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A model  of  the stepwise decreasing current mode of  electrodeposition of  metals has been developed 
and checked with experiments. The electrodeposition of  copper has been used for this purpose. It has 
been shown that the deposition time in the stepwise decreasing current mode, for sufficiently high step 
number,  becomes close to that in potentiostatic deposition. 

Nomenclature 

C concentration 
Co initial concentration 
D diffusion coefficient 
F Faraday constant 
i integer 
I current 
I0 initial limiting diffusion current 
k integer 
m number 
n number 
Q quantity of electricity 

S electrode surface area 
t time 
t~ deposition time for k current steps 
t* limk_~ t~ 
t,~ deposition time required to decrease concentra- 

tion from (m + 0.1)(70 to mCo by t = mI o 
t, deposition time required to decrease concen- 

tration from Co to riCo by I = nIo 
U cell voltage 
V volume of solution 
z number of electrons 
6 thickness of the diffusion layer 
z defined by Equation 3 

1. Introduction 

In the electrowinning of metals and in the charging of 
some chemical power sources the concentration of 
reacting species decreases with time. In these cases a 
maximum reaction rate occurs at overpotentials which 
correspond to the diffusion limiting current density 
plateau under potentiostatic conditions. Potentiostatic 
electrolysis is easily performed in laboratory size cells, 
but difficulties arise on a practical scale because of the 
need for a high power potentiostat, as well as diffi- 
culties in the measurement of potentials in closed 
systems. On the other hand, potentiostatic deposition 
of metals at limiting current produces rough and pow- 
dered deposits [1]. It was shown recently [2, 3] that 
electrodeposition of metals from a bath with insoluble 
anode and limited volume of solution can be consider- 
ably accelerated using galvanostatic stepwise decreas- 
ing current deposition without negative effects on the 
quality of deposit. 

The purpose of this work is to present an analysis of 
this method of metal electrodeposition. 

2. The statement of the problem 

Maximum deposition rate is obtained by operating at 
potentials corresponding to limiting current at all con- 
centrations of reacting species. The limiting diffusion 
current under diffusion control [4] varies with time 
according to 

,_-  0exp(- 
and concentration of metal ion according to 

where 

C = C 0 e x p ( - ~ )  (2) 

6V 
r - SD (3) 

The concentration of metal ion in solution can be 
decreased to the desired value by choosing a corres- 
ponding deposition time. 

During galvanostatic deposition the change of 

0021-891X/88 $03.00 + .12 �9 1988 Chapman and Hall Ltd. 807 



808 M.D. MAKSIMOVI(~, K. I. POPOV AND LJ. N. NIKOLIC 

concentration is given by [2, 3] 

It 
C = C0 - z-'ff-D (4) 

and the largest current which can reduce the concen- 
tration from Co to nCo with current efficiency 1, is 
obviously nlo, where n < 1. After the concentration 
nCo is reached, the deposition current, nlo, becomes 
limiting and further deposition produces dendrites 
after an induction time equal to the corresponding 
transition time [5, 6]. Taking into account, to the first 
approximation, that 

SzFDCo 
lo - ~ (5) 

and substituting nCo and nIo in Equation 4 one obtains 
the time required for the concentration change from 
C o to nCo in the galvanostatic regime as 

1 - n  
t~ - - -  ~ (6) 

n ..,~ 

assuming that D and h do not change significantly 
with decrease of the concentration. For example, if 
n = 0 . 1  

t0.1 = 9z (7) 

Obviously, the same decrease of concentration can be 
realized by arbitrarily chosen stepwise decrease of cur- 
rent if the last deposition current is 0.110. The initial 
current may be 0.910 and the difference between cur- 
rent steps 0. lI0. Deposition times for each current can 
be calculated from the equation [2] 

mSDCo 
mC o = (rn + 0.1)C0 6V t,, (8) 

a s  

0.1 
t,~ - ~ (9) 

m 

where m = 0.1, 0.2 . . . . .  0.9. The time required to 
decrease concentration to 0.1 Co by this regime is then 
given by 

~ 0 . 1  
t = - - � 9  ~ 2.8~ (10) 

0.1 m 

It is easy to show, using Equation 2, that the same 
concentration decrease in potentiostatic deposition 
will be obtained after 

t = 2.3~ (11) 

Hence, the same final concentration can be obtained 
by the stepwise and constant current modes, but the 
former gives a three times shorter deposition time, 
similar to potentiostatic deposition. At the same time, 
dendritic growth [7] in the stepwise decreasing current 
mode is avoided if, at the moment when the over- 
potential reaches the value corresponding to the transi- 
tion time for the starting current 0.910, the current is 
reduced to the next step 0.810 and so on. The optimiza- 
tion of the stepwise decreasing current mode in respect 
of deposition time can be performed as follows. 

