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Electrodeposition of Zinc on Glassy Carbon from ZnCI2and ZnBr2 
Electrolytes 

J. McBreen* and E. Gannon 
Brookhaven National Laboratory, Department of Energy and Environment, Upton, New York 11973 

ABSTRACT 

The initial stages of the electrocrystall ization of zinc from 3M ZnCl~ and 3M ZnBr2 on glassy carbon has been investi- 
gated using cyclic voltammetry,  the potential  step method, and scanning electron microscopy. Part icular  care was taken to 
ensure electrolyte puri ty and to el iminate resistance effects in the measurements.  The nucleation overvoltage in 3M ZnC12 
was - 17 and - 12 mV in 3M ZnBr2. In 3M ZnC12, the current  transients from the potential  step measurements  could be fitted 
to a simple model  that  assumes instantaneous nucleation followed by growth of three dimensional  centers  under  kinetic 
control. A similar mechanism is operative for 3M ZnBr2 at low overvoltages. At higher overvoltages, the current  transient  is 
governed by mixed kinetic and diffusion control and cannot be fitted to a simple model. The lower nucleation overvoltage 
and the faster kinetics in 3M ZnBr2 is correlated with the lower stabili ty constants for the zinc bromide  complexes.  Errone- 
ous results are obtained when resistance effects are not accounted for. 

The zinc e lec t rode  is common to both z inc /ch lor ine  
and z inc /b romine  bat ter ies .  Al though  considerable  
progress  has been made  in engineer ing these ba t -  
teries,  the re  a re  s t i l l  p rob lems  wi th  the  zinc elec-  
t rode  (1-8).  These are  re la ted  to changes in zinc 
e lec t rode  morpho logy  which resul t  in dendr i t ic  g rowth  
and nonadheren t  deposits.  These  p rob lems  are  more  
severe  under  condit ions of r andom shal low cycling. 

There  have been severa l  publ ica t ions  on the k i -  
netics of zinc deposi t ion f rom zinc chlor ide e lec t ro-  
lytes  (9-16).  There  have  been repor ts  on the depend-  
ence of zinc morpho logy  on addi t ives  (17) and a -c  
modula t ion  of the  charging cur ren t  (18). The kinet ics  
of dendr i t e  g rowth  in zinc chlor ide  e lec t ro ly tes  has 
been repor ted  recen t ly  (19). Except  for br ie f  re fe r -  
ences in a few publ icat ions  (2, 6), the re  is no infor -  
ma t ion  in the open l i t e ra tu re  on the e lec t rodeposi t ion 
of zinc f rom zinc b romide  e lect rolytes .  In  the  case of 
zinc chloride,  the publ icat ions  deal  ma in ly  wi th  the 
electrodic react ions  (10-16) and the e lec t rode  mor -  
phology  af ter  p ro longed  deposi t ion (17-19). There  are  
no publ icat ions  on the processes involved in the in i -  
t ia l  s tages of nucleat ion and growth  of zinc on foreign 
substrates .  

In  zinc halogen bat ter ies ,  zinc is deposi ted on an 
iner t  cur ren t  collector.  Mater ia ls  that  have  been used 
are  plas t ic  bonded carbon (6), dense graphi te  (7), 
v i t reous  carbon (6),  or  s i lver  p la ted  t i tanium.  In 
the p resen t  study,  the  in i t ia l  s tages of zinc deposi t ion 
on glassy carbon were  inves t iga ted  us ing the poten t ia l  
s tep technique  (20). This inc luded s tudies  in both 
3M ZnC12 and 3M ZnBr2 electrolytes .  
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Experimental 
Reproducib le  results,  which  fitted reasonable  nu-  

cleat ion and growth  models,  could only  be obta ined  
af te r  careful  a t tent ion  was given to cur ren t  d i s t r ibu-  
tion, resis tance effects, and e lec t ro ly te  pur i ty .  

