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Evaluation of Zinc Sulfate Electrolytes by 
Cyclic Voltammetry and Electron Microscopy 

BRUCE A. LAMPING AND THOMAS J .  O ' K E E F E  

A cyclic v o l t a m m e t r i c  technique has been  developed for  approx ima t ing  the quan t i t i es  of 
act ive  chemica l  spec ies  p r e s e n t  in  z inc sulfate  e l ec t ro ly t e s .  The e x p e r i m e n t a l  appa ra -  
tus  cons is ted  of a Py rex  " H "  cell ,  an a l u m i n u m  cathode encased  in  a Tef lon  holder ,  a 
ca rbon  anode and a m e r c u r o u s  sulfate  r e f e r e n c e  e lec t rode .  V o l t a m m o g r a m s  were  ob- 
ta ined  us ing  indus t r i a l ,  pur i f ied  n e u t r a l  leach so lu t ion  (Cominco Ltd.,  T r a i l ,  BC) ac id i -  
f ied to give a f ina l  concen t ra t ion  of 0.77 M Zn § and 1 M H2SO4. The po la r i za t ion  cu rves  
were  then evaluated  and used as r e f e r e n c e  s t anda rds  to compare  with r e s u l t s  obta ined 
when va r ious  organic  and inorgan ic  addi t ions  were  made.  The deposi t  morphologies  ob- 
ta ined  for  s h o r t - t i m e  cathodic cycles  were  a lso  s tudied with the aid of a Scanning E lec -  
t ron  Microscope .  Changes in concen t ra t ions  of glue in the 5 to 10 ppm range  and of an t i -  
mony in the 5 to 10 ppb r ange  were  detec ted  us ing  the t echn iques  desc r ibed .  

T HE ex t rac t ion  of zinc f rom ore  by e l ec t rowinn ing  
is  a complex t echn ica l  opera t ion ,  but it  has been  used 
succes s fu l ly  for decades  as  one of the p r i m a r y  means  
of producing  th is  meta l .  However,  the re  have always 
been  a n u m b e r  of bas i c  p r o b l e m s  a s soc i a t ed  with 
e l ec t ro ly t i c  z inc which have made the p r o c e s s  diff icult  
to cont ro l .  Also,  over  the y e a r s  the a r t  has often p roven  
to be as impor t an t  as the sc ience ,  with e x t r a o r d i n a r y  
l eve l s  of effort  r e q u i r e d  by opera t ing  p e r s o n n e l  to ma i n -  
t a in  an acceptable  degree  of ef f ic iency.  

One of the r e a s o n s  for  this  s t e m s  f rom the fact that  
z inc  is  e l e c t rochemica l l y  ve ry  ac t ive .  This  makes  z inc  
ion reduc t ion  f rom aqueous so lu t ion  more  involved 
than  for meta l s  whose decompos i t ion  or  e q u i l i b r i u m  
poten t ia l s  a r e  more  noble than those of z inc .  It has 
been  wel l  documented  ~-5 that the p r e s e n c e  of n u m e r o u s  
t r a c e  i m p u r i t i e s ,  such as Ni, Co, Ge, Sb, Cu, etc.,  can 
be ve ry  d e t r i m e n t a l  to the ove ra l l  c u r r e n t  eff ic iency 
for  z inc  deposi t ion .  The p r e c i s e  causes  or  m e c h a n i s m s  
a s soc i a t ed  with th is  phenomenon a re  not known in a l l  
i n s t ances ,  but they mos t  p robably  involve  a lower ing  
of the hydrogen overvol tage .  Th i s  causes  an exces s ive  
amount  of hydrogen reduc t ion  at the cathode with sub-  
sequent  gas evolut ion.  The leve ls  of i m p u r i t i e s  which 
affect  the p r o c e s s  or produce th is  undes i r ab l e  r e s u l t  
wi l l  va ry  with condit ions,  but concen t r a t ions  as low as 
pa r t s  per  b i l l ion  (ppb) for some i m p u r i t i e s  a re  s o m e -  
t i m e s  suff ic ient .  Var ious  types of chemica l  i n t e r -  
ac t ions  in so lu t ion  and syne rg i s t i c  effects  may a l so  
occur ,  which compl ica te  the s i tua t ion  even more .  
Thus  it i s  usua l ly  qui te  diff icult  to c h a r a c t e r i z e  p rop-  
e r l y  a z inc  e l ec t ro ly te .  The convent iona l  chemica l  
a n a l y s i s  t echniques  p r e sen t l y  used a r e  v e r y  helpful 
in  many r e spec t s ,  but do not provide  data  on the e lec-  
t r o c h e m i c a l  ac t iv i ty  of the va r ious  components  in so lu-  
t ion.  F u r t h e r m o r e ,  in many i n s t ances  it  is the act ive  
concen t ra t ion  of the impur i ty ,  nor  m e r e l y  the phys ica l  
amount ,  which is  of g rea t e r  impor t ance .  

A second ma jo r  a r e a  of conce rn  is  cont ro l  of the 
growth and e l e c t r o c r y s t a l l i z a t i o n  p r o c e s s e s  of the 
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cathode deposi t .  If this  is  not p r o p e r l y  ma in t a ined  
and rough  or  i r r e g u l a r  su r f ace s  a r e  obtained,  then 
lowered  c u r r e n t  e f f ic ienc ies  and d i f f icul t ies  with phys i -  
cal  handl ing can r e su l t .  This  p r o b l e m  is not unique to 
z inc  winning,  however ,  as s i m i l a r  s i tua t ions  a re  en-  
coun te red  with many other  p la t ing  p r o c e s s e s .  One com-  
mon p rac t i ce  to a s s i s t  in m i n i m i z i n g  dendr i t e  f o r m a -  
t ion  is  to make addi t ions  of about  10 to 40 ppm of o r -  
ganic r eagen t s ,  such as glue or  gum a rab ic ,  to the 
e l ec t ro ly t e .  