It is obvious that for the iniital current Ii (/1 < I0) 
the deposition time according to Equation 6 is 

I0 - Ii 
tl - - -  ~ (12) 

Ii 

if 

n -- (13) 
I0 

the corresponding quantity of  electricity is given by 

QI = I~tl = ( I o -  I~)~ (14) 

For  the second current step 12 < I~, the quantity of 
electricity is given by 

02 = I2t2 = ( 1 1 -  I2)z (15) 

and deposition time for the two current steps is then 
given by 

l o - l l  I, - I 2  
t~" = tl + t2 = - - z  + - - T  (16) 

I, /2 

From the condition Ot*/OI~ = 0 one obtains 

I1 (17) 12 = I 1 ~  

as the current providing minimum deposition time for 
the first two steps. 

Substitution of/2 from Equation 17 into Equation 
16 gives 

I 0 _  1)~ (18) t* = 2 ( ~  

1 . 5 -  
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Fig.  1. Cell  po t en t i a l  as  a f u n c t i o n  o f  depos i t i on  t ime for  1 = 0 .1 I  0. 
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F i g .  2 .  t ,  a s  a f u n c t i o n  o f ( 1  - n)ln, f o r  r = 6 6 r a i n .  

meaning that Equation 25 gives 

In the same way or 

i? 

2 ( / o  ) I0 /3 
t* = t* + t 3 = \ i  1 - -  1 Z + /3  Z 

and from at*lOSt = 0 

I 3 ~- l , ( I I ~  2 
\7-0/ 

Obviously, 

and 

t3 = t2 = tl = (~ i  -- 1 ) r  

It is easy to show that for the kth step 

(11~ k '  
I ,  = I, \ T o j  

and 

as well as 

\ I ,  

t I = t 2 = . . . = 

I t  f o l l ows  f r o m  E q u a t i o n  24 tha t  

s0 

and substitution of  Io/I 1 from 

(20) 

tk (25a) 

(26) 

Equation 26 into 

and 

t~[ = k [ ( ~ )  ' / k -  l l z  (27) 

( 'y I0 , + tk (28) 
T~ = 

( '_,'7 lim 1 + = exp (t'/z) (29) 
(21) k ~  kzJ 

It follows from Equation 29 and Equation 28 that 

I = I 0 exp ( - t * / r )  (30) 

(22) meaning that for k --* 0% Equation 30 becomes the 
same as Equation 1 for t = t*. Hence, with sufficiently 
high k, the stepwise decreasing mode becomes similar 
to the potentiostatic mode. 

(23) The last current step determines the final concentra- 
tion of the solution, and it is convenient to relate the 
currents of  each step to the final one. It follows from 
Equation 24 that 

(24) / L \  
s, = ( 3 , )  

\So) 
/2 is, according to Equations 17 and 31 

4 = so \77o) (32) 

and for the ith current step 

< = (33) 

Hence, the stepwise decreasing current mode, requiring 
minimum deposition time (see Equation 25) for given k 
and given I~/lo ratio can be obtained using Equation 33. 
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Fig. 3. log I as a function of deposition time in potentiostatic deposition, for I 0 = 120 mA and z = 65 min. 

In this case, the corresponding quantity of electricity 
is given by 

k k 

Q = ~ Iit i = -c ~ (//-1 - -  / / )  = Z(Io - Ik) 
i = 1  i = 1  

(34) 

because of 

i - 1  - / i  
t i  - - -  ~ ( 3 5 )  /, 

o r  

Ik ) (36) 
Q = Qo 1 - T o  

where Q0 = I0 r. This means that the last current step 
determines the overall quantity of electricity used. 

3. Experimental  details 

Copper was deposited onto a cylindrical copper elec- 
trode (surface area 20.4 cm 2) from a solution contain- 
ing 0.1 moldm 3 CuSO4 and 0 .5moldm -~ H2SO 4 in 
an open cell (volume of solution 20.0cm 3) at room 
temperature (22 ___ 1 ~ C). The counter electrode was 
made of platinum, and a reference electrode of copper 
was used in potentiostatic measurements. Deposition 
was carried out potentiostatically and galvanostatic- 
ally in constant and stepwise decreasing current modes. 
The potential difference between the anode and the 
cathode was recorded. The galvanostatic experiments 
were carried out in two steps. Firstly, potential-time 
dependences for constant currents were established. 
This yielded the transition time and the corresponding 
potential. Secondly deposition was carried out using a 
stepwise decreasing current mode. At the moment 
when the potential reached the value corresponding to 
the transition time for the starting current the current 
was reduced to the next step and so on. All deposition 

currents were defined as fractions of limiting diffusion 
current. 

4. Results and discussion 

From polarization curves for Cu deposition, using 
D = 0.67 x 10 5cm 2s-I it was possible to deter- 
mine6  = 2.3 x 10 -2 cm and z of 56min. In Fig. 1 
the potential-time relationship for I = 0.110 is shown. 
Transition times and transition cell potentials for all 
currents used were extracted from the plots similar to 
Fig. 1. 

