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t r ibutes  no th ing  to <S>;  Eq.  [A-5] and [A-7] are un-  
changed  (so is Eq.  [15] in the  text). However ,  < l / S >  be- 
comes  

+ - -  [A-14] <11S>=~- ~ (2-~) 

which on combining with Eq. [A-7] yields Eq. [17]. 

LIST OF SYMBOLS 

a interfacial  area/total pore  volume,  cm2/cm 3 
b Tafel  parameter ,  V 
c(z) local concen t ra t ion  in micropore ,  mol / cm ~ 
c(z) local concent ra t ion  in macropore ,  mol / cm ~ 
C1 in tegra t ion constant ,  V/cm 
D diffusivity,  cm2/s 
F Faraday  constant ,  C/eq 
i(z) interfacial  cur ren t  density,  A/cm 2 
i0 exchange  current  density,  A/cm 2 
iavg average  interfacial  current  density,  A/cm 2 
I'(z) total  cur ren t  a long pore  axis, A 
L leng th  of  pore, cm 
n e lec t ron n u m b e r  of  reaction,  eq/mol  

_n' n u m b e r  of  spheres  per  uni t  area in Fig. 5, cm 2 
N n u m b e r  of  const r ic t ions  per  channe l  in cons t r ic ted  

cubic  pore  s t ructure  
R Gas constant ,  J / tool  �9 K 
S(z) local cross-sect ional  area, cm 2 
$1 surface  area s c a l e i n  Eq. [1]-[3] 
T tempera ture ,  K 
z d is tance  into pore  from elect rode-elect rolyte  inter- 

face, cm 

Greek 
transfer coefficient, eq/mol 
dimensionless surface roughness size in Eq. [16] and 
[17] 

h d imens ion less  average interfacial  current  dens i ty  
em macroscop ic  void  v o l u m e  fraction, d imens ionless  

in tegra t ion var iable  in Eq. [2], cm 
overpotent ia l ,  V 

K elect rolyte  conduct ivi ty ,  (~ cm) 1 
local averaging distance,  cm 
geomet r ic  pa ramete r  in Fig. 7, d imens ionless  

�9 c const r ic t ion factor, d imens ionless  
potentialz V 
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A B S T R A C T  

Elec t rochemica l  depos i t ion  of  a l u m i n u m  from NaA1C14 melts  sa turated wi th  NaC1 onto a glassy carbon e lec t rode  at 
175~ has been  s tudied  by vo l tammetry ,  ch ronoamperomet ry ,  and cons tant  current  deposi t ion.  The  depos i t ion  of  alumi- 
n u m  was found to proceed  via a nuc lea t ion/growth  mechan i sm,  and the  nuc lea t ion  process  was found to be progressive.  
The  morpho logy  of  a l u m i n u m  deposi ts  was examined  with  photomicroscopy .  It  was shown that  d e p e n d i n g  on the  current  
densi t ies  (c.d.) applied,  three  types  of  a l u m i n u m  deposi ts  could  be obtained,  namely,  spongy  deposi ts  fo rmed  at lower  c.d. 

2 2 (below 0.7 m A / c m  ), smooth  layers depos i t ed  at in te rmedia te  c.d. (be tween 2 and 10 m A / c m  ), and dendr i t ic  or  porous  de- 
posits  ob ta ined  at h igh  c.d. (above 15 mA/cm2). However ,  the  smooth  a l u m i n u m  deposi ts  were  about  five t imes  more  volu-  
minous  than  the  theoret ical  value.  The  spongy  deposi ts  were  formed due  to difficult ies in e lec t ronuclea t ion  and could be 
inhib i ted  by appl icat ion of  pulsed  currents  and/or  addi t ion  of  manganese  chlor ide into the  melt. 

A l u m i n u m  has been  used as anode  mater ia l  in newly  de- 
ve loped  rechargeable  bat ter ies  wi th  the  NaA1C14 mol ten  
salt as the  e lect rolyte  and t ransi t ion meta l  sulfides as cath- 
odes at 175~ (1, 2). Dur ing  the  charging  of  the  batteries,  it 
was found (3) that  a l u m i n u m  dendr i tes  can be fo rmed  
unde r  cer ta in  c i rcumstances .  The spacing be tween  the  
e lec t rodes  in the  bat ter ies  is usual ly  very  small;  hence,  the  
dens i ty  of  the  deposi ts  is of  impor tance  for the  capaci ty  
and life of  the  batteries.  Noncompac t ,  dendr i t ic  deposi ts  
m a y  cause  short  circuit ing,  early deter iorat ion,  and so on. 

Bar ton  and Bockr is  (4) and Diggle  et al. (5) have  de- 
ve loped  a kinet ic  mode l  of  dendr i te  format ion  in which  the  
role of  a di f fus ion-control led process  was emphas ized  to 
account  for the  ini t iat ion and growth  of  dendri tes .  A set of  
rules govern ing  the kinet ics  of  dendr i te  format ion  was es- 

*Electrochemical Society Active Member. 

tabl ished,  main ly  that  (i) a certain critical current  dens i ty  
(overpotential)  mus t  be exceeded  in order  to p rovoke  den-  
dri te  formation,  (ii) dendr i te  growth  exhib i t s  a cer ta in  in- 
duc t ion  per iod before  it becomes  visible, and (iii) the  
crit ical  current  dens i ty  or overpotent ia l  for dendr i te  for- 
mat ion  is direct ly  related to the  concent ra t ion  of  the  de- 
pos i t ing  species. 