However,  at p r e s e n t ,  the re  a r e  no sa t i s f ac to ry  me-  
thods for  checking the concen t r a t i on  of the o rgan ic  
r eagen t  in the z inc  cel l  acid .  Only the phys ica l  r a t e  
of addi t ion or  weight of glue put into the ce l l  is  
known. Thus ,  d i r ec t  obse rva t ion  of cathode growth 
is  about the only ava i lab le  means  of eva lua t ing  the 
condi t ion of the e l ec t ro ly te .  This  causes  a c ons ide r -  
able  t ime  lag  before  c o r r e c t i v e  ac t ion  can be taken.  It 
i s  a l so  poss ib l e  for  r a t h e r  e x t r e m e  v a r i a t i o n s  in  the 
e l e c t r o c h e m i c a l  behav ior  of the e l ec t ro ly t e  to occur  in  
a r e l a t i v e l y  shor t  t ime ,  with few if any c lues  as  to the 
cause  or  r e m e d y .  Also,  i n t e r a c t i o n s  be tween the o r -  
ganic and c e r t a i n  other  i no rgan ic  spec ies  in so lu t ion  
can occur ,  6 adding s t i l l  ano ther  d i m e n s i o n  to the con- 
t r o l  p r o b l e m .  

Some work has been  p e r f o r m e d  on the ana ly t i ca l  
de tec t ion  of i m p u r i t i e s  in z inc  e l ec t ro ly t e s  v,8 us ing  
c u r r e n t - p o t e n t i a l  r e l a t ionsh ips ,  but these  have not 
gained wide accep tance .  This  technique  was a lso  used  
for  ana lyz ing  impur i ty  concen t ra t ions  in  manganese  
sulfate  e l ec t ro ly t e s .  9 Although subs t an t i a l  r e s e a r c h  
has been  conducted on the p r o c e s s e s  involved in  me t a l  
depos i t ion  in the p r e s e n c e  of o rgan ic  col loids  and 
o ther  chemica l  r eagen t s ,  1~ l i t t le  p r a c t i c a l  use  s e e m s  
to have been  made of the r e s u l t s .  T h e r e  has a l so  been  
cons ide rab l e  r e s e a r c h  on the m e c h a n i s m s  of me ta l  
depos i t ion  at sol id  e l ec t rodes  us ing  both s ing le  and 
cycl ic  v o l t a m m e t r y  techniques.12-~4 Even though such 
s tudies  appear  to be of potent ia l  value,  t he r e  have 
been  few examples  where  the data  or  t echn iques  have 
been  appl ied to the ac tua l  p r ac t i c e  of meta l  e l e c t r o -  
winning.  

T h e r e f o r e ,  having some me a ns  of d e t e r m i n i n g  the 
e l ec t ro lyzab i l i t y  or t r u e  ac t ive  chemica l  na tu re  of a 
so lu t ion  would offer  some  obvious advantages .  In th is  
pape r  a method is de sc r i be d  for  r e v e a l i n g  and eva lua t -  
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ing the e l e c t r o c h e m i c a l  effects of glue and an t imony 
addi t ions  to a z inc  e lec t ro ly te  by a combina t ion  of 
cycl ic  v o l t a m m e t r y  and Scanning E l e c t r o n  Microscope  
(SEM) techniques .  The r e s u l t s  indica te  that  this  
method might a lso  be usefu l  when addi t ives  other  than 
glue and an t imony  a re  used, thus of fer ing  an ana ly t i ca l  
p rocedu re  not p r e sen t l y  ava i lab le  for  e s t ima t ing  e lec-  
t ro ly t e  behav io r .  

EXPERIMENTAL PROCEDURE 

The cycl ic  v o l t a m m e t r y  expe r imen t s  were  conducted 
in  a Py rex  " H "  cel l  employing  a ca rbon  rod counter  
e l ec t rode  and a one mola r  m e r c u r o u s  sulfate  r e f e r -  
ence e lec t rode  with an emf of 0.64 V v s  SHE. The 
working  e lec t rode  was made f rom a 1.22 cm d iam rod 
of a l u m i n u m  p r e s s e d  into a Tef lon ho lder .  The a l u m i -  
num rod ana lyzed  99.99 + pct A1, 0.022 pct Si, 0.003 
pct  Fe ,  and 0.003 pct Cu. The a r e a  of the a l u m i n u m  
cathode face was 1.18 cm 2. Before  each cycle the 
a l u m i n u m  cathode was p r e p a r e d  by pol i sh ing  with 600 
gr i t  C a r b i m e t  paper .  The pol ished su r face  was then 
c leaned with an ace tone - soaked  t i s s u e  and f inal ly  
r i n s e d  with d i s t i l l ed  wate r .  

