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Abstract The classical thermodynamics allow deriving
theoretical expressions for the nucleation work and for the
size of the critical nuclei in a supersaturated system.
However, information on the rate of nucleus formation
should be determined by means of kinetic considerations.
This article sheds light on the nucleation kinetics in elec-
trochemical systems at a constant thermodynamic super-
saturation Afi. Theoretical expressions are derived for the
stationary and non-stationary nucleation rate.
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List of symbols: Kinetic models

o Ion’s transfer coefficient

a! Tonic activity of the electrolyte solution

e Elementary electric charge

E Electrode potential

I Stationary nucleation rate

k Boltzmann constant

T Absolute temperature

n Number of atoms in a cluster of the new phase

No Number of sites on the electrode surface
where nucleus formation takes place

U;, Ui* “Chemical” parts of energy barriers

r Zeldovich factor
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P12 Separation work of a single atom from the half
crystal position

On* Separation work of the nth atom from an n-
atomic cluster

®;* Separation work of a single atom from the ith

site of the electrode surface

KK, Frequencies of appearance and disappearance
of free active sites to and from the electrode
surface

w4, w_, Frequencies of attachment and detachment of
a single atom to and from an n-atomic cluster

Z,(1) Number of free active sites on the electrode
surface

Z,(1) Number of n-atomic clusters

Introduction

Theoretical considerations of the nucleation kinetics are
usually performed assuming that the process of nucleus
formation is a set of consecutive bimolecular reactions of
the type a,—1 + a; — a, where a, is the monomer and a,,_;
and a, are clusters of the new phase consisting of n—1 and
of n atoms, respectively. Thus, bearing in mind that an n-
atomic cluster of the new phase can be formed either by
attaching a single atom to the (n—1)-atomic cluster or by
detaching a single atom from the (n + 1)-atomic one, the
time dependence of the number Z,(f) of the n-atomic
clusters on the electrode surface is expressed as [1] (see
also the references cited therein).

dz,(t)
dr

= [0n1Zu1(t) — 0_nZ,(1)]
- [w+nzn(t) - w—11+lZn+l(t)] (1)

n=1,2, 3...
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Here w,,_1/s” and w,4,/s” are the frequencies of
attachment of single atoms to clusters consisting of n—1
and of n atoms, respectively, w_,, and w_,; are the fre-
quencies of detachment of single atoms from clusters
consisting of n and of n + 1 atoms and Z, (Hlem ™2, Z,(1)/
cm~ 2 and Znﬂ(z‘)/cm_2 are the number densities of (n—1)-,
n- and (n + 1)-atomic clusters on the electrode surface at
time 7.

Stationary nucleation kinetics: a general approach

In case of a constant supersaturation Ai a stationary state is
established in the electrochemical system after a certain
induction period. Thus, the number Z, of the n-atomic
clusters is no more a time-dependent quantity, i.e.,
dZ,(t)/dt = 0 and Eq. (1) turns into

Oin-1Zn-1 — O—pZn = Oy — O—pi1Zny1 = Iy (2)

which defines a constant, stationary nucleation rate I.
Rewriting Eq. (2) for all values of n from n =1 to

n = s—1 one obtains the following set of simple algebraic

equations:

Iy = w 9Ny — w17,

Iy =wnZ —w 27,

Iy = w+nlen71 —0_pZ,

Iy = CU-&—s—]Zs—l —W_sZs

Ny being the number of sites on the electrode surface
where the nucleus formation takes place with a measurable
rate. It was solved firstly by Becker and Déring [2] already
in 1935 under the simplifying assumption that the s-atomic
clusters of the new phase were disintegrated to single
atoms and returned back to the parent phase (in our case the
electrolyte solution) to preserve its initial state and, there-
fore, Z; = 0. Thus, the following expression was obtained
for the stationary nucleation rate

L Ny
st 1 O 00 4y 009050,
W40 W00 W40W41 W42 DLW 4] D204 3...D 4y
or
Ist == NO (4/)
s—=1 1 W_1W_2M_3..00_,

0 Wiy 00041042 Oy

Note that in this general form Eq. (4) applies without
restrictions to all cases of nucleus formation in various
physical systems, of course, if the quantities . and w_ are
defined in a proper way. An explicit theoretical formula for
I in electrochemical systems revealing the supersaturation
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dependence of this most important quantity is derived in
the next section.