As early as the  1930s, a l u m i n u m  dendr i tes  were  found to 
be favored dur ing  deposi t ion  at h igh current  densi ty  from 
NaC1-A1C13 mel ts  (6, 7). This was later s tudied  by Mido- 
r ikawa in a series of  papers  (8-10). Thereafter ,  several  stud- 
ies have  been  pe r fo rmed  in this field (11-17). Many investi-  
gat ions  suppor ted  the  assumpt ion  of  di f fus ion-control led 
dendr i t e  format ion  for a l u m i n u m  deposit ion.  As expected ,  
a cri t ical  current  dens i ty  or  overpotent ia l  is p resent  for alu- 
m i n u m  dendr i te  init iation, and the  critical va lue  is direct ly  
related to the  mass t ranspor t  condi t ions  and the  concen-  
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t ra t ion of  species conta in ing a l u m i n u m  (12-14). General ly,  
in mel ts  wi th  less than  57 mole  percent  (m/o) A1C13, the 
crit ical  current  densi ty  is very  small  and dendr i tes  are eas- 
ily formed.  This f inding is unfor tunate ,  since at high con- 
centra t ions  of  AIC13 the mel ts  are difficult  to handle  be- 
cause  of  their  h igh vapor  pressures.  

There  were  also reports  sugges t ing  that  e lec t rode  sub- 
strates (8, 11, 15), inorganic  and organic addi t ives  
(10, 13, 16, 17), and superposed  al ternat ing current  (8) or 
pu lsed  current  (15) had significant effects  on inhibi t ing 
a l u m i n u m  dendr i te  formation.  These  f indings cannot,  of  
course,  fit the  m e c h a n i s m  of dif fusion-control led dendr i te  
fo rmat ion  bu t  suggest  the govern ing  role of  the  format ion  
of  crystal l ine nucle i  in the  deposi t ion  (14, 15). In  the over- 
vol tage m e a s u r e m e n t  in a NaC1-KC1-A1C13 melt,  Hayashi  
et al. (18) found that  the  main  part  of ca thodic  polar izat ion 
s eemed  to be  due  to crystall ization overvol tage  in the low 
polar izat ion potent ia l  region. Rol land and Maman tov  (19) 
found  that  the  reduc t ion  of  A12C17- in acidic chloroalumi-  
nate  mel t s  involved  a nuc lea t ion  process.  Apar t  f rom this, 
l i t t le w o r k  has been done  on the  e lec t rochemica l  nucle-  
at ion and growth  of a luminum from that  med ium.  More- 
over,  a lmos t  all p revious  studies were  pe r fo rmed  in acidic 
NaCI-A1CI3 melts ,  and little work  has been  repor ted  in the  
basic NaC1-A1C13 mel t  sa turated wi th  NaC1. This  sys tem is 
of  m u c h  more  in teres t  f rom the  technical  point  of  v i ew be- 
cause  of  its low vapor  pressure.  It  was our  in tent ion  to 
s tudy  the  e lec t rochemica l  nuc lea t ion  process  and to exam-  
ine how and w h e n  the  a l u m i n u m  dendr i tes  form in NaC1- 
sa tura ted  mel ts  at 175~ 

Exper imenta l  
P r e p a r a t i o n  o f  chemica ls . - -Pur i f i ca t ion  of A1C13 and 

NaC1 and other  exper imenta l  procedures  have  been  previ- 
ously descr ibed  (3, 20). The  equ imola r  NaC1-A1CI~ melts,  
wh ich  were  m a d e  f rom disti l led A1Cla and analyt ic-grade 
NaC1 dried at 200~ became  slightly yel low after several  
days of  exper imen ta t ion  and some dark part icles were  al- 
ways fo rmed  both  on the  a l u m i n u m  elec t rode  and in the  
melt.  Fu r the r  purif icat ion of  the equ imola r  mel ts  was 
therefore  pe r fo rmed  by zone refining carr ied out  in a glass 
furnace  consis t ing of  nine stat ionary ring heaters.  A cer- 
tain a m o u n t  of  a mix tu re  of  50.1 m/o dist i l led A1C13 and 
49.9 m/o dr ied  NaC1 was charged into a Py rex  ampu l  of  
200 m m  length  and 25 m m  inner  diameter .  The  ampu l  was 
then  sealed off unde r  v a c u u m  and heated  overn igh t  in a 
rocking  furnace. The heat ing zones of 35 m m  wid th  each 
were  main ta ined  at 158~ The mot ion  of  the  charged 
ampu l  invo lved  a d i sp lacement  range of  75 mm,  which  
was repea ted  m a n y  times. The  travel  rate  of  the  mol t en  
zones was 3 mm/h.  The  durat ion of the  whole  refining pro- 
cedure  was about  2 weeks.  

After  zone refining, the  mol ten  salts were  colorless and 
a l lowed a l u m i n u m  elect rodes  in the  subsequen t  experi-  
men t s  to r emain  shiny and bright.  However ,  a t iny a m o u n t  
of  dark part icles  still appeared  in the  mel t  after some days 
of  use. 

at least  hal f  an hour  and then  left  for another  half  hour  to 
e l iminate  the  concent ra t ion  polarizations.  