Cell design.--The cell  used in these s tudies  was a 
modification of the design of Cahan et al. (21). The 
cell, which  was machined f rom PTFE, is shown in 
Fig. 1. The th ree  PTFE par ts  were  held  toge ther  by  
a luminum flanges and tiebolts.  The bo t tom two par ts  
were  sea led  wi th  a CTFE O-r ing  and a 0.25 m m  PTFE 
spacer.  The counter  and reference  electrodes were  1 
m m  d iam zinc wires  (99.999'9% pu re ) .  These were  
covered with  hea t  sh r inkab le  PTFE tubing  to a level  
be low the top of the  e lectrolyte .  This cell  design en-  
sured un i form cur ren t  d is t r ibut ion  over  the e lec t rode  
surface.  The w o r k i n g  e lec t rode  was a 7.5 m m  d iam 
glassy carbon e lec t rode  with  a PTFE  col lar  (Pine  
Ins t rumen t  Company) .  The col lar  fo rmed a t ight  l eak  
free s l ip fit wi th  the bo t tom par t  of the cell. 

Electrolyte preparation.--High pur i ty  3M ZnC12 was 
p repa red  by  react ing high pur i ty  zinc (99.9999%) with  
the  dis t i l led azeotrope of HC1. Concentra t ion ad jus t -  
ments  were  made by  addi t ions  of t r ip ly  dis t i l led water .  
High pu r i t y  3M ZnBr2 was p repa red  by  react in~ high 
pur i ty  zinc wi th  h igh  pu r i t y  bromine  unde r  t r ip ly  dis-  
t i l led water .  The react ion was car r ied  out  in an Er l en -  
m e y e r  flask immersed  in an ice bath .  

Electric circuitry.--Cyclic v o l t a m m e t r y  measu re -  
ments  were  made  using a S tonehar t  BC-1200 poten t io-  
s ta t  in conjunct ion  with  a PAR 175 p r o g r a m m e r  and 
a Soltec 3316 X - Y  recorder .  Resistance correct ion was 
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Fig. 1. Schematic of cell for zinc deposition studies 
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Fig. 2. Cyclic voltammogram for zinc deposition on glassy carbon 
in 3M ZnC[2, pH - -  2.8, sweep rate 50 mV/sec. 

made using the potentiostat  in conjunct ion with a 
Hewle t t -Packard  3325A funct ion generator  and a 
Tektronix  7634 oscilloscope. Potent ia l  step measure-  
ments  were made using the potentiostat  in  conjunct ion  
with the X-Y recorder. 

Experimental procedure.wThe electrodes were suc- 
cessively polished with 320 and  600 grit  sandpaper,  
3 and 1~ d iamond polish. The electrodes were then  
r insed with t r iply distilled water  and assembled in  
the cell. Par t icu lar  care was taken to ensure that the 
electrode surface was flush with the top surface of the 
bottom part  of the cell. The cell was filled wi th  20 ml  
of deaerated electrolyte, and the electrochemical mea-  
surements  were immediate ly  carried out. When sam-  
ples were prepared for scanning  electron microscopy, 
the cell was quickly disassembled and the electrode 
was rinsed with water  and methanol.  Samples were 
stored under  deaerated methanol  prior to carrying 
out the electron microscopy. In some cases, the elec- 
trodes were weighed so as to determine the current  
efficiency for zinc deposition. 

Results 
Figure 2 is a cyclic vol tammogram for zinc depo- 

sit ion from 3M ZnCI~ on glassy carbon. The cyclic 
vol tammogram exhibits a nucleat ion loop in that  
cathodic current  on reversal  of fine sweep is higher 
than  that  found on going in the cathodic direction. 
Qualitatively,  the results, in zinc bromide, were s imi-  
lar. There was no evidence of underpotent ia l  deposi- 
tion of zinc. 

Figures 3 and 4 show the results of the potential  
step measurements  in 3M ZnC12 and 3M ZnBr2, re-  
spectively. The cur ren t  t ransients  show a small  in-  
duction t ime followed by a smooth rise to a current  
plateau. The potent ial  step measurements  indicate 
that the critical overvoltage for zinc deposition is ,.,17 
mV in 3M ZnC12 and .-.12 mV in 3M ZnBr2. For the 
same overvoltage, the cur ren t  is much  higher  in  3M 
ZnBr2. At the higher overvoltages in 3M ZnBr2, the 
shape of the current  t ransients  change. When the re-  
sistance correction is not made the currents  are much 
lower. As the current  increases, the iR component  in-  
creases and the real applied potential  decreases with 
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Fig. 3. Current transients (solid lines) for zinc deposition on 
glassy carbon in 3M ZnCI2, pH = 2.8. Overvoltages are indicated 
on the figure. Calculated values for the current based on Eq. [2] in 
the discussion and the constants in Table I ore also shown (X ) .  

