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The theory of  progressive nucleation under combined phase boundary  and ohmic limitations of  
growth of  the stable clusters is developed. The theoretical model  is used for the interpretation of  
experimental current transients obtained in the case of  mercury electrodeposition on platinum. 

1. Introduction 

Experimental studies of electrochemical nucleation 
often consist in the recording of potentiostatic cur- 
rent transients. The interpretation of the experimental 
results is usually based on a general theoretical 
expression for the overall current of growth of stable 
clusters given by the integral 

i(t) -=- fo J(u)[1 - O(u)]il(t - u) du (1) 

In Equation 1, J is the nucleation rate related to the 
free electrode surface, 0 is the fractional surface area 
covered by nucleation exclusion zones and i~ is the 
growth current of a single cluster. 

Obviously, in order to derive a theoretical i(t) 
relationship suitable for the interpretation of experi- 
mental current transients it is necessary to know the 
J(t), O(t) and ij (t) dependencies corresponding to the 
given experimental conditions. 

Let us first consider the time dependence of the 
nucleation rate J(t). The electrochemical phase forma- 
tion on a foreign substrate takes place on a finite 
number, No, of active sites present on the electrode 
surface. The formula for J(t), accounting for the pro- 
gressive occupation o f  the active sites by the nuclei of 
the new phase, is 

J(t) = NoA(t) exp I -  ~ A(u) du ] (2) 

where the nucleation frequency A (s ~) relates to one 
active site and can, in principle, be a time-dependent 
quantity. 

Since at the very beginning of the nucleation process 
the decrease in the number of free active sites on the 
substrate can be neglected, the J(t) dependence can be 
presented in a simpler form 

J(t) = NoA(t) (2') 

Many experimental studies [1-7] of the initial stage of 
nucleus formation have shown that J(t) is a monotonic 
rising function of time, attaining a steady-state value 
Jst = NoAst after a time lag to. However, it is not a 
trivial problem to find the actual J(t) dependence 
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corresponding to the non-steady-state nucleation kin- 
etics in a given experimental system. 

For instance, if the nucleation kinetics are described 
in terms of the macroscopic Zeldovich-Frenkel theory 
the J(t) dependence is given by [8] 

J(t) = J s t l l -  2~,  ( - 1 ) " e x p ( - n 2 t / z ) ]  (3) 

where r is the time needed to reach a steady state size 
distribution of subcritical clusters on the electrode 
surface. At the same time, detailed nucleation experi- 
ments performed in some electrochemical systems 
[7, 9] have shown that the experimental time lag is 
not always related to the nucleation induction time, 
r. Thus it was found that in the case of silver and 
mercury nucleation on platinum, the non-steady-state 
effects are most probably attributable to a preceding 
redox reaction leading to the appearance of active sites 
for nucleation on the initially oxidized platinum sub- 
strate. In this case the J(t) relationship is given by [10] 

J(t) = J~t[1 - exp ( - t / r , ) ]  (4) 

where va is the mean time of appearance of an active 
site on the electrode surface and, therefore, reflects the 
changes in the surface state of the substrate. 

All this means that; in general, the non-steady-state 
nucleation kinetics may be determined by both pure 
nucleation effects and parallel electrochemical reac- 
tions modifying the electrode surface. Therefore, 
additional detailed experimentation is needed in most 
cases in order to find out the actual J(t) relationship 
corresponding to a particular experimental system. 
That is why many authors prefer to work in the frame- 
work of the well known steady-state approximation 
(J(t) = J~t) completely ignoring the non-steady-state 
effects in the nucleation kinetics. We should however 
emphasize that this simple approach is justified only 
if it is previously proved that the experimental situ- 
ation corresponds to a steady-state nucleus formation 
process. 