A l u m i n u m  deposi ts  were  ach ieved  by electrolysis  at 
cons tan t  current,  which  was del ivered  by a chronoam-  
peros ta t  buil t  in this laboratory.  To ensure  that  sufficient  
meta l  was depos i ted  to provide  a vis ible  layer of a l u m i n u m  
deposits ,  a total  charge of  ca. 30 C/cm 2 was employed  in 
each run, cor responding  theoret ical ly  to a 0.01 m m  thick- 
ness  of  un i fo rmly  pla ted a luminum.  The durat ion of each 
depos i t ion  expe r imen t  var ied  f rom several  minu tes  to 
more  than  20h, depend ing  on the  current  dens i ty  applied. 
After  deposi t ion,  the  a l u m i n u m  deposi ts  were  observed  by 
us ing  a Zeiss J e n a  Techniva l  2 Stereo  Microscope  
equ ipped  wi th  an Olympus  OM-2 S L R  camera  and a 
Seho t t  KL  1500 cold l ight source. The  morpho logy  of  the  
a l u m i n u m  deposi ts  was examined  by mie ropho tog raphy  
and the  specific v o l u m e  of the  smooth  deposi ts  was meas-  
ured  as averages f rom the  pictures.  

Results and Discussion 
V o l t a m m o g r a m s .  Figure  1 shows v o l t a m m o g r a m s  ob- 

ta ined in both  sl ightly acidic (Fig. la) and sl ightly basic 
(saturated wi th  NaC1, Fig. lb)  NaC1-A1CI~ mel ts  at 175~ 
The small  current  peak A in Fig. la  may  be  a t t r ibuted to 
the  A12C1C reduct ion  which  starts at ca. - 5 0  mV vs. the  
a l u m i n u m  reference.  Rol land and M a m a n t o v  (19) found 
the  same overpotent ia l  va lue  in their  e lec t rochemica l  
study. The  peak was fol lowed by the A1C14 reduct ion.  In  
the  vo l t amrnogram f rom the  basic mel ts  (Fig. lb),  the  cur- 
rent  peak  disappeared.  In this case only AIC1C reduc t ion  
occur red  start ing at ca. - 6 5  mV vs. a luminum.  In  the  ca- 
thodic  branches  of both  vo l t ammograms ,  cross-over  loops 
appeared  on revers ing sweeps  character iz ing the  presence  
of  a nuc lea t ion/growth  process.  In tegra t ion  of  both the  ca- 
thodic  and the  anodic  currents  of the v o l t a m m o g r a m s  ob- 
ta ined  f rom the  basic mel ts  gave a charge ratio, QJQa, be- 
tween  1.01-1.05, indicat ing that  the  reduc t ion  of  A1C1C 
behaves  revers ibly  in a chemica l  sense. 

C h r o n o a m p e r o g r a m s . - - F i g u r e  2 shows a set of  potent io-  
static current - t ime t ransients  obta ined at different  over- 
potent ia ls  in NaA1C14 saturated wi th  NaC1. For  all over- 
potent ia ls  applied,  there  appears  to be a peak  current  
t rans ient  cor responding  to the  charging of  the electric 
double  layer. For  overpotent ia ls  be low 65 m V  vs. the  A1 
reference,  there  is no reduc t ion  current.  A nuclea t ion  over- 
potent ia l  of  at least 65 mV is requ i red  for any significant  
e lec t rodepos i t ion  to take place. This is in ag reemen t  wi th  
the  overpotent ia l  observed  in vo l t ammet r i c  m e a s u r e m e n t  
for the  same e lec t rode  and the  same NaCl-saturated melt. 
For  overpotent ia ls  larger than  70 mV, the capaci t ive  charg- 
ing cur ren t  was fol lowed by a rising current  due  to the for- 
mat ion  of new nuclei .  As the nucle i  grew, the overlap of  
nucle i  or ne ighbor ing  diffusion zones gave rise to a current  
m a x i m u m  fol lowed by a fall ing por t ion of  current.  The  
t ime  to reach the  m a x i m u m  current  decreased  as the  ap- 
pl ied overpotent ia ls  increased (Fig. 2a). 

Cell assembly  a n d  oven . - -To  facili tate the  visual  obser- 
va t ion  of  the  a l u m i n u m  deposits ,  the  cells were  made  of  
square  Pyrex  tubes.  The  work ing  e lec t rode  was made  of a 
glassy carbon rod  (Type V10 from Le Carbone Lorraine)  of  
3 m m  d iamete r  (area 0.07 cm2), as descr ibed earl ier  (3). Two 
a l u m i n u m  rods of  99.999% puri ty jo ined  to tungs ten  leads 
were  used  as the  counte r  and reference  electrode,  respec-  
tively. The  reference  e lect rode was placed in the  cell in 
such a way  that  it was su r rounded  mainly  by NaA1CI4 satu- 
ra ted wi th  NaC1 (i.e., the  compos i t ion  of  the  mel t  before  an 
e x p e r i m e n t  started). The  test  cell  was p laced into a trans- 
pa ren t  oven of  our  own construct ion,  heated  with  circu- 
lated air. The  a l u m i n u m  deposi ts  could be observed  and 
pho tog raphed  directly. 

I n s t r u m e n t s  a n d  m e a s u r e m e n t s . ~ V o l t a m m o g r a m s  and 
potent ios ta t ie  current  t ransients  were  obta ined with  an 
e lec t rochemica l  sys tem bui l t  in this laboratory  (21) and re- 
corded  on a Hewle t t -Paekard  X-Y recorder  (Type 7004B). 
After  each set of  measurements ,  the  work ing  e lec t rode  
was kep t  at a posi t ive  potent ia l  of  100 mV vs. a luminum for 

~176176 0.02 O. 