time. This tends to level off the current  transient .  
Figure 5 shows scanning electron micrographs 

(SEM) of the deposit in 3M ZnBr2 and 3M ZnC12. The 
SEM data indicate that the growth pa t te rn  may be 
described by  the growth of equal ly  sized zinc particles 
dispersed at random over the zinc surface. The n u m -  
ber  of particles per  cm 2 increases with the applied 
overvoltage. When deposition was carried out for a 
long t ime the deposit morphology was essentially iden-  
tical to that found by Oren and Landau  (19). Weight  
measurements  indicated that the cur ren t  efficiency for 
zinc deposition was -.~100%. 

Discussion 
Models for electrocrystallization,--Several models 

have been developed for describing the nucleat ion 
and growth of metals dur ing electrodeposition at con- 
s tant  potent ial  (20, 22-25). These models include var i -  
ous assumptions regarding nucleat ion and growth of 
three dimensional  centers. Nucleation can be ins tan-  
taneous or can occur over a period of time, governed 
by a first order  kinet ic  law. Growth can occur under  
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Fig. 4. Current transient (solid lines) for zinc deposition on 
glassy carbon in 3M ZnBr2, pH ---- 3.0. Overvoltages are indicated 
on the figure. Calculated values for the current at 15 and 17 mV 
( X )  are also shown. These are based on Eq. [2] in the discussion. 
At 15 mV k2Nc, -~ 2.13 X 10 -5  tool 2 cm -6  sec -2, and at 17 
mV, k2No : -  - -  3.66 X 10 -5  mol 2 c rn-8 sec -2. 

ei ther  k ine t ic  or  diffusion control.  In  the  k inet ic  con- 
t rol  g rowth  models,  provisions can be made  to ac-  
count  for  over lap  of g rowth  centers  using the Avrami  
theorem (26). More compl ica ted  models  have been 
deve loped  which  t ake  into account such th ings  as 
the  dea th  of g rowth  centers  (24, 25) and s imul tane-  

ous l aye r  g rowth  along wi th  the nucleat ion and 
growth  of th ree  d imensional  centers  (27-29). 

F o r  the s imple r  models,  r i s ing cu r ren t  t rans ien ts  
a re  predic ted.  Fo r  shor t  t imes the re la t ionship  be -  
tween  the current ,  i, and  t ime, t is 

o: tn [1] 

The exponen t  n depends  on the geometry ,  the  type  of 
nucleat ion,  and the g rowth  condit ions.  For  ins t an tane-  
ous nuclea t ion  and growth  unde r  diffusion control,  
r~ = 0.5, and for  progress ive  nuclea t ion  and g rowth  
under  diffusion control,  n - -  1.5. Fo r  ins tantaneous  
nucleat ion and g rowth  under  kinet ic  control,  n --  2, 
and for  progress ive  nuclea t ion  and  growth  under  k i -  
net ic  control  n ---- 3. 

Electrodeposition in 3M ZnCl2.--In the case of elec-  
t rodeposi t ion  in 3M ZnCl~, the fol lowing conclusions 
can be d r a w n  from the expe r imen t a l  facts. The resul ts  
f rom cyclic vo l t ammet ry ,  potent ia l  s tep measurements ,  
and cur ren t  efficiency de te rmina t ions  indicate  tha t  
the cont r ibut ion  of hydrogen  evolut ion to the overa l l  
cu r ren t  is negligible.  Thus, the  da t a  can be  t rea ted  
wi thout  consider ing the cont r ibut ion  f rom hydrogen  
evolution.  For  shor t  t imes i c c  t 2. This would  indicate  
a mechanism involving ins tantaneous  nuclea t ion  and 
growth  under  k inet ic  control.  The scanning e lec t ron 
microscopy observat ions  indicate  tha t  the zinc growths  
are  app rox ima te ly  of equal  size. This implies  tha t  the 
nuclea t ion  is ins tantaneous.  The cur ren t  t ime r e l a -  
t ionship for the growth  of r ight  c i rcular  cones unde r  
condit ions of ins tantaneous  nuclea t ion  and growth  
under  k inet ic  control  is 

( aM2k2Not2 ~ 
~ = zFk* [I-- exp-- ~-{ / ]  [2] 

where k* and k are the respective rates (mol cm -s 
sec -I) of crystal growth in the direction perpendicular 
and parallel to the substrate, M is the molecular 
weight of zinc (65.38 g/mol), p is the zinc density 
(7.14 g cm-8), and No the instantaneous nucleation 
rate; z ---- 2 and F is the faraday constant. 