The e l ec t ro ly t e  was p r epa red  by taking 327 ml  of 
n e u t r a l  (pH 5) c o m m e r c i a l l y  pur i f ied  zinc sulfate  p ro -  
vided by Cominco Ltd.,  55 ml  of concen t ra ted  su l fu r ic  
ac id  and 618 ml  of d i s t i l l ed  water .  The zinc sulfate  
e l ec t ro ly te  contained 149 g/1 Zn, 1.7 g/1 Mn, and the 
following in rag / l :  Cd 0.1, Pb 0.2, Co 0.1, Ge 0.01, Fe 
1.5, Ni 0.05, and C1 97. This  gave a so lu t ion  cons i s t -  
ing of 0.77 M Zn and 1 M H2SO4. A total  of 300 ml  of 
e l ec t ro ly te  and a t e m p e r a t u r e  of 20~ were  used for 
each tes t .  When s tudying the effects  of an t imony  and 
glue, these  addi t ions  were  f i r s t  mixed with the e lec -  
t ro ly t e  in a beake r  and then in t roduced  into the " H "  

cel l .  Addit ive s tock solut ions  of 1 g/1 were  made by 
d i s so lv ing  pa r t i c l e s  of a n i m a l  glue and po t a s s ium 
an t imony  t a r t r a t e .  This  m in imized  any poss ib le  con- 
cen t r a t i on  g rad ien t s  which may have r e su l t ed  if the 
i m p u r i t i e s  were  pipetted d i rec t ly  into the " H "  cel l .  
The a l u m i n u m  cathode was i m m e r s e d  in the e l ec t ro -  
lyte for  30 min  before  the cycle was begun, and p re -  
pur i f ied  n i t rogen  was bubbled cont inuous ly  into both 
c o m p a r t m e n t s  of the " H "  cell  dur ing  the en t i re  ex-  
p e r i m e n t s .  A schemat i c  d i ag ram of the e x p e r i m e n t a l  
appa ra tu s  is  shown in F i  E. 1. 

A sweep r a t e  of 1 m V / s  was used for  genera t ing  the 
v o l t a m m o g r a m s  shown in F igs .  2 through 7. Other  
sweep r a t e s  were  t r i ed  but did not give r e s u l t s  as con- 
s i s t en t  as  those when the 1 mV//s r a t e  was used.  The 
cycle was set  to begin  at - 0 . 4 6  V v s  SHE with the 
upper  cathodic l imi t  fixed at a va lue  capable of p ro -  
duc ing  a to ta l  c u r r e n t  of about 50 ma.  At this  point 
the p r o c e s s  was r e v e r s e d  and was d r iven  anodica l ly  
to the o r ig ina l  s t a r t i ng  potent ia l .  A m a x i m u m  cathodic 
c u r r e n t  of 46 ma was a t ta ined  for  depos i t s  whose 
morphologies  were  to be s tudied and the cycle was 
s topped p r e m a t u r e l y  when the c u r r e n t  dec r ea sed  to 
35 ma  on the r e v e r s e  sweep.  At th is  point  the e lec-  
t rode  was immed ia t e ly  r emoved  f rom the cel l  and 
washed with d i s t i l l ed  water .  This  p rocedure  was 
in i t i a ted  to a s s u r e  that  the deposi t  morphologies  were  
be ing  compared  on an equivalent  b a s i s .  

RESULTS 

A cycl ic  vo l t a mmogr a m,  typical  of those obtained 
for  the acidi f ied zinc sulfate  solut ions  inves t iga ted ,  is  
shown in  Fig .  2. Point  A is  the s t a r t i ng  po ten t ia l  and 
B is t e r m e d  the decompos i t ion  potent ia l  for this  work.  
The potent ia l  for ma x i mum cathodic c u r r e n t  is C 
which a lso  r e p r e s e n t s  the point  at which the sweep 
d i rec t ion  is  r e v e r s e d .  F r o m  C the applied voltage 
p roceeds  in  an anodic d i r ec t ion  t o / )  which is  the c r o s s -  
over  po ten t ia l  and the point  of zero  net  c u r r e n t  flow. 
The f ina l  point ,  E, r e p r e s e n t s  the potent ia l  of maxi-  
mum anodic c u r r e n t .  Thus  the curve segmen t  A B C  

is  the cathodic c u r r e n t - c a t h o d i c  sweep por t ion  while 
CD is  the cathodic c u r r e n t - a n o d i c  sweep pa r t  of the 
v o l t a m m o g r a m  and D E A  is  the anodic c u r r e n t - a n o d i c  
sweep por t ion .  The c r o s s - o v e r  point  s e e m e d  to r e -  
ma in  f a i r ly  constant  for  mos t  of the runs  on the base  
so lu t ions  (0.77 M Zn ++, 1 M H2SO4). Notable changes 
(grea te r  than  10 mV) o c c u r r e d  only with l a rge  v a r i a -  
t ions  in z inc  or  acid concen t ra t ion .  

Glue Addi t ions  

A v o l t a m m o g r a m  of the type obtained when a 40 ppm 
glue addi t ion is  made to the cel l  is  shown in Fig.  3. 
In genera l ,  the curves  for solut ions  conta in ing  glue 
show i n c r e a s e d  po la r i za t ion  and higher  va lues  of de-  
compos i t ion  potent ial ,  the degree  of which is  p ro-  
por t iona l  to the concen t ra t ion  of glue added. Readi ly  
de tec table  changes in overpo ten t ia l  a r e  produced for 
va r i a t i ons  in glue concen t ra t ion  of 5 to 10 ppm.  