Stationary nucleation kinetics

In case of electrochemical phase formation, the frequencies
w,; and o_; of single ions’ direct attachment and detach-
ment' to and from the ith site of the electrode surface at an
electrode potential E are given by the following theoretical
expressions [1, 3-8]:

;= k@ exp(—U;/kT) exp(—ozeE /kT) (5)
w_; = k_jexp(—U; /kT)exp[(1—o)zeE/kT] (6)

Here k,; and k_; are frequency factors, a;‘él is the ionic

activity of the electrolyte solution, o is the ions transfer
coefficient, U; and U;* are the “chemical” parts of the
energy barriers to transfer an atom to and from the ith site
of the electrode surface and the difference U;*-U; defines
the atom’s separation work ¢;* from the ith site. The other
symbols have the same meanings as in Ref. [9].

Suppose now that the ith site of the electrode surface is a
cluster of the new phase consisting of n—1 atoms. In this
case the attachment of a single atom to the ith site is an
attachment of a single atom to the n—1-atomic cluster and,
therefore, the frequency w,; coincides with the frequency
w,,_1 from Egs. (2, 3 and 4). At the same time, the
detachment of a single atom from the ith site is, in fact,
detachment of one atom from its n—1 neighboring atoms
and, therefore, the frequency w_; corresponds to the fre-
quency w_, in Egs. (2, 3 and 4). Thus, the ratio w_/w_;
coincides with the ratio w_,/w,,_; from the theory of
Becker and Doéring [2] and is given by

w_ . zeE
w+nil = aéf:él exp (— %) exp (ﬁ) (7)
where &, = k_, /kyn_1.

Consider now a bulk metal crystal dipped in the elec-
trolyte solution of metal ions with activity a;gl and kept at a
potential E. In this case the frequencies of attachment and
detachment w1, and w_;,, of a single atom to and from
the half crystal position are expressed as [1],

Wy = k+1/261502l exp(—Ul/z/kT) exp|—(azeE/KT)|  (8)

-1 = k_1pexp (Ul o /KT )expl(1-2)zeE/kT]  (9)

where the difference U,,*-U;, = ¢, gives the separa-
tion work of an atom from the half crystal position [9].

! Surface diffusion of atoms adsorbed on the working electrode is not
considered in this article. Information on this subject can be found in
Ref. [1].
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Apparently, a state of stable thermodynamic equilibrium
is established in this electrochemical system at a potential
E = E, at which the condition w 1,(E) = o_1(Ey) is
fulfilled and from Egs. (8, 9) one obtains,

o_1(Ex)  Cipp
w+1/2(EOO) B aé(c)l

exp(—qol/z/kT> exp(zeEx /kT) =1
(10)

where &), = k_i/5/ky1/p. Taking the logarithm of this
expression it transforms into the equation of Nernst for the
equilibrium potential E ., now derived by means of kinetic
considerations:
kT .
E. = Ey, +—Ina™ (11)
' ze
Here Ey, = Zle P12 — kTIn &, /2> is the standard state
electrode potential at an activity a*! = 1.
Bearing in mind that according to Eq. (10) the activity
sol

ay is given by

ad = C1/26Xp(— @12/ kT )exp(zeEx /kT) (12)

and substituting the last expression in Eq. (7), introducing
also the supersaturation Afi = ze(E,, — E) = zen, for the
frequency ratio w_,/w,,,_1 one obtains

On _ Cn (P2 O (_@)
o1 S P kT PAT%r

N g LV _Aa
—exp( T >exp< kT) (13)

W_1W_20_3...00_p,
D441 W42 WDy

Thus, for the product it results:

W_ W20 3...0_, 1 {—nAﬁ +> - nﬂl/z}
= exp

W01 W12. - -Dyp Dyyp kT
1 AG
= 14
Wopp cxp kT (14)

where > i — nfi ), = ®(n) accounts for the difference
between the Gibbs free energies of n atoms when they form
an n-atomic nucleus on the working electrode (3] i) and
when they belong to a bulk crystal of the new phase (nf, )
[see also Ref. [9], Eq. (20)].