Theoretical values of {, calculated according to Eq. 
[2] are shown in Fig. 3. The values of zFk t and kSNo 
for various overvoltages are given in Table L The 
agreement between theory and experiment for the 
current transients is quite good. This, together with 
the microscopic observat ions,  indicates  tha t  a s imple  
mechanism based on ins tantaneous  nuclea t ion  fol -  
lowed  by  g rowth  of three  d imens iona l  centers  under  
kinet ic  control,  is operat ive.  

Electrodeposition in 3M ZnBr~.--In the  case of zinc 
deposi t ion f rom ZnBr~ electrolyte ,  the contr ibut ion  of 
hydrogen  evolut ion can also be neglected.  The mic ro-  
scopic observat ions  and the dependence  of the cu r ren t  
on the  s~uare  of the  t ime for  shor t  t imes  indicates  
that  the  mechanism is s imi la r  to tha t  found in ZnCL, 
e lectrolyte .  However ,  on ly  the cu r r en t  t rans ients  at  
15 and 17 mV could be fitted to Eq. [2]. The da ta  at  
h igher  overvol tages  could not  be fitted to any s imple  
theore t ica l  model.  Close fits could be ob ta ined  for  
models  that  assumed the onset  of a second set of 
nuclei  a f te r  a few seconds. However ,  the microscopic  
observat ions  indica ted  tha t  a l l  the  zinc growths  were  
ident ica l  in size, and no nuclei  beyond  those ins tan-  
taneous ly  fo rmed  by  the poten t ia l  s tep were  observed.  

Table L Values of zFk I and k2No for zinc deposition from 3M 
ZnCI2 electrolyte 

O v e r v o l t a g e  z F k  1 k2No 
( m V )  ( m A / c m  ~) ( t oo l  ~ c m  -a s e e  -~) 

Fig. 5. Scanning electron micrograph of the deposit on glossy 
carbon after 10 sec of electrodepositlon, (A) ZnCI2 at 25 mV, (B) 
ZnBr2 at 18 inV. 

23 15.84 1.42 x 10-~ 
25 32.59 4.13 x 10 -~ 
27 45.27 9.75 x 10 ~ 
30 75.14 4.04 • 10-4 
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The divergence from the simple theoretical model is 
most likely due to the onset of diffusion limitations 
at high current densities. 

Comparison of electrodeposition in 3M ZnCl2 and 
3M ZnBr2.--The nucleation overvoltage is lower 
(~12 vs. ~17 mV) in ZnBr2 than in ZnC12 electrolytes 
and the electrode kinetics are faster in ZnBr2. It is 
known that the complexing halide ions can effect the 
exchange current density for molybdenum deposition 
from molten salts (30). A similar effect apparently 
occurs in the case of zinc in aqueous electrolytes. The 
stability constants for zinc chloride complexes are 
much ~ higher than those for zinc bromide complexes 
(31). This would explain the lower nucleation over- 
voltage and the faster kinetics in ZnBr2 electrolytes. 

Ef]ect of resistance corrections.--When no re.~istance 
corrections are made, the potential step measurements 
yield erroneous results particularly at high current 
densities. The nucleation rate is not greatly affected 
since the initial current is very low. However, as the 
current transient rises the real applied potential at 
the electrode falls and the current transient rises with 
a lower time exponent. At high current densities, the 
current vs. the square root of time yields linear plots. 
Thus, without resistance correction the data could 
be erroneously interpreted as having growth under 
diffusion control conditions. These results, and those 
of Cahan et al. in alkaline electrolyte (21), indicate 
that it is imperative to eliminate resistance effects in 
zinc electrode kinetic measurements. Otherwise, er- 
roneous conclusions on mechanisms can be easily 
made. 
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