VSG 

I I 

l 
) 

I cl! R IA 
Fig. 1--Schematic for apparatus set-up. VSG = voltage scan 
generator; P = potentiostat; E = electrometer; X - Y  = X - Y  
recorder; C = cathode; R = reference electrode (mercurous 
sulfate); A = carbon anode. 
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Fig .  2 - - C y c l i c  v o l t a m m o g r a m  fo r  ac id i f i ed  z inc  s u l f a t e  e l e c -  
t r o l y t e  (0.77 M Zn  *§ 1 M H2SO4). A ,  s t a r t i n g  po ten t i a l ;  B ,  d e -  
c o m p o s i t i o n  po ten t i a l ;  C ,  r e v e r s i n g  po ten t ia l ;  D, c r o s s o v e r ;  
E ,  po ten t i a l  of m a x i m u m  anodic  c u r r e n t .  A r e a  of a l u m i n u m  
ca thode  = 1.18 e m  2. 
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Fig .  3 - - C y c l i c  v o l t a m m o g r a m  fo r  ac id i f ied  z inc  s u l f a t e  e l e c -  
t r o l y t e  (0.77 M Zn  ~ ,  1 M H2SO4) c o n t a i n i n g  40 p p m  glue .  
A r e a  of a l u m i n u m  ca t hode  = 1.18 c m  2. 

Another  d i s t i n c t  c h a r a c t e r i s t i c  of glue type  c u r v e s  
i s  the d e c r e a s e  in s lope  a s  c r o s s o v e r  (por t ion  C to D) 
i s  a p p r o a c h e d .  As  the  glue content  of the so lu t ion  in-  
c r e a s e d ,  the  ang le  of a p p r o a c h  to the  c r o s s o v e r  po ten -  
t i a l  d e c r e a s e d .  The  r e l a t i v e  shape  of the anodic  
c u r r e n t  p o r t i o n  of the  v o l t a m m o g r a m  a l so  a p p e a r e d  
skewed for  glue add i t ions  as  c o m p a r e d  to the  f a i r l y  uni -  
f o r m  or  s y m m e t r i c a l  shape  ob ta ined  f r o m  p u r e  so lu -  
t i ons .  I t  was  o b s e r v e d  tha t  upon comple t i on  of the  
cycle ,  z inc  f l akes  f loa ted  off the a l u m i n u m  cathode,  
ind ica t ing  i n c o m p l e t e  anodic  s t r i p p i n g .  Th is  accoun t s  
fo r  the e r r a t i c  c u r r e n t  f luc tua t ions  ind ica t ed  by the  
b l a c k  a r e a  on the cu rve .  

An t imony  Add i t ions  

When an t imony  i s  added  to the ac id i f i ed  z inc  su l f a t e  
e l e c t r o l y t e ,  a v o l t a m m o g r a m  t y p i c a l  to that  in F ig .  4 
i s  ob ta ined .  The  c onc e n t r a t i on  of Sb for  the  v o l t a m -  
m o g r a m  shown is  40 ppb.  Ant imony  add i t i ons  p r o d u c e  
an ef fect  oppos i t e  to tha t  r e s u l t i n g  f r o m  glue add i -  
t ions ,  in tha t  a m a r k e d  d e p o l a r i z a t i o n  o c c u r s .  Changes  
in concen t r a t i on  as  low a s  5 to 10 ppb Sb can be d e t e c t e d  
by  m e a s u r i n g  the  change  in the  de pos i t i on  po t en t i a l .  
Th i s  d e c r e a s e  is  d i r e c t l y  p r o p o r t i o n a l  to the  concen -  
t r a t i o n  of an t imony ,  and was  43 mv lower  fo r  a so lu -  
t ion conta in ing  10 ppb Sb than  fo r  the  pu re  so lu t ion .  
No s ign i f i can t  c h a r a c t e r i s t i c  b e h a v i o r  r e s u l t e d  as  
c r o s s o v e r  was  a p p r o a c h e d  (por t ion  CD) and the s lope  
a p p e a r e d  to v a r y  only when l a r g e  d i f f e r e n c e s  be tween  
m a x i m u m  ca thodic  c u r r e n t s  had been  a t t a ined .  It is  
p o s s i b l e  that  changes  could  be  found in th i s  v i c in i ty ,  
but they would mos t  l i ke ly  o c c u r  at  lower  c u r r e n t s ,  
p o s s i b l y  in the  m i c r o a m p  r a n g e .  

Glue and Ant imony  Addi t ions  

Since an t imony  and glue add i t ions  p r o d u c e d  oppos i t e  
e f fec t s  on p o l a r i z a t i o n  c u rve s ,  s t ud i e s  w e r e  a l so  made  
of so lu t ions  con ta in ing  v a r i o u s  r a t i o s  of the two. T h e s e  
two r e a g e n t s  a r e  a l so  used  in i n d u s t r i a l  p r a c t i c e  to 
c o u n t e r a c t  e ach  o t h e r .  E l e c t r o l y t e s  wi th  combina t ions  
of 40 ppb Sb with  10, 20, 40 and 80 ppm glue and 20 
ppb Sb with  10 ppm glue w e r e  examined ,  wi th  a r e p r e -  
s e n t a t i v e  v o l t a m m o g r a m  shown in F ig .  5. The  curve  
i s  v e r y  s i m i l a r  to tha t  of a pu re  so lu t ion ,  i nd i ca t i ng  
tha t  the  p o l a r i z a t i o n  e f fec t s  c aused  by t h e s e  add i t ions  
when added  s ing ly  a r e  e l i m i n a t e d  when both a r e  p r e s -  
ent .  Solut ions  wi th  40 ppb Sb and 40 and 80 ppm glue 
showed e x c e s s  glue c h a r a c t e r i s t i c s  ( i n c r e a s e d  p o l a r i -  
z a t i on  fo r  the  ABC p o r t i o n  and a s y m p t o t i c  a p p r o a c h  
to the  c r o s s o v e r  po ten t i a l ) .  F o r  20 ppb Sb with  10 
p p m  glue and 40 ppb Sb wi th  20 ppm glue,  only a 
s l igh t  glue e x c e s s  was  ind ica ted ,  but  the  combina t ion  
of 40 ppb Sb with 10 ppm glue gave about  the  s a m e  
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Fig .  4 - - C y c l i c  v o l t a m m o g r a m  f o r  ac id i f i ed  z inc su l fa te  e l e c -  
t r o l y t e  (0.77 M Zn  ++, 1 M H2SO%) c o n t a i n i n g  40 ppb Sb. A r e a  
of a l u m i n u m  ca thode  = 1.18 c m  L. 
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F i g .  5 - - C y c l i c  v o l t a m m o g r a m  f o r  a c i d i f i e d  z i n c  s u l f a t e  e l e c -  
t r o l y t e  ( 0 . 7 7  M Z n  §247 1 M H2SO 4) c o n t a i n i n g  4 0  p p b  S b - 2 0  p p m  
g l u e .  A r e a  o f  a l u m i n u m  c a t h o d e  = 1 . 1 8  e m  2. 