The above theoretical formula Eq. (14) tells us that each
term in the denominator of Eq. (4) is an exponential
function of the nucleation work A G(n) of a given n-atomic
cluster of the new phase. Apparently this is valid also for
the term 1/w,o which can be rewritten as
(1/@40) exp[AG(0)/kT] = 1/wyo [1] since the work
AG(0) to form a zero-atomic cluster on the electrode sur-
face equals zero, too, and exp[AG(0)/kT] = 1. Therefore,
the general theoretical expression for the stationary
nucleation rate I can be rewritten as [1]:

N
Iy = 0

s—1 1 AG(n) (15)
0 w., exp{ kT :|

The next step in the theoretical considerations of the
nucleation kinetics consists in the derivation of an explicit
theoretical formula for the stationary nucleation rate which
reveals its supersaturation dependence and the section that
follows describes the classical approach to this problem.

Classical nucleation theory

The classical theory of nucleus formation operates with
macroscopic physical quantities applicable to sufficiently
large clusters of the new phase so that their size n can be
considered as a continuous variable and the work for
nucleus formation AG(n) as a differentiable function. Thus,
the sum in Eq. (15) can be replaced by an integral the
solution of which yields [11, 12]:

Aé(nc)}

(16)

Iy = Ny, I' exp {— T

Here I = [A(N;(nc)/?mekT}l/2 is the so-called non-
equilibrium Zeldovich factor, which accounts for the dif-
ference between the quasi-equilibrium and the stationary
number of critical nuclei at the corresponding
supersaturation.

Assuming that three-dimensional nuclei form on the
electrode surface and accounting for the overpotential
dependence of w.,_, I" and Aé(nc) [1, 9] the formula for
the stationary nucleation rate I can be rewritten as

K
Iy = K, exp(ozen/kT) exp {— n—;} (17)

where the constant K; is determined by the flux of ions’
impingements to the critical nucleus surface’ and
K> = AG(n.)n? JkT.

Dividing the two parts of Eq. (17) by exp(azen/kT) one
obtains
M3D = Klexp |:—%:| (]7/)

where M3p = Iy exp(—oazen/kT). Thus, taking the loga-
rithm of Eq. (17') the latter transforms into a linear InM;p,
versus 1~ relationship:

K
InMsp = Ink; —’7—22 (18)

the slope of which d(InMsp)/dn~2 = —K, allows the
determination of both the nucleation work AG(n.) and the

2 Analytical formulas for K| in case of solid and liquid clusters of the
new phase can be found in Ref. [1].

@ Springer
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size n. of the critical nucleus at any value of 5 according
to:

. T

AG(n,) = ]:7—21(2 (19)
2kT

ne. = —3K2 (20)

What follows presents some experimental data for the
stationary nucleation rate obtained in case of silver elec-
trodeposition on a platinum single crystal electrode [8].

Direct studies of electrochemical nucleation kinetics are
based on examination of the “number N(f) of nuclei vs.
time” relationship by means of a pulse potentiostatic
technique, which consists in the following (Fig. 1).

A triple potentiostatic pulse is applied to the electrodes
of an electrochemical cell containing a solution of metal
ions, the cathodic overpotential 7, of the first one being
sufficiently high to initiate a process of nucleus formation
on the working electrode. During the second pulse the
nuclei grow at a lower cathodic overpotential 7, to
microscopically visible sizes (Fig. 2) and can be easily
counted. Finally, a third, anodic pulse 5, is applied to
dissolve the nuclei formed, thus preparing the electrode
surface for the next triple pulse series.

