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Electroless Growth of Aluminum Dendrites in NaCIl-AICl; Melts

Li Qingfeng, H. A. Hjuler,* R. W. Berg, and N. J. Bjerrum
Molten Salts Group, Chemistry Department A, The Technical University of Denmark, DK-2800 Lyngby, Denmark

ABSTRACT

The spontaneous growth of aluminum dendrites after deposition was observed and examined in sodium chloride-
aluminum chloride melts. The concentration gradient of AlICl; in the vicinity of the cathode surface resulting from elec-
trolysis constitutes a type of concentration cell with aluminum dendrites as electrodes. The short-circuit discharge of the
cell is found to be the driving force for the growth of aluminum dendrites. Such a concentration gradient is proposed to be
one of the causes for dendrite formation in the case of metal deposition.

Within the framework of a research program for second-
ary batteries with NaAlCl, saturated with NaCl as electro-
lyte, aluminum anode and metal sulfide cathode (1), we un-
dertook the electrochemical study of aluminum dendrite
formation from the melt. Aluminum dendrite formation
during deposition has been the subject of many investi-
gations (2-5), and is to be discussed in a following paper (6).
As many authors observed, an aluminum anode was found
to dissolve at a higher current efficiency than expected for
a three-electron reaction. This was initially attributed to
the formation of subvalent aluminum ions (7), but subse-
quently to the corrosion of aluminum after electrolysis
caused by impurities in both NaCi-AlCl; (8) and BuPyCl-
AlCl; (9-11) melts. However, there appears to be another
type of problem in connection with the stability of alumi-
num after electrolysis, i.e., the spontaneous growth of alu-
minum dendrites on aluminum deposits after electrolysis.
The present paper is devoted to an examination of this
strange phenomenon.

Experimental

AlCI; from Fluka was further distilled as described pre-
viously (12). The used NaCl was of analytical grade and
dried at 200°C for 40h before use. This method will not re-
move all traces of moisture in NaCl, but it was found suf-
ficient in the present investigation. Weighings and salt
mixing were performed inside a dry-air-filled glove box
(dew point < —50°C). The mixtures contained in evacu-
ated, sealed test cells were liquefied by heating in a rock-
ing glass-furnace overnight before deposition experiments
started. The molten baths looked colorless but became
slightly yellow after being used several times.

Part of the test cell is shown in Fig. 1. The whole cell is
the same as described previously (13). A square Pyrex tube
was used in order to help the observation of the aluminum
deposits. The test electrode with a tungsten lead was made
of a glassy carbon rod (Type V10 from Le Carbone Lor-
raine) of 3 mm diameter sealed under vacuum into Pyrex
tubing, then cut and polished to a mirror-like finish. An
aluminum rod of 99.999% purity placed on a tungsten wire
was used as the counterelectrode.

Before use, all the cells were washed in 33% NaOH solu-
tion and then in distilled water, followed by washing with
a mixture of concentrated H,SO,, 90% H;PO, and 65%
HNO; (100:121:29 on a volume basis). The cells were finally
washed thoroughly in distilled water and dried at 110°-
120°C in vacuum overnight. Aluminum deposits were ob-
tained by constant current eleetrolysis. The current was
delivered by a chronoamperostat built in the authors’ labo-
ratory. The potential-time curves were recorded by using a
X-T recorder.

Experimental Observations

The appearances of the aluminum deposits on the glassy
carbon electrode were quite different from each other, de-
pending on the depositing conditions, mainly on current
density and melt composition. Generally, dendritic or nee-
dlelike deposits were formed at high current densities
from the NaAlCl, melt saturated with NaCl. However, it
was also observed that after electrolysis aluminum den-
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drites often appeared and grew more and more on the elec-
trode surface after an induction period. The induction pe-
riods varied from several minutes to several hours for
different current densities of deposition, and seemed to be
in inverse proportion to the current density of deposition.
The amount and growth rate of aluminum dendrites
formed after electrolysis seemed to increase with increas-
ing current density of deposition.

