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Electroless Growth of Aluminum Dendrites in NaCI-AICI3 Melts 
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A B S T R A C T  

The spon taneous  g rowth  of  a l u m i n u m  dendr i t es  af ter  depos i t ion  was  obse rved  and e x a m i n e d  in sod ium chlor ide-  
a l u m i n u m  chlor ide  melts.  The  concent ra t ion  grad ien t  of  A1C13 in the  v ic in i ty  of  the  ca thode  surface  resul t ing  f rom elec- 
t rolysis  const i tu tes  a type  of  concent ra t ion  cell  wi th  a l u m i n u m  dendr i tes  as electrodes.  The  short-circui t  d ischarge  of  the  
cell  is found to be the  dr iving force for the  g rowth  of  a l u m i n u m  dendri tes .  Such  a concen t ra t ion  gradient  is p roposed  to be 
one  of  the  causes  for dendr i te  fo rmat ion  in the  case  of  meta l  deposi t ion.  

Within the  f r amework  of  a research  p rog ram for second-  
ary bat ter ies  wi th  NaA1C14 sa tura ted  wi th  NaC1 as electro-  
lyte, a l u m i n u m  anode  and meta l  sulfide ca thode  (1), we un- 
de r took  the  e lec t rochemica l  s tudy  of  a l u m i n u m  dendr i t e  
fo rmat ion  f rom the  melt .  A l u m i n u m  dendr i t e  fo rmat ion  
dur ing  depos i t ion  has been  the  subject  of  m a n y  investi-  
gat ions  (2-5), and is to be  d i scussed  in a fo l lowing paper  (6). 
As m a n y  authors  observed,  an a l u m i n u m  anode  was found 
to d issolve  at a h igher  cur ren t  eff ic iency than  expec ted  for 
a th ree-e lec t ron  reaction.  This  was init ial ly a t t r ibu ted  to 
the  format ion  of  subva len t  a l u m i n u m  ions (7), but  subse- 
quen t ly  to the  corros ion of  a l u m i n u m  after  e lectrolysis  
caused  by impur i t ies  in both  NaC1-A1C13 (8) and BuPyC1- 
A1C13 (9-11) melts.  However ,  there  appears  to be ano ther  
type  of  p rob l em in connec t ion  wi th  the  stabil i ty of  alumi-  
n u m  after electrolysis,  i.e., the  spon taneous  growth  of  alu- 
m i n u m  dendr i tes  on a l u m i n u m  deposi ts  after electrolysis.  
The  p resen t  paper  is devo ted  to an examina t ion  of  this 
s t range  p h e n o m e n o n .  

Experimental 
A1C13 f rom F luka  was fur ther  dist i l led as desc r ibed  pre- 

v ious ly  (12). The  used  NaC1 was of  analyt ical  grade  and 
dr ied  at 200~ for 40h before  use. This  m e t h o d  will  not  re- 
m o v e  all t races of  mois tu re  in NaC1, bu t  i t  was found  suf- 
f icient  in the  present  invest igat ion.  Weighings  and salt 
m i x i n g  were  pe r fo rmed  ins ide  a dry-air-filled glove box  
(dew poin t  < -50~ The mix tu res  conta ined  in evacu-  
ated, sealed test  cells were  l iquefied by hea t ing  in a rock- 
ing  glass-furnace overn igh t  before  depos i t ion  expe r imen t s  
started.  The  mol ten  baths  looked  colorless bu t  b e c a m e  
s l ight ly  ye l low after be ing  used  several  t imes.  

Par t  of  the  test  ceil  is shown  in Fig. 1. The  whole  cell  is 
the  same  as descr ibed  prev ious ly  (13). A square  Py rex  tube  
was used  in order  to help  the  observa t ion  of  the  a l u m i n u m  
deposi ts .  The  tes t  e lec t rode  wi th  a tungs ten  lead was m a d e  
of  a glassy carbon  rod (Type V10 from Le  Carbone  Lor- 
raine) of  3 m m  d iamete r  sealed unde r  v a c u u m  into Py rex  
tubing,  t hen  cut  and pol i shed  to a mirror- l ike finish. An 
a l u m i n u m  rod of  99.999% pur i ty  p laced  on a tungs ten  wi re  
was used  as the countere lec t rode .  

Before  use, all the  cells were  washed  in 33% NaOH solu- 
t ion and then  in dist i l led water ,  fo l lowed by wash ing  with  
a m ix tu r e  of  concen t ra ted  H2SO4, 90% H3PO4 and 65% 
HNO3 (100:121:29 on a v o l u m e  basis). The  cells were  finally 
washed  thorough ly  in dist i l led water  and dr ied  at 110 ~ 
120~ in v a c u u m  overnight .  A l u m i n u m  deposi ts  were  ob- 
t a ined  by cons tan t  cur ren t  electrolysis.  The  cur ren t  was 
de l ivered  by a ch ronoamperos ta t  buil t  in the  authors '  labo- 
ratory. The  potent ia l - t ime curves  were  recorded  by us ing a 
X-T recorder .  