c h a r a c t e r i s t i c s  as  the pure  e l ec t ro ly te .  S imi l a r  
ra t ios ,  40 to 80 ppb Sb to 15 to 30 ppm glue, were  ob- 
ta ined  in  ano ther  s tudy 6 in  which cathodic c u r r e n t  
e f f ic ienc ies  were  obta ined  when va r i ous  glue and 
an t imony  addi t ions  were  made to zinc e l ec t ro ly te .  It 
was noted for mixed addi t ions ,  that  even with the 
p rope r  r a t io  of glue to an t imony  to produce a cathodic 
pol iza t ion  curve  r e s e m b l i n g  that  of the pure  e l e c t r o l -  
lyte,  the s lope of the v o l t a m m o g r a m  is  lower as  it  
p roceeds  through c r o s s o v e r  (port ion CD). The anodic 
c u r r e n t  por t ion  is  skewed, a c h a r a c t e r i s t i c  of so lu-  
t ions  conta in ing  glue.  

A l i s t ing  of the cathodic c u r r e n t - p o t e n t i a l  r e l a t i o n -  
ships  f rom v o l t a m m o g r a m s  for  va r ious  t e s t  so lu t ions  
is given in Table  I. Also,  the ra t io  of the a r e a  under  
the anodic curve  (ADE) to that under  the cathodic 
curve  (ABC + CD) was d e t e r m i n e d .  Th i s  ale ra t io  
gives a rough approx ima t ion  of z inc  deposi t ion  effi-  
c iency,  if it is  a s s u m e d  that  both zinc and hydrogen 
a r e  plated cathodical ly  f i r s t  and then only zinc is 
d i s so lved  anodica l ly .  Some of the r a t io s  obtained a re  
given in Tab le  II. Although ce r t a i n  t r e n d s  a re  ind i -  
cated, the r e s u l t s  obta ined seemed  l e s s  r e l i a b l e  and 
d i rec t ly  appl icable  than that  de r ived  f rom the o ther  
aspec t s  of p rocedu re  d e s c r i b e d  p rev ious ly .  In F igs .  
6 and 7 a s u m m a r y  of typ ica l  examples  of the types  
of po la r i za t ion  behav ior  for  va r ious  tes t  e l ec t ro ly te s  
is given.  

Deposi t  Morphologies  

The va r i ous  deposi t  morphologies  obtained f r o m  
e lec t ro lyz ing  both pu re  z inc  solut ions  and so lu t ions  
conta in ing an t imony  or glue were  s tudied us ing  the 
scann ing  e l ec t ron  mic ro scope .  The coverage  was 
evenly d i s t r i bu t ed  for  pure  zinc deposi ts  with the 
ave rage  pa r t i c l e  s ize  be ing 5 p m  as  shown in Fig .  8. 
Each c r y s t a l  appeared  to be growing independent ly  of 
i t s  ne ighbors  with no t endency  for  the p a r t i c l e s  to jo in  
toge ther .  It i s  a lso evident  that the re  is  a subs t an t i a l  

Table I. Current (mA) Produced at Specific Potential Intervals Past 
Crossover for 0,77 M Zn ++, 1 M H2SO4 Solutions 

mV Past Crossover (ABC Portion of Curve) 

Concentration 50 75 100 125 150 175 200 

No additions 0 0 0.25 8.0 28.0 50.0 - 
10 ppm glue 0 0 0 0 0.5 9.0 33.0 
20 ppm glue 0 0 0 0 0.25 2.5 21.0 
40 ppm glue 0 0 0 0 0 0.75 15.0 
10 ppb Sb 0 3.0 12.5 26.0 42.0 - 
20 ppb Sb 0 5.5 16.0 27.0 42.0 - - 
40 ppb Sb 0.5 12,0 25.0 41.0 58,0 - - 
20 ppb Sb-I 0 ppm glue 0 0 0 3.0 20.0 43.0 64.0 
40 ppb Sb-10 ppm glue 0 0 0 5.0 22.0 47.0 68.0 
40 ppb Sb-20 ppm glue 0 0 0 2.0 20.0 46.0 66.0 
40 ppb Sb-40 ppm glue 0 0 0 0 1.0 19.0 46.0 
40 ppb Sb-80 ppm glue 0 0 0 0 0 2.0 18.0 

Table II. Relative Zinc Deposition Efficiencies for 
0.77 M Zn ++, 1 M H2SO4 Solutions 