Figure 2 shows a sequence of typical dendrite growing
after deposition electrolysis at 57 mA/em? for 8 min in
NaAlCl, saturated with NaCl at 175°C. Figure 2(a) shows
the aluminum deposit immediately after electrolysis. It
looked porous with a bit of roughness. Figure 2(b) shows
the aluminum deposit 18 min after electrolysis was
stopped by breaking the circuit. More dendrites appeared
and developed on the aluminum deposit. Figure 2(c)
shows the deposit after electrolysis had been stopped and
the cell left open-circuited for 20 min. The aluminum den-
drites grew very fast as soon as the growth had started.
Figure 2(d) shows the deposits 21 min after electrolysis
stopped. The dendrites thus became bigger and bigger.

In the above mentioned case, the cell voltage during
deposition was ca. 400 mV. If the electrolysis was con-
tinued, dendrites would certainly appear anyway (at A),
and then the cell voltage would go down (at B) when large
dendrites were formed, as shown in Fig. 3(a). If the elec-
trolysis was stopped (at C) before dendrites became vis-
ible, the voltage remained excessively high for a certain
period until large dendrites were formed [at B, Fig. 3(b)]. If
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Fig. 1. Part of test cell: A, square Pyrex tube; B, glass covering; C,
glassy carbon electrode; D, melt; E, aluminum electrode; and F,
tungsten lead.
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Fig. 2. Dendrite growth after deposition at 57 mA/cm? for 8 min from
NoAICl, saturated with NaCl at 175°C. Diameter of carbon electrode:
3 mm. (a) At t = O when stopping deposition and opening the circuit.
(b) At t = 18 min. (c) At t = 20 min. (d) At t = 21 min.

the electrolysis was stopped before dendrites were visible
(at C) and a reversing current was applied to strip off the
deposits (at D), dendrites still kept on growing during
anodization and cell voltage remained negative until den-
drites were fully grown [at B, Fig. 3(c)]. It seems that den-
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Fig. 3. Voltage-time curves for aluminum deposition at 30 mA/cm?
and dendrite growth after deposition. (a) Prolonged deposition, den-
drites appeared at (A) and large dendrites formed at (B). (b) Stopping
deposition at (C) before dendrites appeared, dendrites appeared at (A)
and large dendrites formed at (B). (c) Stopping deposition at (C) before
dendrites appeared and starting anodization at (D): dendrites appeared
at (A) and large dendrites formed ot (B). (d) Stopping deposition at {C)
before dendrites appeared and shaking the cell at (E): no dendrites
formed at all.

drite growth will continue until full growth is attained no
matter what happens: deposition, anodization, switching
off current or open circuit in the period. However, short
circuit seems to be able to stop the dendrite growth as long
as the period of short circuit is long enough; otherwise,
dendrites might appear anyway.

Figure 4 shows another example of aluminum dendrite
growth after electrolysis at 70 mA/em? for 6 min in an equi-
molar NaCl-AlCl; melt saturated with both NaCl and
MnCl,. The solubility of manganese chloride in NaAlCl,
saturated with NaCl is found to be approximately 0.1 mole
percent (m/o) at 175°C (6). Even such a small concentration
of MnCl, had a pronounced effect on the morphology of
the aluminum deposit (6). However, it had little influence
on the electroless dendrite growth after the circuit was
broken. Figure 4(a) shows the needlelike aluminum de-
posit at the moment when the electrolysis was stopped,
t = 0. Figure 4(b) shows the appearance of the deposit at
t = 4 min, i.e., 4 min after breaking the circuit. Dendrites
appeared first at the top of the needlelike deposit. Figure
4(c) shows the situation at t = 8 min. Dendrites on the top
of the needlelike deposit became more and more volumi-
nous, and some small dendrites appeared in other regions
of the deposit surface. Figure 4(d) shows the situation at
t = 16 min. It is clear that the “electroless dendrite forma-
tion” is faster in this experiment than in the experiment
shown in Fig. 2.