Most generally, the quantity N(¢) is defined as N(7) =

f(; J(t)dt since in real physical systems the rate of nucleus
formation J(r) = dN(r)/dt could be a time-dependent
quantity. In case of a stationary nucleation process, i.e.,
constant nucleation rate I, N(f) = Iyt and, therefore, one
should expect linear N(f) vs ¢ relationships. However,
Fig. 3 clearly shows that a stationary state is established
after a certain induction period and in such cases the sta-
tionary nucleation rate I should be determined from the
slopes of the linear portions of the experimental N(¢) curves
obtained at different overpotentials 7.

Figure 4 shows a linear InMsp vs 52 relationship
demonstrating an excellent qualitative agreement between

>
~
< 77”
Mg
0
ils
Na
Fig. 1 Triple pulse potentiostatic technique (a schematic

representation)

@ Springer

the theoretical Eq. (18) and experimental data. However,
interpretation of the constant K, based on Egs. (19 and 20)
leads to unexpected results—it turns out that the size n,. of
the critical silver nuclei varies from 6 to 3 atoms within the
whole overpotential interval 0.175-0.205 V. Apparently
this excludes a reliable theoretical analysis of these exper-
imental data based on the classical nucleation theory and the
reason is that the latter operates with macroscopic physical
quantities like surface and volume, which have no physical
significance for clusters consisting of several atoms.

It must be noted that such a crucial contradiction
between the macroscopic classical nucleation theory and
experimental data was observed in various physical sys-
tems and this is what led to the development of the ato-
mistic nucleation theory, firstly, in case of nucleus
formation from a vapor phase [15—17] and then also in case
of electrochemical nucleation on a foreign substrate [4-8]
(see also Ref. [1] and the references cited therein).

Atomistic nucleation theory

In case of small clusters (n < 10), the size n cannot be
considered as a continuous variable, the work for nucleus
formation AG(n) is not a differentiable function and the
sum in Eq. (15) cannot be replaced by an integral. How-
ever, the term corresponding to the critical nucleus con-
sisting of n,. atoms is much bigger than all the rest and the
general formula for the stationary nucleation rate (Egs. 4,
4’) can be rewritten as [1]:

Ist T 000050, NO — Wy, €XP |:_ «T -
X D041 W42W 3.0 p x
(21)

Here the quantity y accounts for the contribution of all
terms corresponding to clusters different from the critical
n.-atomic one. Thus, using the general formula for the
nucleation work AG(n.) = —n.Aji + ®(n.) and expressing
the frequency w.,_ of a single ion attachment to the critical
nucleus as ., = ki, a* exp(—U,, /kT)exp[—oaze(Ex—
1n)/kT], Eq. (21) transforms into [1]:

(ne + oc)zen}

Iy =K" exp[ T (22)

where

Uy, +ozeEn _ ®(n,)
kT PI” ot

(23)

1
K* =Ny —k+n(_aig] exp (—
X

Figure 5 shows the data for the stationary nucleation
rate I, determined from the linear portions of the N(¢)
relationships (Fig. 3), now plotted in semi-logarithmic
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Fig. 2 a Ag;NOy; crystals [13]
and b copper crystals [14]
electrochemically deposited on
a mechanically polished glassy
carbon electrode. Magnification
500X

N@.10%/em™s™

9
Y
6
4t 5
E3
X
E‘ , /
s "
0 2 . . .
0.2 0.4 0.6 0.8 1.0
t10%/s —>

Fig. 3 Experimental N(f) vs ¢ relationships for silver electrodeposi-
tion on a platinum single crystal electrode at various electrochemical
overpotentials (/) n =0.175V, 2) n =0.180 V, 3) n = 0.183 V,
4 n=0185V, (5 n=0190V, ©6) n=0.193V, ()
n=20.195V, (& n=0200V, (9 n=0.205V [8]