Concentration a/c Ratio 

No addition 0.83 
10 ppm glue 0.62 
20 ppm glue 0.58 
40 ppm glue 0.58 
10 ppb Sb 0.73 
20 ppb Sb 0.57 
40 ppb Sb 0.61 
20 ppb Sb-10 ppm glue 0.75 
40 ppb Sb-10 ppm glue 0.78 
40 ppb Sb-20 ppm glue 0.76 
40 ppb Sb-40 ppm glue 0.72 
40 ppb Sb-80 ppm glue 0.52 
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Fig. 6--Polarization curves for ABC portion of voltammogram 
for acidified zinc sulfate electrolyte (0.77 M Zn ++, 1 M H2SO4); 
(a) no additions, (b) 10 ppm glue, (c) 20 ppm glue, (d) 40 
ppm glue, (e) 10 ppb Sb, (f) 20 ppb Sb, (g) 40 ppb Sb, (h) 40 
ppb Sb-20 ppm glue. Area of A1 cathode = 1.18 c m  2. 

por t ion  of the a l u m i n u m  s u b s t r a t e  which r e m a i n s  
c lea r  of any zinc,  ind ica t ing  a l imi ted  amount  of 
in i t i a l  nuc lea t ion .  Deposi ts  f rom Sb conta in ing  solu-  
t ions  showed a marked  i n c r e a s e  in facet  s ize  (10 ~m 
for  40 ppb Sb) and it  is  s u r m i s e d  that they may have 
a s l ight  (0002) p r e f e r r e d  o r ien ta t ion ,  however,  more  
inves t iga t ions  would have to be pe r f o r me d  to subs tan-  
t ia te  th is .  The facet  and c r y s t a l l i t e  s ize  were  d i rec t ly  
r e l a t e d  to Sb concen t r a t i on  as  shown in F i g s .  9 and 
10. The r e  is a l so  no indica t ion  that  c o r r o s i o n  is  oc- 
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Fig. 7- -Polar iza t ion  curves  for  expanded CD port ion of vol- 
t ammogram pure acidified zinc sulfate e lec t ro ly te  (0.77 M 
Zn §247 1 M H2SOr (a) ao additions and 10 ppb Sb, (b) 10 ppm 
glue, (c) 40 ppm glue. Area  of aluminum cathode = 1.18 cm 2. 

Fig. 9- -Scanning-e lec t ron  mic rograph  for the deposi t  obtained 
f rom acidified zinc sulfate e lec t ro ly te  (0.77 M Zn §247 1 M 
H2S04) containing 10 ppb Sb, magnificat ion 1150 t imes .  

Fig. 8- -Scanning-e lec t ron  mie rograph  for the deposi t  ob- 
tained f rom acidified zinc sulfate e lect rolyte  (0.77 M Zn §247 
1 M H2SO4), magnification 1100 t imes.  

curr ing,  which is usual ly cha rac te r i zed  by pi ts  and i r -  
r egu l a r i t i e s  in the facet  edges.  Glue addition deposi ts  
show an average  facet  s ize  of 1 /zm, with d is t inct  
p r e f e r r e d  or ienta t ion c h a r a c t e r i s t i c s ,  probably  (1190) 6 
Zinc deposi ts  produced with glue in solution, or  at 
high overpotent ia ls ,  a lso exhibit a c h a r a c t e r i s t i c  mor-  
phology. The dominant feature  is  the appearance  of 
edges of zinc p la te le t s ,  with the basa l  p lanes  lying p e r -  
pendicular  to the e lec t rode .  The degree  of the edge 

Fig. 10--Scanning-e lec t ron mic rograph  for the deposi t  ob- 
tained f rom acidified zinc sulfate e lec t ro ly te  (0.77 M Zn *+, 
1 M H2SO4) containing 40 ppb Sb, magnificat ion 1150 t imes .  

type growth becomes  g r e a t e r  as  the amount of glue 
i nc r e a s e s .  This  is  i l l u s t r a t ed  in F igs .  11, 12 and 13, 
which a r e  r e p r e s e n t a t i v e  of s t ruc tu re s  made with 10, 
40 and 80 ppm glue, r e spec t ive ly ,  in solution. The in-  
dividual  c r y s t a l s  (about 8 t~) a lso  tend to agg lomera te  
more than those for  pure  zinc or  Sb addition depos i t s .  
Each agg lomera ted  " i s l a n d "  appears  to run p a r a l l e l  
to the s t r i a t i ons  on the aluminum sur face .  

The s t ruc tu re  obtained when 40 ppb Sb and 20 ppm 
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Fig. 11--Scanning-electron micrograph for the deposit ob- 
tained from acidified zinc sulfate electrolyte (0.77 M Zn ++, 
1 M H2SO4) containing 10 ppm glue, magnification 1100 times. 

Fig. 13--Scanning-electron micrograph for the deposit ob- 
tained from acidified zinc sulfate electrolyte (0.77 M Zn ++, 
1 M H2SO~) containing 80 ppm glue, magnification 1100 times. 

both reagen ts  a r e  p r e s e n t  in the p rope r  ra t io .  The 
m e c h a n i s m  or  cause  for the d e c r e a s e d  e l e c t r o c h e m i -  
cal  ac t iv i ty  is  not known, but could r e s u l t  f rom a 
chemica l  i n t e r ac t i on  between the two in bulk solut ion 
or  poss ib ly  some more  complex phenomena  occu r r i ng  
in  the double l aye r  v ic in i ty .  