~e 0 

- 0.04 0.4 

-o2 0 02 -o;~ ; o;~ 
potentiat (V) 

Fig. ]. Voltammograms on glassy carbon electrodes st | 75~ sweep 
rates were 10 mY s -1. (a) 49.7 m/o NaCl-50.3 m/o AICI3 melt. (b) 
NaAICI4 saturated with NaCl. 
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Fig. 2. Potentiostatic current transients for deposition of aluminum 
onto a glassy carbon electrode (3 mm diam) from a NaCI-saturated 
melt (a) at low overpotentials (mV), and (b) at high overpotentlals 
(mV). Applied overpotentials (mV) vs. aluminum reference are indi- 
cated in the figure. For clarity not all measured current transients are 
shown. Electrode area, 0.07 cm 2, temperature, 175~ 

W h e n  large  ove rpo t en t i a l s  are appl ied ,  t he  t i m e  r equ i r ed  
to r e a c h  t he  m a x i m u m  c u r r e n t  b e c o m e s  so sho r t  t h a t  the  
capac i t i ve  c u r r e n t  p e a k  is no t  d i s t i n g u i s h a b l e  f rom t he  ris- 
ing  p o r t i o n  of  t he  c u r r e n t  t r a n s i e n t s  due  to t he  faradaic  
process .  Af te r  t he  first  m a x i m u m  in t he  t r ans i en t s ,  t he  cur- 
r e n t  r i ses  again,  a n d  a s e c o n d  c u r r e n t  m a x i m u m  appea r s  
t h e r e a f t e r  w h e n  ove rpo t en t i a l s  la rger  t h a n  120 m V  are ap- 
p l ied  (Fig. 2b). As n u c l e a t i o n  p r o c e e d s  con t inuous ly ,  n e w  
nuc le i  are  f o r m e d  on  top  of t he  first  d e p o s i t e d  layer  long  
before  i t  h a s  cove red  t he  who le  area of  t he  e l ec t rode  sur- 
face, i .e. ,  m u l t i n u c l e a r  mu l t i l aye r  g r o w t h  occurs  (22). 

Fo r  a t h r e e - d i m e n s i o n a l  nuc lea t ion ,  e x p r e s s i o n s  for  the  
t heo re t i ca l  c u r r e n t  t r a n s i e n t s  d e s c r i b i n g  b o t h  t he  r i s ing  
a n d  t h e  fa l l ing pa r t s  h a v e  b e e n  o b t a i n e d  for  b o t h  in s t an ta -  
n e o u s  a n d  p rogres s ive  n u c l e a t i o n s  (23, 24). A c o n v e n i e n t  
c r i t e r ion  for  d i s t i n g u i s h i n g  b e t w e e n  t he  two  m e c h a n i s m s  
is to  r e p r e s e n t  t he  e x p e r i m e n t a l  da ta  in  t h e  d i m e n s i o n l e s s  
plot ,  (i/ im) 2 VS. t/tm, w h e r e  im and  t~ are t h e  coo rd ina t e s  of  
t he  c u r r e n t  m a x i m u m  on  t he  c u r r e n t  t r ans i en t s .  Th i s  anal-  
ysis  c an  b e  m a d e  b y  c o m p a r i n g  t he  e x p e r i m e n t a l  da ta  w i t h  
t heo re t i ca l  p lo ts  r e su l t i ng  f rom Eq. [1] a n d  [2] for  ins t an ta -  
n e o u s  a n d  p rog re s s ive  nuc lea t ions ,  r e spec t ive ly  (24) 

(il im) 2 = 1.9542 ( t l t~)  (-l~ {1 -- exp  [-1 .2564 (tltm)]} 2 [1] 

( i l im) 2 = 1.2254 ( t l t=) (-1) {1 -- exp  [-2 .3367 (tit,,)2]} 2 [2] 

I t  is f o u n d  t h a t  t he  d i m e n s i o n l e s s  p lo t  of  our  e x p e r i m e n t a l  
da ta  fits to t he  theore t i ca l  cu rve  c o r r e s p o n d i n g  to progres-  
s ive n u c l e a t i o n  e x c e p t  for low va lues  of  t/tm. AS d e m o n -  
s t r a t ed  (25), t he  e x p e r i m e n t a l  c u r r e n t  t r a n s i e n t s  are af- 
f ec ted  by  a ce r t a in  t i m e  delay, to. The  exac t  c o m p a r i s o n  is 
pos s ib l e  on ly  af te r  co r rec t ion  of  t he  t i m e  scale  b y  de f in ing  

treal = t - to [3] 

F i g u r e  3 shows  the  g raph ica l  ana lys i s  of  t he  r i s ing  por-  
t ion  of  c u r r e n t  t r ans ien t s .  A l inea r  d e p e n d e n c e  of  i 2/3 on  
t i m e  is found ,  i n d i c a t i n g  t he  p rog re s s ive  n a t u r e  of  the  nu-  
c lea t ion  p roces s  as r equ i r ed  b y  t he  fo l lowing  e q u a t i o n  (25) 

2 
i = - zF~r ( 2 D c )  ~312) (Mtp) (1/2) Nt (3/2) [4] 