In Fig. 2 the dependence of t~ as a function of 
(1 - n)/n is given, and v = 66min is determined 
from the slope which is in good agreement with the 
calculated value. 

In Fig. 3 the log I- t  dependence for potentiostatic 
deposition at 260 mV is given. The linear dependence 
shows that correct approximations are used up to 
120 min of deposition. The value of r, extracted from 
Fig. 3, is 65 min, which is in good agreement with the 
earlier determined value. The current densities at higher 
deposition times are somewhat larger than expected, 
probably because of reduction o f  dissolved oxygen 
and increased electrode surface roughness which 
leads to the increase of apparent current density in 
potentiostatic deposition. 

On the basis of the known transition potential 
for each current it was possible to create stepwise 
decreasing current modes as shown in Fig. 4 for k = 2 
and in Fig. 5 for k = 4. It is seen that the stepwise 
decreasing current mode, with the best current step 
mode calculated using Equation 33, exhibit minimum 
deposition time required to obtain a final concentra- 
tion of  0.1 Co. It is also seen that the duration of the 
current steps in the best modes are closer to each other 
than in arbitrarily chosen modes, as predicted by 
Equation 35. The stepwise decreasing current modes 
with the best step differences for k = 3, 5 and 6 are 
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Fig. 4. Stepwise decreasing current modes for k = 2. (a, b) Arbitrary chosen modes; (c) the best stepwise decreasing mode. 
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Fig. 7. The best stepwise decreasing current modes deposition time 
as a function of number of current steps. 

shown in Fig. 6. As expected, the deposition time 
required to obtain a final concentration 0.1 Co decreases 
with increased number of  current steps. 

Deposition times extracted from Figs 4c, 5c and 6c 
as a function of k are shown in Fig. 7. The full line 
represents the dependence calculated from Equation 27 
(for t = t~) and the points are the experimental val- 
ues. A stepwise decreasing current mode with six cur- 

rent steps is a good approximation to potentiostatic 
deposition with respect to deposition time. Dendritic 
growth in such conditions is avoided, as discussed 
earlier. Constant voltage electrolysis is a better approxi- 
mation of potentiostatic deposition with respect to 
electrolysis time, but dendritic growth in such a situa- 
tion is possible. The specific energy consumption at 
constant current efficiency depends only on cell voltage. 
Both potentiostatic and constant voltage electrolysis 
are obviously less suitable than the stepwise decreas- 
ing current modes from this point of  view. 

It seems, however, that the analysis of  such modes 
is more important  for application in the fast charging 
of  storage batteries than in metal electrowinning I t  
was shown recently [8-11] that the charging time of 
some storage batteries can be considerably decreased 
by using stepwise decreasing current modes. This 
paper explains the beneficial effects of  such modes if 
diffusion in the solution is the charging rate determin- 
ing step. Other aspects, such as rate control by the 
diffusion through the layer of  reaction products, will 
be the object of  further investigations. 

References 

[1] A.R. Despi6 and K. I. Popov, Mod. Aspects Electrochem. 7 
(1972) 199. 

[2] K.I. Popov, M.D. Maksimovi6, B.Z. Nikoli6 and 
V. M. Naki6, Bull. Soe. Chim Beograd 48 (1983) 153, 

[3] K.I. Popov, M. D. Maksimovi6 and Lj. N. Nikoli6, J. 
Serb. Chem. Soc. 52 (1987) 495. 

[4] J, O'M. Bockris, Mod. Aspects Electroehem. 1 (1954) 260. 
[5] O. Kudra and E. Gitman, 'Elektroliticheskoe Poluchenie 

Metallicheskiekh Poroshkov', Izd. Akad. Nauk. Ubr. 
SSR, Kiev (1952). 

[6] O. Kudra and M. E. Lerner, Ukrain. Khim. Zh. 17 (1951) 
890, 

[7] K.I. Popov, M. G. Pavlovi6 and M. D. Maksimovi6, J. 
Appl. Eleetrochem. 12 (1982) 525. 

[8] V. Vidojkovi6, K. Popov, P. Rakin, Lj. Vra~ar and M. Voj- 
novi6, Hem~ska Industrija 29 (1975) 401. 

[9] K. Popov, M. Maksimovi6, M. Vojnovi6 and D. Mitrako- 
vi6, Vojnotehni(ki glasnik 32 (1984) 687. 

[10] M. Maksimovi6, K. Popov, M. Vojnovi~, D. Mitrakovi6 
and M. Rokni6, ibid. 32 (1984) 692. 

[11] M. Maksimovi6, S. Uro~evi6, Lj. Nikoli~ and K. Popov, 
ibid. 34 (1986) 449. 