Experimental Observations 
The  appearances  of  the  a l u m i n u m  deposi ts  on the  glassy 

ca rbon  e lec t rode  were  qui te  different  f rom each other,  de- 
p e n d i n g  on the  depos i t ing  condit ions,  main ly  on cur ren t  
dens i ty  and mel t  composi t ion .  General ly ,  dendr i t ic  or  nee- 
d le l ike  deposi ts  were  fo rmed  at h igh  cur ren t  densi t ies  
f rom the  NaA1C]4 mel t  sa tura ted  wi th  NaC1. However ,  it 
was also observed  that  after electrolysis  a l u m i n u m  den- 
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dri tes of ten appeared  and grew more  and more  on the  elec- 
t rode  surface  af ter  an induc t ion  period.  The  induc t ion  pe- 
r iods var ied  f rom several  minu tes  to several  hours  for 
d i f ferent  cur ren t  densi t ies  of  deposi t ion,  and seemed  to be 
in inverse  p ropor t ion  to the  cur ren t  dens i ty  of  deposi t ion.  
The  a m o u n t  and growth  rate of  a l u m i n u m  dendr i tes  
fo rmed  after  electrolysis  s eemed  to increase  wi th  increas-  
ing  cur ren t  dens i ty  of  deposi t ion.  

F igure  2 shows a sequence  of  typical  dendr i t e  g rowing  
after  depos i t ion  electrolysis  at 57 m A / c m  2 for 8 min  in 
NaA1C14 sa tura ted  wi th  NaC1 at 175~ F igure  2(a) shows 
the  a l u m i n u m  depos i t  immed ia t e ly  after  electrolysis.  It  
looked  porous  wi th  a bit  of  roughness .  F igure  2(b) shows 
the  a l u m i n u m  deposi t  18 min  after  electrolysis  was 
s topped  by breaking  the  circuit.  More  dendr i tes  appeared  
and deve loped  on the  a l u m i n u m  deposit .  F igure  2(c) 
shows  the  depos i t  after electrolysis  had  been  s topped  and 
the  cell  left  open-c i rcui ted  for 20 min.  The  a l u m i n u m  den- 
dri tes  grew very  fast as soon as the  g rowth  had started. 
F igure  2(d) shows the  deposi ts  21 min  after  e lectrolysis  
s topped.  The  dendr i tes  thus  b e c a m e  b igger  and bigger.  

In  the  above  m e n t i o n e d  case, the  cell  vol tage dur ing 
depos i t ion  was ca. 400 mV. I f  the  electrolysis  was con- 
t inued,  dendr i tes  wou ld  cer ta inly  appear  anyway  (at A), 
and then  the  cell  vo]tage wou ld  go down  (at B) w h e n  large 
dendr i tes  were  formed,  as shown in Fig. 3(a). I f  the  elec- 
t rolysis  was s topped  (at C) before  dendr i tes  b e c a m e  vis- 
ible, the  vol tage  r ema ined  excess ive ly  h igh  for a cer ta in  
per iod  unt i l  large dendr i tes  were  formed [at B, Fig. 3(b)]. I f  

.... A 
B I !11 

C 

D 

E 

F 

Fig. i. 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. 3. Voltage-time curves for aluminum deposition at 30 mA/cm 2 
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 at (B). (d) Stopping deposition at (C) 
before dendrites appeared and shaking the cell at (E): no dendrites 
formed at all. 

Fig. 2. Dendrite growth after deposition at 57 mA/cm 2 for 8 min from 
NaAICI4 saturated with NaCI at 175~ Diameter of carbon electrode: 
3 mm. (a) At t = 0 when stopping deposit.ion 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- 

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 a luminum dendrite 
growth after electrolysis at 70 mA/cm 2 for 6 min in an equi- 
molar NaC1-A1C13 melt saturated with both NaC1 and 
MnC12. The solubility of manganese chloride in NaA1C14 
saturated with NaC1 is found to be approximately 0.1 mole 
percent (m/o) at 175~ (6). Even such a small concentration 
of MnC12 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, a luminum is deposited on the cath- 
ode through the discharge of aluminum-carrying ionic 
species (i.e., A1C14- in the present NaA1C14 melt saturated 
with NaC1) according to the following reaction (14, 15) 

A1C14 + 3e- --* AI + 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- 
tration of sodium ions there increases. The concentration 
overvoltage corresponds to the reversible cell potential of 
the following concentration cell 

A1/NaC1-A1C13(jNaC1-A1C13cb~/A1 
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where  subscr ipts  (s) and (b) indicate  the  surface and bu lk  
concent ra t ions  of  both  a luminum-con ta in ing  species and 
sod ium chloride,  respect ively.  Such  a cell  should  exhib i t  a 
cell  potent ia l  cor responding  to e lec t rode  react ion [1] such  
as (17) 

R T l n  ~ (A1CI()(b)(C1-)(s)4 ~ 
E = - -  [2] 