Discussion

In an attempt to understand the behavior of the dendri-
tic growth and the voltage-time curves described above,
we suggest that the concentration gradient of aluminum-
containing species resulting from electrolysis might be the
driving force for the electroless dendrite growth. The dis-
proportionation of subvalent aluminum ions (7) is proba-
bly not responsible, because this situation seems to occur
especially at high current density and high overvoltage
dissolution on the anodic side.

During electrolysis, aluminum is deposited on the cath-
ode through the discharge of aluminum-carrying ionic
species (i.e., AlCl;™ in the present NaAlCl; melt saturated
with NaCl) according to the following reaction (14, 15)

AlICl,™ + 3e” — Al + 4C1° [1]

Thus the concentration of aluminum-carrying ions de-
creases in the vicinity of the cathode. Since the sodium
ions transport the current to the cathode (16), the concen-
iration of sodium ions there increases. The concentration
overvoltage corresponds to the reversible cell potential of
the following concentration cell

AUNaCl-AlCly/NaCl-AlClyy/Al
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Fig. 4. Dendrite growth after deposition at 70 mA/cm? for 6 min from
an equimolar NaCl-AICl; melt saturated with both NaCl and MnCt, (ca.
0.4 and 0.1 m/o, respectively) at 175°C. Diameter of carbon electrode:
3 mm. (a) At t = 0 when stopping deposition and opening the circuit.
(b) At t = 4 min. (c) At t = 8 min. (d) At t = 16 min.
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where subscripts (s) and (b) indicate the surface and bulk
concentrations of both aluminum-containing species and
sodium chloride, respectively. Such a cell should exhibit a
cell potential corresponding to electrode reaction {1] such
as (17)

_RT
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(AICL ) o(C1 )y

If there are any protrusions, for example in the form of
needlelike aluminum deposits on the surface of the cath-
ode (see Fig. 5), which to some extent penetrate through
the concentration gradient, the situation is actually the
same as a short circuit between the two electrodes in the
above-mentioned concentration cell. In such a cell, alumi-
num is plated on the electrode in the AlCls-rich chamber
and dissolved from the electrode in the less-rich aluminum
chloride chamber, i.e., in the present case, aluminum dis-
solves from the basis and deposits onto the top of the nee-
dlelike deposit. In the case where no visible protrusion ex-
ists, as shown in Fig. 2a, dendritic growth is very slow in
the initial stage, when the difference in concentrations is
small between the top and basis of small protrusive den-
drites. As soon as a noticeable dendrite is formed, the pro-
cedure of dendrite growth becomes very fast, because’ of
the large concentration gradient. This explains why the
delay time is shorter for the experiment shown in Fig. 4
than that for the experiment shown in Fig. 2. When mature
dendrites are formed, the concentration gradient can be to-
tally eliminated, and therefore the excessive high overvolt-
age disappears soon, as seen in Fig. 3.

Shaking the cell.—In order to demonstrate the above as-
sumption, two sets of deposition experiments were carried
out in the same way. After deposition one of the cells was
vigorously shaken to eliminate the concentration gradient
while the other cell was kept undisturbed. It was found
that the voltage dropped down from the higher value [Fig.
3(d)] as soon as the vigorous shaking occurred, and the
dendrite growth could be inhibited completely in the
shaken cell, whereas the dendrite growth still occurred in
the other cell. If the source of aluminum was subvalent
ions Al*, the shaking should not prevent the dendrite
growth.