As is seen from Equation 1 the calculation of 
a progressive current transient requires knowledge 
of the time functions i t (t) and O(t). The electrochemi- 
cal growth of a single cluster has been considered 
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by many authors [l t-19] and different expressions 
were obtained for il depending on the rate determining 
step. In this study we shall calculate the current of 
progressive nucleation (Equation 1) using the i~(t) 
relationship derived for the case of combined phase- 
boundary and ohmic limitations of the growth process 
[191. 

Finally, let us briefly comment upon the physical 
nature of the nucleation exclusion zones which play a 
significant role in the advanced stage of nucleus for- 
mation. Three different cases can, in principle, be 
considered: 

(i) In dilute solutions zones of reduced concentration 
of electrodepositing species arise around the growing 
stable clusters. The O(t) dependence accounting for the 
spread and overlap of such zones is derived in several 
papers [12, 20-23]. 

(ii) In concentrated electrolytes the nucleation 
exclusion zones are, in fact, zones of reduced over- 
potential appearing around the growing clusters 
as a result of the local ohmic drop in the electrolyte 
[14, 19, 24]. The O(t) relationship for the case of com- 
bined phase-boundary and ohmic limitations will be 
considered elsewhere [25]. 

(ii) In the very initial stage of the growth process, 
when the ohmic and diffusion resistances can be 
neglected, the O(t) dependence accounts only for 
the spreading and coalescence of the stable clusters 
themselves. Such phenomena have been studied in 
[12, 26-32] for different cluster geometries. 

It is the aim of this study to consider the cur- 
rent of progressive nucleation in concentrated sol- 
utions of electrodepositing ions under the following 
assumptions: 

(i) The nucleus formation is a steady-state process 
( y ( t )  = Y,t). 

(ii) Combined phase boundary and ohmic limi- 

tations determine the growth current of the single 
cluster. 

(iii) The spread of nucleation exclusion zones can 
be neglected in the initial stage of the deposition pro- 
cess (O(t)  = 0) .  

2. Theory 

Detailed study [19] of the mixed phase boundary 
and ohmic controlled growth of the single cluster 
shows that in this case the exact i~(t) relationship 
can be presented only in the form of a numerical 
solution. Correspondingly, the current i of progressive 
nucleation should be obtained by numerical integration 
of Equation 1. The circles in Fig. 1 illustrate the results 
from the calculation of the current of steady-state 
nucleation and growth of hemispherical silver clusters 
(z = l, Vm = 1.71 X 10 23 cm 3) at the overpotential 
AE -- 0.1 V. The values of the specific conductivity 
(ke), the exchange current density (1"0) and the tran- 
sition coeff• (cO used in these calculations are 
ke = 0 .2f~- lcm -1, i 0 = 10Acm -2 and c~ = 0.8, 
respectively. The steady-state nucleation rate is 
assumed to be Jst = 1 s -1 cm -2. 

The influence of the non-steady-state nucleation 
kinetics on the progressive nucleation current is 
demonstrated by points in Fig. 1. These data are 
obtained using Equation 4 for J ( t )  with ~ = 0.1 s. As 
is seen, the non-steady-state effects cause a decrease in 
the current i in the very initial stage of the nucleation 
process. For sufficiently long time, t > 1.5s, both 
current transients almost coincide. 

As shown in [19] the growth current of the single 
cluster can be approximately presented by the analyti- 
cal relationship 

i ,( t)  = a (1 + 2bt) 1/2 1 (5) 
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Fig. 1. Time dependence of the current of progressive nucleation and growth for a steady-state (o) and a non-steady-state (e) nucleation 
process. 
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Equation 5 holds good for short times if 

2~C ( kT fk~  ~2 (6) 
a = a~ = ~bi----T\ zeB J 

b = bs = 24//2 __CB i2Vm (7) 
49 kTyk~ 

and for long times if 

1 2~AEkTfZk~ (8) 
a = ai = ~ ioze 

2~p 2 zeAE 
b ~-- b 1 : 49 f k e (kT)2  i27-)m (9) 

The parameters C and B in Equations 6 and 7 are 
given by 

C = exp (~zeaE/kT) - exp [ - (1  - cOzeAE/kT] 

B = ~ exp (: tzeAE/kT) 

+ (1 - u)exp [ - (1  - cOzeAE/kT ] 

and 4J and 49 are functions of the wetting angle 7- f i s  
a dimensionless coefficient [19]. 