Fig. 12--Scanning-electron mierograph for the deposit ob- 
tained from acidified zinc sulfate electrolyte (0.77 M Zn ++, 
1 M H2SO 4) containing 40 ppm glue, magnification 1040 times. 

glue were  both added to the zinc e lec t ro ly te  is shown 
in Fig .  14. The morphology doesn ' t  show the d i s t inc t  
c h a r a c t e r i s t i c s  of e i ther  the Sb or glue, but approaches  
that  for the una l t e r ed  solut ion.  The re  might be an ap- 
pea rance  of a s l ight  excess  glue type s t r u c t u r e ,  but in 
genera l ,  it s e e m s  that the two addi t ives  counte rac t  
each other .  Again,  as with the po la r i za t ion  data,  the re  
a r e  s t rong  indica t ions  that  the individual  effects  of 
glue or  an t imony  on the p r o c e s s  a re  e l imina t ed  if 

DISCUSSION OF RESULTS 

The data given previously show conclusively that 
the results of cyclic voltammetry tests are quite 
sensitive to the presence of two types of impurities 
or additives in zinc sulfate electrolyte. In particular, 
this method should permit determination of the amount 
of electrochemically active organic reagent in the 
solution. However, it might be necessary to run a 
series of calibration tests using the specific organic 
additive and electrolyte. It also appears that 
testing of this type should allow not only an evaluation 
of the quality of the electrolyte but should also provide 
some insight into the specific type of impurity present. 

Although only glue and antimony were studied ex- 
tensively, preliminary tests showed that other im- 
purities and additives might also be characterized by 
this method. Aside from the valuable practical informa- 
tion generated, this method should lead to a better 
unde r s t and ing  of the more  bas i c  aspec t s  of the behavior  
of addi t ives  and i m p u r i t i e s  in z inc  e l e c t r o l y s i s .  

When an addition is  made to a pure  zinc solut ion,  it 
might  be expected to affect the deposi t ion  me chan i sm  
in  two ma jo r  ways.  It may e i the r  change the overpo-  
t en t i a l  for z inc deposi t ion  or  for  hydrogen evolution,  
or  poss ib ly  both. In the case  of glue addi t ions,  both 
the z inc  deposi t ion and hydrogen overvo l tages  on 
a l u m i n u m  seem to i n c r e a s e .  This  would account  for 
the i n c r e a s e d  decompos i t ion  potent ia l  (port ion A B C  
of the v o l t a m m e t r i c  curve) when glue is p r e sen t .  It 
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Fig. 14--Scanning-electron micrograph for the deposit ob- 
tained from acidified zinc sulfate electrolyte (0.77 M Zn ++, 1 
M H2SO4) containing 40 ppb Sb-20 ppm glue, magnification 
1080 times. 

appea r s  that glue a l so  i n c r e a s e s  the z inc  deposi t ion  
potent ia l  on p rev ious ly  deposi ted z inc  as shown by 
the dec r ea sed  slope of the po la r i za t ion  curve  n e a r  
c r o s s o v e r .  This  subs t an t i a l  depos i t ion  overpo ten t ia l  
is probably  due to the overvol tage  r e q u i r e d  for  the 
z inc  to deposi t  through the glue adsorp t ion  l ayer  1~ 
which affects  the charge t r a n s f e r  r a t e .  Glue also mus t  
i n c r e a s e  the hydrogen overpotent ia l ,  but to a l e s s e r  
degree  than it changes the z inc  overpo ten t ia l  because  
of the s m a l l e r  r a t io  of anodic to cathodic curve  a r e a s .  
Ant imony,  on the other  hand, d e c r e a s e s  the overpo-  
t en t i a l  for both z inc  deposi t ion and hydrogen evolut ion 
on a l u m i n u m  as shown by the d e c r e a s e d  cathodic 
decompos i t ion  potent ia l  and the d e c r e a s e d  ra t io  of 
anodic to cathodic curve  a r e a s .  It does not, however ,  
appear  to affect the depos i t ion  overpo ten t ia l  onto p r e -  
v ious ly  deposi ted z inc,  at l eas t  for  the shor t  deposi t ion  
t i m e s  used in these  e x p e r i m e n t s .  Th i s  is  s u r m i s e d  
f r o m  not ing that the approach to c r o s s o v e r  is  ve ry  
s i m i l a r  to that for  pure  zinc so lu t ions .  A few p r e -  
l i m i n a r y  curves  in  which the cathodic range  was de-  
c r ea sed  were  made on a pure  solut ion and on one con- 
t a in ing  approx imate ly  100 ppb Sb. Even  though the ex- 
ten t  of the work was insuf f ic ien t  to allow any def ini te  
conc lus ions ,  a no t iceable  t r end  did occur .  The total  
cathodic c u r r e n t  for the pure  so lu t ion  was l e s s  than 
that  for the an t imony  solut ion.  The amount  of z inc de-  
posi ted,  as evidenced by the anodic to cathodic a r e a  ~ 
tes t ,  was s m a l l  for  the pure  solut ion but the re  was ab-  
solute ly  no indica t ion  of any z inc  deposi t ion with the 
an t imony  solut ion.  Thus,  it  might  be i n f e r r e d  that  at 
lower  c u r r e n t  dens i t i e s ,  the an t imony  e i ther  enhances  
the hydrogen reduc t ion  r eac t ion  or causes  any zinc 
that  is  deposi ted to r e d i s s o l v e  or  poss ib ly  both. It was 
shown that  an t imony  had the tendency  to give a low 
r e l a t i ve  zinc pla t ing eff iciency,  but it  a lso  s e e m s  
that  it  has a g r e a t e r  inf luence  on the hydrogen to z inc  

ra t io  at lower c u r r e n t  dens i ty  than  at h igher  va lues  
when an a l u m i n u m  cathode is  used .  