coordinates Inly vs n according to Eq. (22). As seen, a
broken straight line is obtained, the slopes dlnly/dn
depending on the size n. of the silver clusters playing the
role of critical nuclei in the corresponding supersaturation
intervals. Thus, making use of Eq. (22) for n. one obtains:

kT d1n I,

ne =— e (24)
ze dn

which results in n.=15 atoms within the interval

(0.175-0.193) V and n. = 2 atoms within the interval
(0.193-0.205) V. Apparently, these values confirm the
applicability of the atomistic nucleation theory to this
particular experimental study since it was developed
namely for the case of high supersaturations and small
clusters of the electrochemically formed new phase.

oo

11 1 1 1 1 1 1 1 I

77-2 e

Fig. 4 Data for the stationary nucleation rate I determined from the
linear portions of the N(f) relationships shown in Fig. 3 (unfilled
circles) and from an independent experiment carried out in the same
experimental system (filled circles), plotted in coordinates InM;p vs
n_z according to Eq. (18) [1]

22T

inl,

181

161

0.17 0.18 0.19 0.20 0.21
n/v—-
Fig. 5 Data for the stationary nucleation rate of silver on platinum

from Fig. 1 plotted in the coordinates of the atomistic theory of
electrochemical nucleation

Detailed experimental studies of electrochemical nucle-
ation kinetics performed in wider overpotential intervals
can be found in Refs. [1, 8].

@ Springer
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The considerations performed thus far clearly show that the
supersaturation dependence of the stationary nucleation rate
I can be schematically presented by the line shown in Fig. 6.

Thus, the fluent curve describes the region of low super-
saturations, corresponding to the classical nucleation theory,
whereas the broken straight line describes the region of high
supersaturations at which clusters consisting of m,, n. and p..
atoms play the role of critical nuclei in neighboring super-
saturation intervals. It corresponds to the atomistic theory of
nucleus formation. Experimental data demonstrating the
broken straight line part of the In/y; vs 5 relationship within
which three different copper clusters play the role of critical
nuclei within neighboring supersaturation intervals can be
found in Refs. [1, 8] (see also the references cited therein).

Non-stationary nucleation kinetics
Classical continuity approach

As I mentioned above a stationary state in a real physical
system is established after a certain induction period (see
Fig. 3) and, therefore, it is important to derive a general
theoretical expression for the nucleation rate J(f) account-
ing for the time dependence of this important quantity.
The classical approach to this problem suggested by Y.
B. Zeldovich [11] (see also Ref. [12] and the references
cited therein) consists in considering the clusters’ size n as a

Y. B. Zeldovich
(1914-1987)

continuous variable and expressing the time dependence of
the number Z(n,) of n-atomic clusters through the following
partial differential equation:

0Z(n,t) 0O 0 [Z(n,1)

2t 2oz, (25} 25)
Here the product

o) =~z 5 |25 (26)

@ Springer

P,

st
3

Fig. 6 Supersaturation dependence of the stationary nucleation rate
(schematic representation)

gives the non-stationary nucleation rate J(n,1), Z.(n,t) being
the number of n-atomic clusters expressed as a quasi-
equilibrium distribution function:

_ O40W41 W42, . . WDyp—|
W_1W_2W_3...00_y

Zne

)

G(n)] on

A
= Npexp|— T

The differential Eq. (25) has no exact analytical solution
but various approximate solutions are known nowadays
[18-30]. It was Zeldovich’s personal opinion, however,
that the continuity approach should not be applied to cases
in which critical nuclei consist of only several atoms.”

Y. B. Zeldovich and R. Kaischev, Sofia, 1979

Namely this Zeldovich comment made me look for
another explanation of the non-stationary induction times,
experimentally observed in case of -electrochemical
nucleation on a foreign substrate and the next section
presents the obtained theoretical and experimental results.