Combining Equations 5 and 1 with J ( t ) =  J~t 
and O(t) = 0 one obtains an approximate analytical 
expression for the progressive nucleation current 

a 
i(t) = -/st ~ [(1 + 2bt) 3/2 

+ 3(1 + 2bt) 1/2 - 6bt - 4] (10) 

Lines 1 in Fig. la and b demonstrate Equation 10 
tbr short and long times, respectively. As can be seen 
the analytical current transients are good approxi- 
mations to the exact solution for times shorter than 
2 ms and longer than 2 s, respectively. 

For comparison line 2 in Fig. la presents the steady- 
state current transient in the case when the ion tran- 
sition across the electrical double layer is the only rate 
determining step of the growth process. As is known 
in this case the current, i, of progressive nucleation is 
given by [12] 

~k 3 47z 2 .3 ..~3 t3 (11) 
i(t) = J~t gp2 3 (ze) 2 'Urn/0 ~ 

Correspondingly, line 2 in Fig. t b shows the progres- 
sive current transient when the growth kinetics are 
determined only by ohmic limitations from the very 
beginning of the deposition process. Under these con- 
ditions the current of the single cluster is given by [1 1] 

( ~1/2 ( f k eAE)  3/2fl/2 (12) 73 m 
i,(t) = 2~ \ ~e~ J 

and after integration for the steady-state current tran- 
sient one obtains 

4re ( v m ~,/2 ( f k ~ A E )  3/2t3/2 (13) 
i(t) = At T \ ze49 J 

It is seen from Fig. 1 a and b that the two limiting cases 
-- pure phase boundary transition control and pure 
ohmic control of growth (lines 2) - differ significantly 
from the exact numerical solution. 

Another approximate expression for the progres- 
sive nucleation current which is of particular interest 
for the interpretation of some experimental results is 
now considered. It was shown in [19] that within the 
time interval 

190(kT)2fke 1 49 
At = VmzeAE /02 q~2 (14) 

the current, il, of growth of the single cluster can be 
represented by 

i~(t) = 2n(fkeAE)3/2(vm/ze49)l/2tl/2 2nAEkTf2k~ 
qJioze 

05) 
In this case substituting Equation 15 into Equation 1 
gives the following progressive current transient 

i(t) ---- "]st ~-~ (fkeAE)31:(Vm/Ze49) 1/2 t3j? 

2~AEk T f  2 k 2 
- J~t t (16 )  

~bioze 

Thus the experimental data for the current i should 
be linearized in coordinates i/t against ?/2 (Fig. 2). 
The slope and the intercept allow calculation of the 
exchange current density, i0, and the steady-state 
nucleation rate J~. 

3. E x p e r i m e n t a l  

3.1. Electrolyte, electrodes, experimental method 

The electrolyte was 1M aqueous solution of 
Hg2(NO3) 2 containing 3 x 10 -6 M of the safronic dye 
used previously in another study [33]. The working 
electrode was a platinum polyfaced single crystal 
sealed in a glass tube. Bulk mercury was used as a 
reference electrode and all overpotentials were 
referred to its equilibrium potential E0 (r/ = E 0 - E). 
The design of the electrochemical cell allowed per- 
manent temperature control of the electrochemical 
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Fig. 2. Plot of it ~ against t 1/2 according to Equation 16. 
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,Fig. 3. Experimental current transients 
(lines) obtained at different overpoten- 
tials and calculated values of i (rn, A, 
O, t ,  O) resulting from the best fit 
procedure. 

system (T = 308K) and direct microscopic obser- 
vation of  the working electrode. 