3 

He re  z F  is t he  m o l a r  cha rge  of  t he  d e p o s i t e d  species ,  D is 
i ts  d i f fus ion  coefficient ,  c is i ts  c o n c e n t r a t i o n  in  tool  c m  -3, 
M is i ts  m o l e c u l a r  weight ,  and  p is t he  dens i t y  of  t he  elec- 
t rolyte .  This  is in  a c c o r d a n c e  w i th  t he  c o n c l u s i o n  o b t a i n e d  
f rom the  d i m e n s i o n l e s s  analysis .  The  s t r a igh t  l ines  of  i 2/3 
vs .  t i n t e r c e p t  t he  t ime  axis  at  t r ea l  = t - to = 0, i .e. ,  t = to. 
Therefore ,  t he  de lay  t ime,  to, n e e d e d  for t he  t i m e  correc-  
t ion  can  be  ob ta ined .  Af te r  co r rec t ion  of  t he  t i m e  scale  
w i t h  to o b t a i n e d  th i s  way,  t he  d i m e n s i o n l e s s  p lo t  of  the  ex- 
p e r i m e n t a l  da ta  is wel l  s u p e r i m p o s e d  on  t he  theo re t i ca l  
curve ,  c o r r e s p o n d i n g  to a p rog re s s ive  n u c l e a t i o n  p roce s s  
(Eq. [2]), as s h o w n  in Fig. 4. 

A l u m i n u m  d e n d r i t e  f o r m a t i o n . - - A l u m i n u m  depos i t s  
o b t a i n e d  b y  e l ec t rochemica l  r e d u c t i o n  f rom NaA1C14 m e l t  
s a t u r a t e d  w i th  NaC1 can  va ry  grea t ly  in  t he i r  ou t e r  appea r -  
a n c e  d e p e n d i n g  on  t he  d e p o s i t i n g  cond i t ions .  T h e y  can  b e  
smoo th ,  rough ,  dendr i t ic ,  or p o r o u s  as t he  c u r r e n t  densi -  
t ies  increase .  Severa l  types  of  sur face  m o r p h o l o g y  of  alu- 
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Fig. 3. Plots of i 2/3 vs. time for the rising portions of some current 
transients. Overpotentials indicated in the figure. 
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Fig. 4. Dimensionless plots for overpotentials of 75, 80, and 85 mV 
with time correction. Theoretical curves (A) for instantaneous and (B) 
for progressive nucleation. 
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Fig. 6. Aluminum deposits on a glassy carbon electrode of 3 mm diam 
at 175~ (a) Constant current, 0.285 mA/cm 2, 3.5h, NaAICI4 satu- 
rated with NaCI. (b) Constant current, 1.14 mAJcm 2, 6.95h, NaAICI4 
saturated with NaCI. (c) Pulsed current, 1.14 mA/cm 2 (id/A) (A = elec~ 
trode area), 6.95h, NaAICI4 saturated with NaCI. (d) Constant current, 
1.14 mA/cm 2, 6.95h, NoAICI4 saturated with both NaCI and MnCI 2. 

Fig. 5. Different types of aluminum deposits obtained from constant 
current deposition on a glassy carbon electrode (3 mm diam) in 
NaAICI+ saturated with NaCI at 175~ (a) Spongy deposits, 0.43 
mA/cm 2, 18.5h. (b) Spongy deposits, 0.57 mA/cm 2, 14h. (c) Smooth de- 
posits, 4.3 mA/cm 2, 1.85h. (d) Needle-like deposits, 21 mA/cm 2, 22 
rain. (e) Fir-tree-like dendrites, 28 mA/cm 2, t 7 min. (f) Porous deposits, 
43 mA/cm 2, 8 min. 

m i n u m  depos i t s  are  s h o w n  in Fig. 5. In  t he  NaA1C14 m e l t  
s a t u r a t e d  w i th  NaC1 at  175~ it s eems  t h a t  s p o n g y  de- 
pos i t s  are a lways  f o r m e d  at low c u r r e n t  dens i t i e s  (< ca .  
0.7 m A / c m  2, see  Fig. 5a a n d  b); a t  i n t e r m e d i a t e  r a n g e s  of  
c u r r e n t  dens i t i e s  b e t w e e n  2 a n d  10 m A / c m  2, a l u m i n u m  de- 
pos i t s  a p p e a r  s m o o t h  and  g ranu l a r  (Fig. 5c), wh i l e  at  ve ry  
h i g h  c u r r e n t  dens i t i e s  (> ca .  15 m A / c m  ~) need le - l ike  or  fir- 
t ree- l ike  d e n d r i t e s  or ve ry  p o r o u s  depos i t s  are  o f ten  ob- 
t a i n e d  (Fig. 5d, e, a n d  f). 

A l u m i n u m  gra ins  f o r m e d  d u r i n g  d e p o s i t i o n  can  easi ly  
b e  o b s e r v e d  w i t h  a m i c r o s c o p e  by  u s i n g  graz ing i l lumina-  
t ion.  I t  is f o u n d  t h a t  t he  g ra in  size of  t he  a l u m i n u m  de- 
pos i t s  dec reases  as t he  c u r r e n t  dens i t y  increases .  A t  a ve ry  
low c u r r e n t  dens i t y  (0.285 mA/cm2), s epa ra t ed  a l u m i n u m  
par t i c les  c an  be  o b t a i n e d  on  the  e l ec t rode  sur face  as 
s h o w n  in  Fig. 6a, and  in  th i s  case  t he  s p o n g y  a l u m i n u m  de- 
pos i t s  will fo rm af ter  p r o l o n g e d  depos i t ion .  A l u m i n u m  
par t i c l e s  s h o w  a grea t  va r ie ty  of  sizes, w h i c h  con f i rms  t h e  
p rog r e s s ive  cha rac t e r  of  t he  n u c l e a t i o n  process .  

