - for a deposition process involving nucleation

followed by diffusion controlled growth of the nuclei (15).

Employing chronoamperograms recorded at potentials from -1.7 to -2.2 V, voltammograms
equivalent to normal pulse voltammograms can be constructed. It is not possible to perform
ordinary normal pulse experiments because of electrode fouling following each pulse.
Voltammograms constructed from a series of chronoamperograms recorded in a 0.55 melt are
shown in Figure 6. Because of the complications resulting from the nucleation phenomenon, the
shape of the waves require a more detailed analysis than can be performed at this time. However,
a diffusion-limited current plateau is clearly achieved for all times at potentials negative of -2.05 V.

Several buffered neutral melts with different concentrations of Li* were made, and
chronoamperograms were recorded for several potentials on the diffusion-limited current plateaus.
The chronoamperograms were plotted as I vs. 1/t1/2, and straight lines were visually fitted to these

plots using an option in the computer software. Generally, behavior approaching linearity was
observed for times from 100 ms to 1 s. From the slopes of these lines, values for the diffusion

coefficient for Li* were calculated employing the Cottrell equation (14). Results are summarized

in Table II. The Li* diffusion coefficient does not show a consistent trend as a function of melt

composition; however, this is likely a result of the influence of the nucleation phenomenon and the




clectrode fouling. The overall average diffusion coefficient, 3.2 x 10° Tem? s}, is considerably
lower than the value of (8.6 + 0.3) x 10°7 cm2 s°! for Li* diffusion determined using a tungsten

rotating disk electrode in neutral melts containing low Li* concentrations (< 200 mM) (5). This

may be due to the higher viscosities of buffered neutral melts containing alkali metal chlorides
compared to neutral meits containing only low concentrations of the alkali metal chlorides (16).

on the 250-um diameter tungsten electrode. The deposition was performed in a AlCl3:ImCl acidic
melt (N = 0.60) containing 50 mM HgCly,  The staircase cyclic voltammogram for mercury in

Figure 7 shows good deposition and stripping behavior and agrees with a previous study (17).
The mercury film electrode (MFE) was prepared by holding the potential at -0.6 V for 400 s with
stirring. It was necessary to immediately remove the electrode from the deposition solution

because the Hg deposit is unstable toward reaction with ng*’ to form Hg*. The mercury deposit

appears to be stable in the buffered neutral melt.

Figures 8, 9, 10 show voltammograms for Li, Na, and K deposition and stripping,
respectively, at the MFE from buffered neutral melts made by saturating AlCl3:ImCl acidic melts
(N = 0.53) with the appropriate alkali metal halide. The alkali metal amalgams appear to be stable
in the melts. Figure 11 shows clearly the negative shift in the reduction potentials in going from Li
to K.

The reduction potentials for the alkali metal amalgams are shifted positive from the
reduction potential of the pure alkali metal by an amount corresponding approximately to the free
energy of formation of the alkali metal amalgam, reaction 5.

xM(s) + yHg <===> Mngy (51
At the MFE, the reduction occurs as in reaction [6], and the reduction potential is less negative than
the reduction potential at a bare electrode, reaction [7].

M* + ¢ + Hg <===> M(Hg) (6]
Mt + ¢ <ae=> M (7
The full equation describing the shift in potential is found in the polarographic literature (18) and is
6




given by

E® = E\C + Eg + (0.0591/mlogCyyg feard, - (RT/NP)in(agrg ") (8]
where E,0 is the standard potential for the amalgam, E\(© is the standard potential of the pure
metal, E; is equal to -AG/nF (AG = free energy change for reaction [5]), Cgq¢q. and fg,q are the
solubility and activity coefficient, respectively, of the metal in mercury, and aﬂg* is the activity of

mercury in the saturated amalgam. All the terms in Eq. {8] except E,® and E),°® should be the

same in aqueous and molten salt solvents because there is no reason to expect the alkali metal
amalgams to differ in the two media. Therefore, from examination of reduction potentials in
aqueous systems, it is possible to estimate the formal potential for the alkali metals in the buffered
neutral melt. The results are summarized in Table III. It is important to point out that the alkali
metal formal potentials at mercury are basically “eyeballed’ from the cyclic voltammograms and so,
have errors of at least + 50 mV. However, from the data in Table II, it is possible to see that only
Li and Na hold promise as battery anodes in the buffered neutral AlCl3:ImCl melts; the reduction
potential for K is too negative. Both Li and Na have calculated reduction potentials very near the

cathode end of the electrochemical window. This is consistent with the bulk reduction of Li*

discussed above. Also, with a properly handled tungsten electrode, it is possible to observe Na
deposition and stripping at a potential negative of -2 V; the tungsten electrode, in this case, shows

a very high overpotential for Im* reduction (19).