The experimental study was performed by two 
independent methods. 

1. Microscopic registration of the 'number of nuclei 
( N ) - t i m e  (t)' relationships using the well known 
double pulse technique [1-7]; 

2. Simultaneous recording of potentiostatic cur- 
rent transients by means of  a Tektronix 5441 storage 
oscilloscope. 

The first method provides direct information on the 
nucleation rate (J( t )  = dN/d t ) ;  the second one allows 
data for the nucleation and growth parameters to be 
obtained using a suitable theoretical model for the 
interpretation of  the current transients. 

4. Results and discussion 

Figures 3 and 4 show sets of current transients and 
'number of nuc le i - t ime '  relationships recorded 
in the same time interval. As can be seen from Fig. 4, 
after a short induction time the nucleation rate 
(the slope of the N(t)  curves) at each overpotential 
becomes constant. This justifies the steady-state 
approximation (J( t )  = Jst) for the interpretation of 
the experimental current transients. Note, however, 
that the steady-state approximation is not justified 
when the nucleation occurs in pure mercury nitrate. 
Indeed, in this case the intercept, to, from the time axis 

of the N(t )  relationship (line 1 in the insert of Fig. 4) 
is commensurate with the length L of its linear portion 
corresponding to the steady-state nucleation process, 
tolL = 0.5. The same ratio calculated in the presence 
of the safronic dye (line 2 in the insert) is much lower, 
tolL ~ 0.05. As for the marked non-linear behaviour 
of the N(t )  curve (line 1) at long times, this is due to 
the spread and overlap of the nucleation exclusion 
zones which cannot be neglected in pure 1 M Hg 2 (NO3)2 
solution. 

In the following we attempt to describe the experi- 
mental current transients (lines in Fig. 3) by numerical 
integration of  Equation 1 with O(t) = O, z = 2, v m = 
4.90 x 1 0  -23 cm 3, 0~ = 0.7, T = 308 K. The steady- 
state nucleation rate, Jst, needed for this calculation is 
determined for each overpotential, t/(except for r/ = 
0.088V), from the slope of the corresponding N(t)  
relationship (Fig. 4). The value of the effective specific 
conductivity f k e  = 0.057 f~-] cm-] is found by an 
independent experiment measuring the growth cur- 
rent of macroscopic mercury droplets in the same 
experimental system and interpreting the current tran- 
sients according to Equation 12. (the specific conduc- 
tivity found by conductometric measurements in the 
same electrolyte is ke = 0.051 f~ ~ cm-L This means 
that in the case under considerat ionfis  close to unity 
( f  = 1.12)). The value of the wetting angle, 7 = 140~ 
is taken from [34]. Thus, only one experimental par- 
ameter is needed to calculate the progressive current 
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Fig. 4. 'Number of nuclei time' relation- 
ships obtained for different overpotentials. 
Insert: N(t) relationships obtained at t/ = 
0.087V in pure 1M Hg2(NO3) 2 (line 1) and 
in presence of safronic dye (line 2). 
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transients, namely, the exchange current density, i0, 
which must not depend on the overpotential, q. 

The results of a best fit procedure based on Equation 
1, with i 0 as a free parameter, are shown in Fig. 3 
where the circles represent the fitted values of i 
obtained with i0 = 0.37Acre -2 for t/ = 0.087 and 
r/ = 0.090V, i0 = 0.36Acm 2 for t/ = 0.089V and 
i0 = 0.41 Acm -2 for r/ = 0.091V. Note that for each 
overpotential the fitting is restricted to a time interval 
corresponding to the linear parts of the N(t) relation- 
ships. Thus we avoid the possible effects of spread and 
overlap of the nucleation exclusion zones which would 
decrease the overall progressive nucleation current. 
Such effects explain the disagreement between the 
experimental and the fitted transients observed at long 
times. 