I t  is k n o w n  f rom the  e lec t rocrys ta l l i za t ion  t h e o r y  (26) 
t h a t  t he  g ra in  size is d e t e r m i n e d  p r imar i ly  by  the  n u m b e r  
of  nuc l e i  f o r m e d  d u r i n g  t he  depos i t i on  process .  The  for- 
m a t i o n  of  t he  s p o n g y  depos i t s  a t  lower  c u r r e n t  dens i t y  c an  
t h u s  be  a t t r i b u t e d  to t he  lack of  nuc le i  or ig inal ly  f o r m e d  
se rv ing  as g r o w t h  centers .  I t  was  k n o w n  t h a t  a l u m i n u m  
d e p o s i t i o n  f rom NaC1-A1C13 m o l t e n  sal ts  p r o c e e d s  via a nu-  
c l ea t i on /g rowth  m e c h a n i s m .  The  dif f icul ty  in  e lec t ronuc le -  
a t ion  of  a l u m i n u m  depos i t s  is t h u s  a s s u m e d  to be  t h e  
cause  of  f o r m a t i o n  of  s p o n g y  d e p o s i t s  a t  low c u r r e n t  
dens i ty .  

A cr i t ical  t h i c k n e s s  of  a l u m i n u m  depos i t s ,  as well  as t h e  
va r i a t i on  of a l u m i n u m  gra in  sizes w i th  c u r r e n t  dens i t y  of  
depos i t ion ,  was  also o b s e r v e d  in a n  a l u m i n u m  e lec t ropla t -  
ing s t u d y  (14). The  a s s u m p t i o n  of  t he  p r e d o m i n a n t  role of 
t he  e l e c t r o n u c l e a t i o n  of  a l u m i n u m  in t he  d e p o s i t i o n  pro- 

cess  was  also s u p p o r t e d  by  t h e  h i g h  effect  of  o rgan ic  sur-  
f ac t an t s  (13, 14, 16, 17) s u c h  as t e t r a m e t h y l a m m o n i u m  
ch lo r ide  (TMA) a n d  urea.  The  organic  s u r f ac t an t s  were  
s u p p o s e d  to b lock  t h e  ac t ive  s i tes  on  t h e  c a t h o d e  sur face  
a n d  resu l t  in an  ene rge t i c  h o m o g e n i z a t i o n  of  the  sur face  
a n d  c o n s e q u e n t l y  lead  to a n  i nc r ea sed  n u m b e r  of  g ro wing  
nucle i .  

Wi th  a n  inc rease  in c u r r e n t  dens i ty  (overpotent ia l ) ,  t h e  
e l e c t r o n u c l e a t i o n  p rocess  b e c o m e s  fas te r  a n d  m o r e  pre-  
cu r s o ry  nuc le i  can  b e  f o r m e d  d u r i n g  t h e  depos i t i on  pro- 
cess.  T h e  f o r m a t i o n  of  t h e  s p o n g y  depos i t s  wil l  t h u s  be  
s u p p r e s s e d  d u r i n g  t h e  s u b s e q u e n t  g rowth .  S m o o t h  a lumi-  
n u m  depos i t s  c an  t h u s  be  f o r m e d  w h e n  depos i t i on  is d o n e  
at  i n t e r m e d i a t e  c u r r e n t  dens i t ies .  

A t  h i g h  c u r r e n t  dens i ty ,  t he  whole  d e p o s i t i o n  p roces s  is 
b r o u g h t  u n d e r  the  con t ro l  of  s low t r a n s p o r t  of  d e p o s i t i n g  
ions  f rom t h e  b u l k  to t h e  e l ec t rode  surface.  In  th i s  case,  
a l u m i n u m  d e n d r i t e s  as p rev ious ly  d i s c u s s e d  (4, 5) are 
fo rmed .  T h e  m u c h  fas te r  g r o w t h  of  a dend r i t i c  a l u m i n u m  
p r o t r u s i o n  re la t ive  to a l u m i n u m  on  t h e  res t  of  t h e  elec- 
t r o d e  sur face  lies m a i n l y  in t h e  d i f fe ren t  d i f fus ion  condi -  
t ions ,  i .e . ,  t h a t  spher i ca l  d i f fus ion  occurs  a r o u n d  the  den-  
dr i t ic  t ips  w h e r e a s  l inear  d i f fus ion  prevai l s  e l sewhere .  T h e  
c o n c e n t r a t i o n  g r ad i en t  of  species  c o n t a i n i n g  a l u m i n u m  re- 
su l t i ng  f rom elec t ro lys is  m a y  also dr ive  t h e  excess ive  
g r o w t h  of  a l u m i n u m  d e n d r i t e s  as p r o p o s e d  in  o u r  previ-  
ous  s t u d y  (3). 