Despite the ability to observe the deposition of pure Li* (and pure Na% under special
circumstances), the deposited Li does not appear to be stable in the melt. It is important to note that

the reduction of Im* is shifted +250 mV at a platinum electrode versus tungsten (20). The
platinum catalyzes the Im* reduction, while tungsten has a higher overpotential for Im* reduction
allowing observation of Li* reduction. Therefore, Li metal is actually thermodynamically unstable

in the buffered neutral melt with a possible reaction path being that in reaction [9] (9). If Lit is
formed in the reaction, then it will precipitate as LiCl and will passivate the Li metal surface.







The deposition and stripping waves in Figures 8 - 11 are rather broad and show features
suggestive of more than one electrochemical process occurring. This is probably a result of
saturation of the mercury film caused by the high concentration of the alkali metals being reduced.
For Li, Na and K, it is possible to form several amalgam phases richer in the alkali metal than that
formed in the dilute regime (21). These alkali metal- rich phases will have a different free energy
of formation and, therefore, a different reduction potential. This is nicely demonstrated in Figure

12 in which a slower scan rate was employed for Na* reduction allowing a larger quantity of Na to

deposit and strip; two distinct electrochemical processes are observed.

P R 1 with Sodium Metal
Since the presence of NaCl in the melt is not deleterious to its performance, it is possible to
use Na metal to remove protons from the melt. Sodium metal added to an acidic melt reacts with

protonic impurities, reaction [10], and produces an active Al, reaction [11], which also reacts with
protons.
Na + HY > Na* + Hy [10]
3Na + 4 AlCly” > 3Na* + Al + 7AICly [11]

This offers a simple method for removing protonic impurities from acidic melts.




SUGGESTIONS FOR FUTURE WORK

1. Bulk Li deposition in the AlCl3:ImCl should be better quantitated, and the chemical reactivity of
Li with Im* further examined. The use of an inverted mic¥oscope for viewing the deposition

process would be invaluable.

2. Other chloroaluminate molten salts employing C-2 derivatized imidazolium (20) and quaternary
ammonium (22, 23) cations should be examined for alkali metal deposition. The small extension
of the cathodic end of the electrochemical window for chloroaluminate melts based on these
organic cations may prevent reaction of Li and Na with the melts. Also, blocking the C-2 position
on the imidazolium cation should stabilize it towards reaction with the alkali metals.

3. The deposition of the alkali metals, as well as other active metals, e.g. Mg, should be better
studied at mercury film electrodes (MFE) or at a hanging mercury drop electrode (HMDE). This
data can be used to predict the stability of the metals in the melt. Improvements in the properties of
the MFE can be achieved employing iridium based microelectrodes (23). Again, an inverted

microscope for viewing the MFE would be most useful.

4. The behavior of LiAl alloys, as well as other alloys (LigSi, LiAIMg, etc), should be examined.
The potential of the LiAl alloys with 10 - 46% Li will be ca. 400 mV positive of Li metal at room

temperature. This positive shift in the potential may be enough to prevent reaction with Im*.

10
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Table I Staircase Cyclic Voltammetric Data for Lithium Reduetion ([Li*] = 0.56 M) at a 250-um
Tungsten Electrode from a LiCl Buffered Neutral AlCly:ImCl Melt.

Scan Rate, v (V1) Ej, (V) Ly (1A) V2, A V124172
0.500 -2.03 33.6 47.5
0.200 -1.94 20.2 45.1
0.100 -1.92 16.1 50.9
0.050 -1.91 11.2 50.1

14




Table II. Data for Chronoamperograms Recorded for Lithium Reduction at a 25044m Tungsten
Electrode from LiCl Buffered Neutral AlCl3:ImCl Melts.

N [LYJM E(V)  CourellSlope tAs¥2) Intercept @A) D (cm? sy

0.58 154 2.15 24.2 19.8
-2.10 26.7 11.1 3.5x 107
2.05 24.1 6.19

056 1.14 215 18.0 974
-2.10 16.2 10.8 2.90 x 1077
-2.05 16.6 8.45

054 0.729 2.15 1.4 3.93
2.10° 11.2 5.73 3.37x 1077
-2.05 119 372

0.52  0.380 215 5.18 1.36
2.10 5.18 1.06 2.62x 1077
-2.05 5.24 1.12

Overall Average D: 3.2 x 10”7

aAverage diffusion coefficient for the melt.

15




Table II1. Formal Potentials for Alkali Metal Reduction in Water and Buffered Neutral AlCl3:ImCl
Melts.

E°', Aqueous Solution (vs. H*/Hy) E°', Buffersd Neutral Melt (vs. AVAIS+)
M*MHZ?R  MMP M'MEHg® — Mtmd
Li 210 -3.045 -1.18 -2.12
Na -1.863 2,711 -1.35 -2.20
K  -1.887 -2.924 -1.68 271

8 Measured in 0.1 M MeyNCl; 0.1 M Me4NOH, J. Heyrovsky and J. Kuta, "Principles of
Polarography,” Academic Press, New York (1966).
bCRC, 62nd Edition.