Since at r/ = 0.088 V an experimental N(t) relation- 
ship was not measured the fitting procedure at this 
overpotential was carried out in a different manner. A 
mean value of 0.38 Acm -2 was used for i0 and Jst was 
determined as a free parameter. As is seen from the 
In Jst against r/plot (Fig. 5), the value of the nucleation 
rate found in this way (J~t = 3.2 x 103 s -I) agrees 
well with the data from the direct N(t) experiment. 
From the slope of the linear plot of In Jst against q 

d in Jst 
= (nk + e ) ze / kT  (17) 

d~/ 

the size nk of the critical nucleus corresponding to this 
experiment was found to be nk = 6 atoms. 

5. Conclusions 

The present study proposes theoretical expressions for 
the progressive nucleation and growth current in con- 
centrated solutions of the electrodepositing species. 
The theoretical model does not account for the spread 
and overlap of nucleation exclusion zones and should 
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]!Zig. 5. Plot of In J~ against r/for the data obtained from the N(t) 
experiment (n) and by fitting of current transient (o)_ 

only be used for the interpretation of experimental 
current transients registered in the initial stage of the 
deposition process. The attempt to describe experi- 
mental 'current-time ' relationships obtained in the 
case of mercury electrodeposition demonstrated a 
good qualitative agreement with the theoretical con- 
siderations. It is worth noting here that the well known 
theoretical models for the progressive nucleation and 
growth current (Equations 11 and 13) failed to give a 
satisfactory description of these experimental transi- 
ents: the data for the current could not be linearized in 
an i against t 3 plot as predicted by Equation 1 I. As for 
their analysis in an i against ill2 plot (see Equation 13), 
it led to unrealistic values for the specific conduct:[vity 
(k e ~ 8 • 1 0 - 3 ~  - I  c m - 1 ) .  

Our experimental study consisted in simultaneous 
recording of N(t) and i(t) relationships and this 
allowed use of only one free parameter (i0) for the 
theoretical analysis of the potentiostatic current tran- 
sients. Thus, the fitting procedure, although performed 
for a relatively short part of the current transient, was 
rather sensitive to small changes (in the order of 10%) 
in the value of the exchange current density. It is 
known, however, that much experimental work on 
electrochemical phase formation is carried out by 
measuring only the 'current-time' dependence. In 
such cases the experimental results should be inter- 
preted by using more free parameters, i0, Jst and also 
the wetting angle, 7, and the effective specific conduc- 
tivity, fk~,  if the last two quantities are not deter- 
mined by independent measurements. Bearing in 
mind that the exact i(t) dependence cannot be pre- 
sented as an analytical function of time, it is clear 
that such an interpretation will involve complicated 
numerical calculations. The mathematical treatment 
can be simplified by the approximate analytical 
expression for the progressive nucleation current 
given by Equation 5. Of course, only approximate 
estimates of the nucleation and growth parameters 
will be obtained in this case. 

Another crucial point in the analysis of experimen- 
tal current transients is how to restrict the fitting 
procedure on the time scale where the fractional sur- 
face area, 0, is negligibly small. To find 0 under given 
experimental conditions is in fact a rather complicated 
problem which will be considered in detail elsewhere 
[25]. An approximate estimate of this quantity can be 
made assuming that all nuclei appear simultaneously 
at the very beginning of the deposition process. In this 
case 

0 = Nzc02/S (18) 

where the zone radius, if, is [19] 

= i,(t)/[2~fk~AE(1 - t/JAE)] (19) 

In Equations 18 and 19, N is the number of nuclei 
formed instantaneously at the very beginning of a 
potentiostatic pulse of duration t. S is the electrode 
surface area and 70 is the actual overpotential at the 
zone periphery. Obviously, such an estimate of 
0 would be strongly exaggerated when the nucleation 
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is a 'progressive' ( N  = Jst t) and not  an ' instantaneous'  
process.  
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