The  morphologies  obtained when glue was added were  
d i f fe ren t  f rom those obtained with pu re  z inc  e l ec t ro -  
ly te .  One of the most  no t iceable  effects  was the ap-  
p a r e n t  p r e f e r r e d  o r i en ta t ion .  It is  known 11 that  c e r -  
t a in  facets  and o r i en ta t ions  were  obta ined  under  
v a r i o u s  p r oc e s s  condit ions and that  the e l e c t r o c r y s -  
t a l l i z a t i on  is  mos t  inf luenced  by c u r r e n t  dens i ty  and 
overpo ten t i a l .  When the Brava i s  law of c r y s t a l  growth 
is  obeyed, the most  dense ly  packed p lanes  should have 
the s lowes t  r a t e  of growth. Also  those face ts  which 
have the g r ea t e s t  me ta l l i c  overpo ten t i a l  a r e  the s low- 
es t  growing ones .  F o r  the deposi t ion of z inc  th is  is  the 
(0002) p lane .  By s imp le  geomet r i c  a r g u m e n t s ,  it can 
be shown that the f a s t e s t  growing face ts  wil l  grow out 
of ex i s tence  and the s lower  growing ones wil l  su rv ive .  
F o r  f r ee  and l a t e r a l  growth condi t ions ,  these  (0002) 
face ts  wil l  grow p a r a l l e l  to the s u b s t r a t e  and su rv ive ,  
while  the fast  growing (10 �9 1), (10 �9 2) and (10 .3)  
p lanes  grow into one another  and a re  e l imina t ed .  Z inc  
has a r a t h e r  low meta l l i c  ove rpo ten t i a l  and the re fo re  
a l a t e r a l  growth mode would be favored .  An outward 
growth mode would be more  typ ica l  for growth at 
h igher  ove rpo ten t i a l s .  The p r e s e n c e  of glue causes  
an inc l ina t ion  of the b a s a l  p lanes ,  in that  growth tends  
to become more  outward than l a t e r a l .  The  glue is 
t he re fo re  i n c r e a s i n g  the overvol tage  on p r e f e r e n t i a l l y  
se lec ted  p lanes  and thus impeding  the f r ee  growth of 
z inc .  The  glue a lso  s e e m s  to cause  i n c r e a s e d  nuc lea -  
t ion,  giving a subs t an t i a l  d e c r e a s e  in  facet  s ize .  The 
a gg l ome r a t i on  of the c r y s t a l s  obtained with high glue 
concen t r a t i ons  is  probably  due to a l a rge  n u m b e r  of 
m i c r o s c o p i c  " b r i d g e s "  pas s ing  through po r e s  in the 
glue adso rp t ion  l ayer  and se t t ing  up nuc lea t ion  s i tes  
for  fu r the r  deposi t ion.  

The morphology obtained with an t imony  addi t ions  is  
mos t  marked  by the la rge  c r y s t a l  face ts  which appear  
to have a s l ight  p r e f e r r e d  o r i en ta t ion  with the (119.0) 
p lanes  p a r a l l e l  to the a l u m i n u m  s u b s t r a t e  as com-  
pa red  to those for pu re  z inc  so lu t ions .  The ro le  of 
an t imony  as  a ca ta lys t  in the evolut ion of hydrogen 
may cause  the hydrogen to abso rb  on p r e f e r e n t i a l l y  
selected planes and inhibit zinc nucleation. The 
slower the nucleation rate, the greater the crystal 
girth which explains the increased facet size for anti- 
mony addition deposits. 

For simultaneous additions of glue and antimony 
the morphology took on the characteristics of both. 
The facets appear to be oriented in a mode similar 
to those for glue-like deposits (i.e., outward growth, 
small facet size). However nucleation appeared to be 
more uniform over the entire aluminum surface. 

CONCLUSIONS 

It has been shown that cyclic voltammetry tech- 
niques may be used to characterize certain zinc elec- 
trowinning solutions. The method developed was par- 
ticularly sensitive to the effects of antimony, glue 
or combinations of the two. Changes in concentration 
of about 10 ppb of antimony and 10 ppm glue were 
readily detectable by comparing polarization behavior 
for these solutions with those for pure, unaltered 
electrolyte. The features of the polarization curves 
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w h i c h  s e e m e d  m o s t  s u s c e p t i b l e  to  c h a n g e  w e r e  t h e  d e -  
c o m p o s i t i o n  p o t e n t i a l ,  a n g l e  of  a p p r o a c h  to  e q u i l i -  
b r i u m  p o t e n t i a l  d u r i n g  an  a n o d i c  s w e e p ,  and  s h a p e  of 
t h e  a n o d i c  c u r r e n t  p o r t i o n  of the  c u r v e .  M o r p h o l o g i e s  
of  s h o r t - t i m e  d e p o s i t s  w e r e  a l s o  e x a m i n e d  and  good  
c o r r e l a t i o n s  b e t w e e n  s t r u c t u r e  and  a c t i v e  a d d i t i v e s  
in  s o l u t i o n  w e r e  o b t a i n e d .  T h u s  i t  a p p e a r s  t h a t  a 
c o m b i n a t i o n  of  c y c l i c  v o l t a m m e t r y  a n d  s c a n n i n g  m i -  
c r o s c o p y ,  o r  p o s s i b l y  e i t h e r  i n d i v i d u a l l y ,  m a y  be  u s e d  
to  g a i n  v a l u a b l e  i n f o r m a t i o n  abou t  z i n c  s u l f a t e  e l e c -  
t r o l y t e s  f o r  p o s s i b l e  a p p l i c a t i o n s  to  i n d u s t r i a l  p l a n t  
p r a c t i c e  a n d  c o n t r o l ,  o r  in  r e s e a r c h  a s  w e l l .  15 
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