A cha rac t e r i s t i c  of  d i f fus ion-con t ro l l ed  d e n d r i t e  fo rma-  
t ion  is t h e  cr i t ical  c u r r e n t  dens i ty  or o v e r p o t e n t i a l  for t h e  
in i t ia l  d e n d r i t e  f o r m a t i o n  (12-14). T h e  va lues  of  cr i t ical  cur- 
r e n t  dens i t i e s  are d i rec t ly  re la ted  to the  c o m p o s i t i o n  o f  t h e  
mel t .  Fo r  t h e  NaA1C14 m e l t  s a t u r a t e d  w i th  NaC1, t h e  i r regu-  
lar  d e n d r i t e s  or p o r o u s  depos i t s  we re  of ten  o b t a i n e d  w h e n  
c u r r e n t  dens i t i e s  e x c e e d i n g  15 m A / c m  2 were  app l i ed  to a 
g lassy  c a r b o n  e lect rode.  G r j o t h e i m  a n d  Matia~ovsk~r (13) 
f o u n d  t h a t  a t  c u r r e n t  dens i t i e s  u p  to 50 m A / c m  2 a l u m i n u m  
was  d e p o s i t e d  in t h e  form of a f ine c rys ta l l ine  layer  o n  a 
s teel  s u b s t r a t e  f rom a n  e lec t ro ly te  c o n t a i n i n g  63.6 m/o 
A1C13. Fe l lne r  e t  a l .  (14) o b s e r v e d  a s imi la r  cr i t ical  va lue  on  
i ron  c a t h o d e s  in  a t e rn a ry  NaC1-KC1-A1CI3 s y s t e m  conta in -  
ing  56.8-63.6 m/o A1Cla. S m i t h  e t  a t .  (27, 28) f o u n d  t h a t  t he  
cr i t ical  c u r r e n t  dens i ty  d e c r e a s e d  d rama t i ca l l y  to ca .  
1 m A / c m  2 in t h e  t e r n a r y  A1C13-based me l t s  c o n t a i n i n g  ca .  
50 m/o A1C13. 

All of  the  r e su l t s  c i ted were  o b t a i n e d  b y  u s i n g  i ron  or 
s teel  subs t ra tes .  The re fo re  t h e  d i f fe rence  in cr i t ical  c u r r e n t  
dens i t i e s  b e t w e e n  the  c i ted l i t e ra tu res  a n d  ours  m a y  b e  
pa r t ly  a t t r i b u t e d  to t h e  d i f fe ren t  c o m p o s i t i o n  of  t h e  m e l t  
a n d  to t h e  d i f fe ren t  e l ec t rode  s u b s t r a t e s  used.  Moreover ,  
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Nayak et al. (11) found that electrodeposition of a luminum 
on brass from 36.4 m/o NAC1-63.6 m/o A1Cl~ led to nonden- 
dritic crystal deposits at current densities of up to 
53 mA/cm 2. Pretreatment of a mild steel substrate by elec- 
tropolishing in the electrolyte itself was also found to be 
very helpful in eliminating dendrite formation (12). The 
fact that the substrates have such a pronounced effect on 
aluminum deposition also suggests the importance of the 
nucleation process. It seems correct to say that even in the 
case of diffusion-controlled dendrite formation, the elec- 
tronucleation process may play a certain role in dendrite 
formation. 

The smooth aluminum deposits obtained at interme- 
diate current densities between ca. 2 and 10 mA/cm 2 are 
not compact. Figure 7 shows the results of the average vol- 
ume of the aluminum deposits per coulomb vs. the current 
density that was applied. The volumes were all measured 
on photographs of the deposits. The deposits obtained 
from NaA1C14 saturated with NaC1 by constant current 
deposition look porous. The values for the volume of alu- 
minum are about five times or more larger than the 
theoretical value of 0.0345 mm3/C for a compact layer of 
aluminum. The larger values obtained at low and high cur- 
rent densities during constant current deposition reflect 
the formation of two types of deposits, viz., the electronu- 
cleation-controlled formation of spongy deposits at low 
current densities and the diffusion-controlled formation of 
dendrites at high current densities. 

It seems of importance to distinguish the two mechan- 
isms from one another. Consequently, different tech- 
niques may be used to inhibit the formation of individual 
kinds of dendrites. For instance, to avoid dendritic forma- 
tion caused by the slow nucleation process at low current 
density, a pulsed current shown in Fig. 8 was used. A sin- 
gle pulse of current (ip) ten times as large as the deposition 
current (ia) and with a duration of 10s was applied at the 
beginning of the experiment  in order to accelerate the nu- 
cleation process. A small deposition current (id) was then 
used to avoid the dendrite formation caused by the diffu- 
sion-controlled process afterward. In this way, the spongy 
deposits can be completely eliminated. The volume of the 
a luminum deposits obtained by the pulsed current deposi- 
tion is also shown in Fig. 7. It can be seen that the 
compactness of the aluminum deposits was much im- 
proved by this pulse technique, especially at low current 
densities. Apparent differences between aluminum de- 
posits obtained at the same deposition current density 
(1.14 mA/cm 2) with and without the initial current pulse 
are shown in Fig. 6b and c. Furthermore, the addition of 
manganese chloride into the melt  can also significantly im- 
prove the quality of deposits, as seen in Fig. 6d. Detailed 
studies are now under way to explore the effect of manga- 
nese chloride addition on aluminum deposition. 
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Fig. 8. Pulsed current diagram: ip, initial current pulse, tp, duration of 
current pulse, and id, deposition current, tp is always 10s, ip is always 
ten times as large as id, and id continued until a total charge of ca. 30 
C/cm 2 has been transferred. 