Non-stationary nucleation kinetics on a changing
number of active sites

Electrochemical nucleation on active sites was theoreti-
cally and experimentally examined by various authors and

3 I met J.B.Zeldovich and had the chance to talk with him during his
visit to the Institute of Physical Chemistry, BAS in April 1979.
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a detailed reference list can be found in Ref. [1]. Here I will
mention only the pioneering work of Erdey-Gruz and
Volmer [31], who were the first to notice that nuclei of the
new phase were formed on some preferred sites on the
electrode surface, the work of Fleischmann and Thirsk
[32], who considered the case of equally active sites and
the works of Kaischev and Mutaftschiev [33], Markov
et al. [34-36] and Fletcher et al. [37-42], who examined
the nucleus formation on active sites with different activ-
ities with respect to the process of nucleus formation.
Attention should be paid also to the works of Sharifker and
Mostany [43], Sluyters-Rehbach et al. [44, 45], Mirkin and
Nilov [46], Heerman and Tarallo [47-50] and Danilov
et al. [51-53], who contributed essentially to this very
important subject, too (see also Ref. [30] and the references
cited therein).

It is necessary to note, however, that in most cases the
theoretical studies as well as the performed interpretation
of experimental results were based on the essential
assumption for an initial constant number N, of active sites
on the electrode surface. Thus, during the process of
nucleus formation the number of free active sites could
only decrease for two reasons: the nucleus formation
thereon and the spreading of zones of reduced concentra-
tion and overpotential around the growing stable clusters
since free active sites within such zones were practically
deactivated, too. In what follows I will pay attention to the
more complex case when free active sites may also appear
on the electrode surface due to independent electrochemi-
cal reactions, parallel to the process of nucleus formation
[54-58] (see also Refs. [1, 30] and the references cited
therein).

Consider an electrochemical system comprising a solu-
tion of metal ions and an inert working electrode, which at
time 7 = 0 contains a total number of Ny = Z2 + Z, active
sites. Zo/cm ™2 of them are available active sites and Zy/
cm ™2 are latent active sites, which can be developed only
after polarizing the working electrode to a potential E more
negative than the equilibrium potential E,. Thus, at time ¢
when a cathodic electrochemical overpotential
n = E,, — E is applied to the electrochemical system N(¢)
nuclei of the new phase are formed on the working elec-
trode and the overall nucleation kinetics is described by the
following two differential equations:

az,
i K (No—Z,— N) — (K, +K,)Z, (28)
dN
— =K.Z, 29
5 (29)

Equation (28) describes the time dependence of the
number Z,(f))cm™ 2 of free active sites on the electrode
surface whereas Eq. (29) describes the time dependence of

the number N(¢) of nuclei formed thereon. K /s~ and K,/
s~ ! are the frequencies of appearance and disappearance of
free active sites, respectively, and K,/s~' is the frequency
of appearance of nuclei of the new phase on the available
free active sites.

Having determined Z, = (1/K,,)(dN/d¢) and dZ,/dt = (1/
K,)(d*N/d?) from Eq. (29) and substituting the two
expressions in Eq. (28) the latter transforms into a second-
order differential equation:

2
CZTIZV—I—AZ—]:I—FB(N—NO):O (30)
the solution of which yields the following expression for
the number N(¢) of nuclei of the new phase formed on the
working electrode:

A+1-P A—1 A—A—-P
N(t):No[l—Texp<— . z)+ o
A+
xexp(— ; t)] (31)

Correspondingly for the rate of nucleus formation

J(t) = dN(¢)/dt one obtains:
__ NoB P A— A P
10="2 (155 oo (-537) - (1-45)

xexp(—A;)‘tﬂ (32)

The constants in Eqgs. (30, 31 and 32) read A = K} +
K, + K,, B=K'K,, P = 2K,Z°/N, and 1 = (A* - 4B)"?
>0 [1, 54-58].

As seen from Fig. 7 the rate of nucleus formation (line
1) has a non-zero initial value J(0) = K,,Z, a maximal
value J,, at time #,, given by
1@ —A—P)(A+ 1)

tm:*,‘n )
At 21 P)A—2)

and tends to zero at sufficiently long times. As for the
N(?) relationship (line 2) it starts from zero at ¢t = 0 and
attains the constant value Ny = Zo + Z, at sufficiently long
times.