Short-circuiting the concentration cell.—A two-chamber
cell was used of the type described previously (18) but with
aluminum electrodes instead of carbon electrodes placed
in each chamber separately. The two chambers were filled
with acidic eutectic (ca. 63.7 m/o AICls) and equimolar (ca.
50 m/o AlClLy) sodium aluminum chloride, respectively.
The voltage between the two aluminum electrodes was ca.
410 mV. The two electrodes were then short-circuited.
During several hours of shotrt-circuiting, aluminum den-
drites grew on the aluminum electrode in the AlCls;-rich
chamber. It is clear that the driving force for aluminum
deposition in this case is the difference in the AlICl; con-

3 a

Fig. 5. lllustration of concentration cell formed in case of dendritic
protrusions: A, glass covering; B, glassy carbon electrode; C, aluminum
deposits; D, isoconcentration lines; E, the base of needlelike deposits
where Al dissolves; F, the top of needlelike deposits where Al deposits;
C,, surface concentration; and C,, bulk concentration.
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Fig. 6. Schematic representation of apparatus for aluminum dendrite
growth in 36.3 m/o NaCl-63.7 m/o AICl; meit: (a) first stage for partial
AICI; vaporization; (b) and (c) aluminum dendrite growth during AICI;
dissolving. A, aluminum chloride crystals; B, furnace; C, cell wall; D,
melt; E, aluminum pieces; and F, aluminum dendrites formed.

centrations between the two chambers. It is less clear how
much the formation of a local gradient set up during the
short-circuiting contributed to the dendrite formation.

Re-examination of “aluminum recrystallization.”—In
his research for a new aluminum refining technique at
lower temperatures, Midorikawa (19) found that aluminum
could be recrystallized from aluminum chloride baths
when the concentration of aluminum chloride was
changed. It was explained as aluminum dissolving in the
melt to form some subvalent aluminum (I) ions which,
upon addition of AICI;, disproportionated to produce alu-
minum metal. Notoya (20) reported a similar phenomenon,
and pointed out that the temperature difference and/or
concentration difference of Al(III), apart from subvalent
ions of aluminum, might be the cause of the recrystalli-
zation. The experimental procedure described by Mido-
rikawa was repeated and confirmed in this laboratory. The
schematic representation of the apparatus is shown in Fig. 8.

The premixed 36.3 m/o NaCl-63.7 m/o AlCl; salts were
contained in a sealed cell with three pieces of aluminum
metal of different lengths. At the first stage of the experi-
ment, the top part of the cell was kept out of the furnace
while the temperature of the bottom part of the cell was
controlled at 175°C. Aluminum chloride vaporized and
condensed on the inside wall of the top part of the cell, as
shown in Fig. 6(a). Thereafter the whole cell was moved
down into the furnace. In this way the aluminum chloride
crystals were heated and slowly fused into the bath below,
resulting in a higher concentration of aluminum-carrying
species in the top layer than in the bottom layer of the
bath. During this procedure, many dendritic aluminum
crystals were formed on the top of the long piece of alumi-
num, and fewer were formed on the top of the aluminum
piece of middle length, whereas no aluminum dendrite
formed on the short piece of aluminum, as shown in Fig.
6(b) and (c).

Hence, all evidence seems to support the assumption
that the concentration gradient of AICl; resulting from
electrolysis is the cause for aluminum dendrite growth
after deposition. In the kinetic theory (21-22) of dendrite
formation in metal electrodeposition, only the roles of dif-
fusion and nucleation processes were emphasized. It
therefore seems correct to deduce from the present study
that the concentration gradient, besides diffusion and nu-
cleation, is another factor which can cause dendrite
growth.
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Conclusion

Aluminum deposits in NaCl-AlCl; melt are found to be
unstable, and dendrites continue to grow after the initial
electrodeposition unless the electrolyte is shaken. The
electroless growth process of aluminum dendrites has
been examined and explained. The difference in the con-
centrations of aluminum chloride, resulting from the dep-
osition process, in the vicinity of the cathode surface con-
stitutes a type of concentration cell. The short-circuited
discharging of this concentration cell can drive the growth
of aluminum dendrites. It should be noted that this phe-
nomenon may also be present during normal metal deposi-
tion, and in this way give rise to an extra dendrite growth.
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