Conclusions 
Electrochemical deposition of aluminum onto glassy 

carbon electrodes from NaA1C14 saturated with NaC1 at 
175~ has been investigated and found to proceed via a nu- 
cleatiorggrowth mechanism. The nucleation process was 
found to be progressive. Several types of aluminum de- 
posits can be electrodeposited from the melt, mainly de- 
pending on the current densities applied. It is observed 
that only at intermediate current densities, between 2 and 
10 mA/cm 2, can a smooth layer of a luminum be formed. 
The smooth deposits are still about five times more volu- 
minous than the theoretical value. At high current densi- 
ties, above ca. 15 mA/cm 2, needle-like or fir-tree-like den- 
drites or very porous deposits were often obtained. The 
deposits were attributable to the slow diffusion process of 
species containing aluminum. At lower current densities, 
below ca. 0.7 mA/cm 2, aluminum was deposited in the 
form of spongy deposits, apparently due to the slow nucle- 
ation process. The spongy deposits can be inhibited by 
using pulsed current deposition or by adding manganese 
chloride to the melt. 
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ABSTRACT 

This paper is devoted to the analysis of the physicochemical parameters influencing the response of ion sensing FETs 
obtained by chemical grafting of the silica gate insulator. The site binding theory has been applied to the modified silica/ 
electrolyte interface; for the first time the equilibria involving H § and M + ions have been taken into account. The estab- 
lished theoretical expression ~o-pM shows that the sensitivity of the ion sensing FETs is better when the number  of sensi- 
tive sites and the complexation constant of these sites are higher. The experimental  response of the Ag § sensing ISFET 
was fitted with this model. The percentage of cyanografted sites is determined to be 8%; their complexation constant 
is -0.9. 

ISFET-type chemical sensors consist of an insulated 
gate field effect transistor (IGFET) where the metallic gate 
is replaced by a sensitive membrane, an electrolyte, and a 
reference electrode. At the interface between the insulator 
and the solution, the electric potential difference depends 
on the composition of the solution (pH or other ions) and 
on the nature of the insulator surface. Several dielectrics 
were used for pH detection: SiO~ (1), Si3N4 (2), A1203 and 
Ta205 (3). For ion detection the dielectric surface was mod- 
ified by adding several types of specific membrane to the 
insulator surface: special glass for Na + and K + detection 
(4), insoluble salts for halogenide detection, polymeric 
membranes with inserted ionophore groups for detection 
of K +, Na § Ca 2+ (5), NO3- (6), C1- (7) ions. Ion specificity 
was also conferred onto the directly modified insulator 
surface by ion implantation (8) for Na + detection or by 
chemical grafting. The feasibility of an Ag + sensing ISFET 
through chemical grafting of the silica surface with cya- 
nopropylsilane has been shown (9, 10). The devices ob- 
tained have a long lifetime (11) and a short response time 
(9). This paper is devoted to the analysis of the parameters 
influencing the ion response of this type of device. 

The potential/pH response of the oxide membrane 
ISFET is based on the acid/base behavior of hydroxyl 
groups on the surface. The site binding theory which was 
first applied to pH sensitive ISFET by Siu and Cobbold 
(]2) allows the fit of the response of the ISFETs by intro- 
ducing a sensitivity constant ~ (13, 14). Very recently, the 
site binding theory was extended to a dielectric surface 
with two types of sites: the Si3N4 membrane with am- 
photeric hydroxyl groups and the basic amine groups (15). 
For both sites the potential determining ion is H +. In this 
paper, we present the site binding theory for a modified in- 
sulator surface: a silica ISFET grafted with ionophore 
groups which presents a specific response for ions differ- 
ent from H § the remaining amphoteric hydroxyl groups 
being pH sensitive. This model is applied to the cyano- 
grafted silica membrane; the potential determining ions 
are Ag + and H + (9-11). 

* Electrochemical Society Active Member. 

Site Binding Theory Applied to Grafted Silica Surface 
Surface reactions.--The two types of sites on the grafted 

silica surface are amphoteric hydroxyl sites, called SOH, 
and the ionophore grafted sites called S-X. 

It is assumed that no surface complexation o fM + occurs 
with hydroxyl groups, as has been observed in the case of 
Ag § ions, the flatband potential of St/bare SiO2/electrolyte 
only being slightly shifted in the presence of Ag § ions (10). 
The S-X sites are assumed to present no amphoteric prop- 
erties as has been shown through the electrokinetic prop- 
erties of CN-grafted silica in colloidal aqueous suspen- 
sions (16). Thus, each type of site reacts with one specific 
ion: H § with the amphoteric SOH sites and M § with the 
S-X sites. The formation of surface complexes between 
charged surface sites (SOH2 § and SO-) and counterions in 
the solution will be neglected. Such surface complexes 
have been shown to have a negligible effect on the surface 
potential (14). 

The equations describing the surface reactions of the 
two sites are: 

Amphoteric reactions of SOH.-- 

(H~+)(SOH) 
SOH2 + <--> SOH + Hs + k'oH - [1] 

(SOH~ +) 

(Hs+)(SO -) 
SOH ~ SO- + H~ + k"oH -- [2] 

(SOH) 

Surface complexation of M + with S-X sites.-- 

S-X + M~ + ~ S-X --- M § 
(S-X --- M § 

K• [3] 
(S-X) (Ms +) 

In these equations, the quantities in parentheses are 
ionic activities, in the case of bulk concentrations, or num- 
bers of sites per unit surface area in the case of surface con- 
centrations. The activity coefficients for the surface con- 
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