3F ( (A1C14-)(s)(C1-)(b)4 J 

I f  there  are any protrusions,  for examp le  in the  form of 
need le l ike  a l u m i n u m  deposi ts  on the  surface of  the  cath- 
ode  (see Fig. 5), wh ich  to some  ex ten t  pene t ra te  th rough  
the  concen t ra t ion  gradient ,  the  s i tuat ion is actual ly  the  
same as a short  c i rcui t  be tween  the  two e lec t rodes  in the  
above-men t ioned  concent ra t ion  cell. In  such a cell, alumi- 
n u m  is p la ted  on the  e lec t rode  in the  A1Cl~-rich c h a m b e r  
and d isso lved  f rom the  e lec t rode  in the  less-rich a l u m i n u m  
chlor ide  chamber ,  i.e., in the  present  case, a l u m i n u m  dis- 
solves f rom the  basis and deposi ts  onto  the  top of  the  nee- 
dlel ike deposit .  In  the  case where  no vis ible  p ro t rus ion  ex- 
ists, as shown in Fig. 2a, dendr i t ic  g rowth  is ve ry  s low in 
the  initial stage, w h e n  the  di f ference in concent ra t ions  is 
smal l  be tween  the  top and basis of  smal l  p ro t rus ive  den-  
drites.  As soon as a not iceable  dendr i t e  is :formed, t he  pro- 
cedure  of  dendr i te  growth  becomes  v e r y  fast, b e c a u s e  of  
the  large concent ra t ion  gradient.  This  expla ins  why  the  
delay t ime  is shor ter  for the  e x p e r i m e n t  shown in Fig. 4 
than  that  for the  expe r imen t  shown in Fig. 2. When matu re  
dendr i tes  are formed,  the  concent ra t ion  grad ien t  can be  to- 
tal ly e l iminated,  and therefore  the  excess ive  h igh  overvolt-  
age d isappears  soon, as seen in Fig. 3. 

Shaking the celL--In order  to demons t ra t e  the  above  as- 
sumpt ion ,  two sets of  depos i t ion  expe r imen t s  were  carried 
out  in the  same  way. After  depos i t ion  one  of  the  cells was 
v igorous ly  shaken  to e l iminate  the  Concentrat ion grad ien t  
whi le  the  o ther  cell  was kep t  undis turbed .  I t  was found 
tha t  the  vol tage d ropped  down  from the  h igher  va lue  [Fig. 
3(d)] as soon as the  v igorous  shaking occurred,  and the  
dendr i t e  growth  could  b e  inhibi ted  comple te ly  in the  
shaken  cell, whereas  the  dendr i te  growth  still occur red  in 
the  o ther  cell. I f  the source of  a l u m i n u m  was subva len t  
ions A1 +, the  shaking should not  p reven t  the  dendr i te  
growth.  

Short-circuiting the concentration ceIl.--A two-chamber  
cell  was used  of  the type  descr ibed  previous ly  (18) but  wi th  
a l u m i n u m  elect rodes  instead of  carbon e lect rodes  p laced 
in each  c h a m b e r  separately.  The  two chambers  were  filled 
wi th  acidic eutect ic  (ca. 63.7 m/o A1C13) and equ imola r  (ca. 
50 m/o A1C13) sod ium a l u m i n u m  chloride,  respect ively.  
The  vol tage  be tween  the  two a l u m i n u m  elect rodes  was ca. 
410 mV. The two e lect rodes  were  then  short-circuited.  
Dur ing  several  hours  of  sho~-ci rcui t ing,  a l u m i n u m  den- 
dri tes  grew on the  a l u m i n u m  elec t rode  in the  A1C13-rich 
chamber .  It  is clear that  the  dr iving force for a l u m i n u m  
depos i t ion  in this case is the  dif ference in the  A1C13 con- 

Fig. 4 ,  Dendrite growth after deposition at 70 mA/cm 2 for 6 min from 
~n equimolar NaCI-AICI3 melt saturated with both NaCI and MnCI2 (ca. 
0.4 and 0.1 m/o, respectively) at 175~ 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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Fig. 5. Illustration 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 AI dissolves; F, the top of needlelike deposits where AI deposits; 
Cs, surface concentration; and Cb, bulk concentration. 
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Fig. 6. Schematic representation of apparatus for aluminum dendrite 
growth in 36.3 m/o NACI-63.7 m/o AICI3 melt: (a) first stage for partial 
AICI3 vaporization; (b) and (c) aluminum dendrite growth during AICI3 
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 a luminum 
could be recrystallized from aluminum chloride baths 
when the concentration of a luminum chloride was 
changed. It  was explained as aluminum dissolving in the 
melt  to form some subvalent a luminum (I) ions which, 
upon addition of A1C13, disproportionated to produce alu- 
minum metal. Notoya (20) reported a similar phenomenon, 
and pointed out that the temperature difference and/or 
concentration difference of AI(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. 6. 

The premixed 36.3 m/o NAC1-63.7 m/o AIC13 salts were 
contained in a sealed cell with three pieces of a luminum 
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~ 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 a luminum 
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 A1C13 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. 

Conclusion 
Aluminum deposits in NaC1-AIC13 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 a luminum 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 a luminum 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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