The general theoretical Eq. (31) predicts N(¢) relation-
ships similar to the experimental ones shown in Fig. 3 if
the inequalities (A — 1)1/2<0.01 and (A + 1)¢/2>5 are
simultaneously fulfilled within a sufficiently wide time
interval At, [1, 58]. In that case exp[—(A — A)t/2] ~
1 —(A—2A)t/2, exp[-(A + A)t/2] ~ 0 and Eq. (31) turns
into the linear relationship N(¢) = I (t—ty), its slope dN(¢)/
dr = I and intercept t, from the time axis giving the sta-
tionary nucleation rate and the induction time as,

_ NoB(A+i—P)

YA+ (33)

@ Springer
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4B — P(A +J)
=< 34
T BATI_P) (34)

In the more simple case when the initial number Z0 of
free active sites tends to zero, the constant P equals zero,
too, and Egs. (33 and 34) simplify to
ZyB
A

2

0= 7+ 1 1

A+ 1)

Iy = (33)

(34)

The performed theoretical considerations clearly show
that in the general case the stationary nucleation rate I and
the induction time 7, depend essentially on the three rate
constants K, K, and K,,. In what follows I consider briefly
three different particular cases in which simpler theoretical
expressions are obtained for Iy and 7, depending on the
values of K}, K; and K,,.

K> K, + K,

In this case, free active sites appear on the electrode
surface with a high frequency K, the slow, rate-deter-
mining step of the complex process of new phase for-
mation is the appearance of nuclei on the available free
active sites with a frequency K, and Egs. (33 and 34)
transform into:

I, = K,Np (35)

1 70
—— (1-Z2a 36
fo K+ < No) (36)

a

Therefore, the slopes dN/dt = I of the linear parts of
the N vs t relationships (Fig. 3) are determined by the
nucleation frequency K, at the corresponding overpotential

Nucleation rate
Number of nuclei

Time

Fig. 7 J(t) (line 1) and N(t) (line 2) relationships corresponding to
Egs. (32 and 31) resp., a schematic representation

@ Springer

whereas the intercepts #, from the time axis contain
information on the frequency K of appearance of active
sites on the electrode surface.

K,> KI + K,

In this case, the slow step of the overall nucleation process
is the appearance of free active sites on the electrode sur-
face and, therefore, the slopes dN/dt of the linear parts of
the N vs t relationships (Fig. 3) are determined by the
frequency K, whereas the intercept #, from the time axis
depends on the nucleation frequency K,,:

Iy =K, Z

1 K, 20 70\
to=—(1- |- Za

K, KN No
K, > K; + K,

Finally, if the frequency K, exceeds essentially the sum of
K} and K, for I and f, it results:

K*tK,
Ist - Ia(a_ N() (37)
1 K-7°
tg=—1(1—-2-24 38
’ &( @%> (38)

which means that both the slopes dN/dt of the linear parts
of the N vs ¢ relationships and the intercept 7, from the time
axis depend essentially on the three rate constants K, K,
and K,,.

Conclusions

The considerations performed thus far clearly show that
nucleation in electrochemical systems is not really a
simple process and requires detailed theoretical and
experimental studies. This is particularly true when active
sites for nucleus formation appear on and disappear from
the electrode surface simultaneously with the nuclei of the
new phase. In this case it is practically impossible to
comprehend and interpret the results of a nucleation
experiment if the latter is performed by means of the
standard triple pulse potentiostatic technique schemati-
cally presented in Fig. 1. To overcome this difficulty we
proposed a modified pulse potentiostatic technique [56,
57] allowing us to fix the energy state of the electrode
surface and to distinguish the actual rate of nucleus for-
mation from the rate of appearance of active sites thereon.
Those who are interested in this subject can find detailed
information also in Refs. [1, 58].
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