CEstimated from staircase cyclic voltammograms in Figures 8 - 10.
dCalculated using:

E°', M*/M(melt) =E°', M*/M(Hg)(melt) + [E®', M*M(ag) - E®', M*/M(Hg)(aq)]

16
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Figure 1. Staircase cyclic voltammogram (v =200 mV s‘l) for reduction of Li* at a 250-um

diameter tungsten electrode in a AlCl3:ImCl melt (N = 0.53) buffered with LiCl ([Li*] = 0.56 M).

" 1.:99; \ —
2 ! . . i
h asm- P
i
|
9.400 — —
0.009 Jv— v—\/\/ -]
' 1 | H| 1 | | L
‘taao 0.400 0,000 .49 -8.309 1,208 -1.60 -2,98 “2.48




N Hodnl M l-rfmhmcal dmlysis Sorfaro N L
STV DPERT LYALIC WLTWRETRY R 87-17-9% TR 12:59:18
NIRL PT PASS - (P 3,0 vs. IC (T PRSS _ DT PaSS IP 3SMw. R ET S
b 2 P L2 . R8I , 309 R 1,6o%-2! §7. 4.99%-R
el % 8'“'5'0':@1@3&@“ % 1 iE0 e e
L NOE RT RIS STRBLLITY
—_— liail2.dat
Figure 2. Staircase cyclic voltammogram (v=100mV s’ l) for reduction of AlCl;™ and Lit ata
250-pum diameter tungsten electrode in a AlCl3:ImCl melt (N = 0.53) partially neutralized with LiCl
(ILi*] =0.23 M and [Al,Cl;} = 0.33 M).
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Figure 3. Same melt and electrode as Figure 2, but v =500 mV s1, and the potential is reversed

at-1.8 V.
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Figure 4. Suircase cyclic voltammogram (v = 500 mV s'l) for reduction of Li* ata 250-um
diameter tungsten electrode in a AlCl3:ImCl melt (N = 0.55) buffered with LiCl ([Li*] = 0.94 M).
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Figure 5. Chronoamperograms for reduction of Li* at a 250-um diameter tungsten electrode in a

AlCl3:ImCl melt (N =0.55) buffered with LiCl ([Li*] = 0.94 M). Reduction potentials: (a) -2.2
V,(b)-1.975V,(c)-195V, (d)-1.925 V.
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Figure 6. Voltammograms constructed from a series of chronoamperograms recorded for

reduction of Li* at a 250-pum diameter tungsten electrode in a >_Qu“~EQ melt (N = 0.55) buffered

with LiCl ([Li*] = 0.94 M). Times: (a) 60 ms, (b) 100 ms, (c) 189 ms, (d) 589 ms, () 1120 ms.
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Figure 7. Staircase cyclic voltammogram (v= 100 mV s'l) for reduction of Hg2+ ata 250-um

diameter tungsten electrode in a AlC13:ImCl melt (N = 0.60) containing 50 mM HgCl,.
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Figure 8. Staircase cyclic voltammogram (v = 500 mV s'l) for deposition and stripping of Li at a
mercury film deposited on a 250-um diameter tungsten electrode. Meltis AlCl3:ImCl (N = 0.53)
buffered with LiCl ([Li*] = 0.56 M).
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Figure 9. Staircase cyclic voltammogram (v = 500 mV s'l) for deposition and stripping of Na ata
mercury film deposited on a 250-um diameter tungsten electrode. Meltis AlCl3:ImCl (N = 0.53)
buffered with NaCl ([Na*] = 0.56 M).
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Figure 10. Staircase cyclic voltammogram (v =200 mV s'l) for deposition and stripping of K at a
mercury film deposited on a 250-um diameter tungsten electrode. Meltis AlCl3:ImCl (N = 0.53)
buffered with KCI (K*] = 0.56 M).
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Figure 11. Staircase cyclic voltammograms (v = 500 mV s‘l) for deposition and stripping of (a)

Li, (b) Na, and (¢) K at a mercury film deposited on a 250-pim diameter tungsten electrode. Melts
are AlCl3:ImCl (N = 0.53) buffered with the appropriate alkali metal chloride.

"'!'é.m -0.500 9.9 -1.009 -1.2%09 -1,409 -1,409 -1,500 -2,0989 -2.208




P tedel 208 Elortrochesical dmalusis Softuare noLR

ST OV BXPERT CYCLIC JOLTAETRY R 88-12-9 R 152y i

N PT PASS v.r 998 vs, 0 €1 PR IT PASS P Hdes R OB 2

S 28 vs. R OVD PSS 2 AMdvs (C FP 6.4 ve. R 51 4.982 SRo2.8ie- ST 9.997E-82
X i H RRP (& 18 ¥ o1l R 0.i0% IR NRE

1
RONE RT Hied STRBILITY
henad. dat

Figure 12. Staircase cyclic voltammogram (v =20 mV s'l) for deposition and stripping of Na ata
mercury film deposited on a 250-um diameter tungsten electrode. Melt is AlCl3:ImCl (N = 0.53)
buffered with NaCl ([Na*] = 0.56 M).
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