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Abstract-The nucleation and growth of Ag(I) oxide layers on polycrystalline Ag electrodes is studied by
potentiodynamic and potentiostatic current transients in 0 .1 M NaOH . A model involving the diffusion
controlled growth of a basal layer followed by the nucleation and growth of a secondary layer is proposed .
Various nucleation parameters are estimated by comparing experimental data with simulated transients,
and the results are discussed in terms of the atomistic theory of electrochemical phase formation. The
influence of the nucleation parameters on the shape of the current transients is analysed and some
controversial results in the literature are explained .

INTRODUCTION

The study of nucleation kinetics involves the evalu-
ation of the steady-state nucleation rate (I,,)[Q, that is
the product r Np, where a denotes the nucleation rate,
and N o is the number density of active sites on the
electrode surface[2] . Usually, nucleation experiments
provide information about 1,1 and/or N, the satura-
tion number of nuclei[3], but not directly No or a. It
should be remembered that N o and N, seldom coin-
cide due to the appearance of exclusion zones around
growing nuclei . However, a method has been pro-
posed to find out both a and No through the
analysis of current transient maxima recorded at a
sequence of constant potentials[4] . This method,
which although it is based on a great many as-
sumptions and it has been reported to be reliable and
self-consistent for mercury electrodeposition on
platinum electrodes[5, 6], opens the possibility-if it
is correct-of obtaining basic information about elec-
trochemical phase formation .

Recently, it was proposed that the electroformation
of Ag(I) oxide layers involves the nucleation and
growth of secondary islands on a basal oxide layer[7] .
On this basis, the voltammetric current peaks AI, Al'
and Al" (Fig. 1) that are observed[8, 9] during anodic
scans in NaOH solutions can be assigned to the initial
electroformation of AgOH monolayer and to a pri-
mary oxide layer (layer I), followed by the nucleation
and growth of 3-D centers (layer II) . Current transi-
ents at a constant potential are more complex, how-
ever, due to the simultaneous growth of the various
layers[7]. Hence, conventional analysis of current
maxima to obtain information about the nucleation
and growth processes is precluded . Nevertheless, the
electrochemical formation of the Ag(I) oxide layer is
an interesting process to be analysed in terms of the
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latest developments in the theory of electrochemical
phase formation .

In the present work simulation techniques are used
to fit theoretical current transients to experimental
data for the potentiostatic electroformation of the
Ag(I) oxide layer on polycrystalline silver, the goal
being to evaluate the nucleation parameters N,, a, and
I,3 . These parameters are then discussed in teens of the
theory of electrochemical phase formation .

EXPERIMENTAL

The electrochemical arrangement consisted of a
polycrystalline (pc) silver electrode (0.05 cm 2 geo-
metric area), a large platinum counter electrode, and a
saturated calomel electrode (sce) as the reference elec-
trode, each being placed in the usual way in a
conventional three compartment glass made cell . Po-
tentials in the text are referred to the sce scale . The
electrolyte was 0.1 M NaOH .

0 .2

E/V

Fig . l . Current density 0)/potential(E) profile for a poly-
crystalline Ag electrode run at v=0 .l Vs - ' between -0.20

and 0.45 V in 0 .1 M NaOH .
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The kinetics of nucleation were studied at 298 K by
means of the potentiostatic step (E,) technique by
recording the corresponding current transients for
different E, values. The perturbing potential pro-
gramme involved a precathodisation at -1 .30 V dur-
ing 60 s, followed by a potential step during a certain
time, t„ to a value set either at -0.27 V, that is, a
potential range which can be assigned to the double
layer region or at the potential of peak Al' (see insert in
Fig . 2). Finally, the potential was stepped to the
selected E, value. A complete description of the exper-
imental setup, electrodes and solution preparation,
and measurements techniques was presented
elsewhere[7] .

RESULTS

The current transients shown in Fig . 2 demonstrate
that the kinetics of the Ag(I) oxide phase electro-
formation depends considerably on the electrode pre-
treatment as well as on the value of the applied
potential step, E,. Thus, a decreasing current transient
results by stepping the potential from the double layer
region to the potential region of peak Al' (Fig . 2a; E,
=0.27 V ; t,=10 s) [7, 8] . In this case, j, the current
density, is related to the growth of a thin (about 10 nm
thickness) primary Ag(I) oxide layer[7, 8, 10, 11] and it
obeys a linear j us t - "' relationship whose slope
depends on the value of E, . This linear relationship
indicates that the primary Ag(l) oxide layer can be
interpreted as a process controlled by a diffusion
through the growing layer[1I] . Accordingly, the fol-
lowing equation is obeyed :

j=P4/t ''2

	

(I)
where P4=z;D'"c ;/n '", and z ;, D i and c; are the
number of electrons per reacting species, the cor-
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responding diffusion coefficient and the concentration
of the species i, respectively . On the other hand, when
the potential step coincides with the potential region
of peak Al", the process related to peaks Al' and Al"
occur simultaneously. Correspondingly, the current
transients exhibit a current plateau (Fig. 2a). As E,
increases, the height of the current plateau increases.
The shape of these current transients is related to the
nucleation and growth of islands of the secondary
Ag(I) oxide layer[7] on top of the primary Ag(l) oxide
layer.

On the other hand, when the electrode is pre-
anodised for a time t, in the potential region of peak
Al', to pre-form the primary Ag(I) oxide layer, the
shape of the current transient (Fig . 2b) changes drasti-
cally and the charge involved is less than that derived
from data shown in Fig . 2a . In this case, the current
density initially decreases reaching a minimum value,
jm, at the time tm , and later it increases sharply to reach
a well defined maximum, jM at the time tM . Finally, the
current decreases following a linear t - '' dependence.
As both t, and E, increase (Fig. 2c) the contribution of
the initial falling current decreases and the value ofj,
becomes much better defined . Thus, jM increases and
both tm and 1M decrease as E, is set more positively.
For t, =600 s, one observes that the tails of the
transients attain a common value which tends to
become independent of E,.
SEM micrographs of the electrode surface were

obtained at E,=0.19 V, ie in the potential range of
peak Al', after anodising for t, =600 s. No crystal
formation could be observed on the electrode at this
potential value for X17000. On the other hand, when
the potential was stepped from E.=0.19 V to E,
=0.30V, ie the potential region of peak Al", a large
number of crystals was seen on the electrode . The
micrographs obtained after an anodisation time, t,
=IM , (t M = 15 ; E,=0.30 V), exhibited a large number of

its

Fig . 2. (a) Current transients at constant E, recorded for a polycrystalline Ag electrode in 0 . 1 M NaOH after
applying to the electrode the following pretreatment : 60 s at - 1 .3 V to electroreduce the silver surface,
immediately stepped to -0 .27 V (double layer region) for 10 s, and finally held at E, for current transients
recording. (b) Current transients at constant E, recorded for a polycrystalline Ag electrode in 0 .1 M NaOH
after applying to the electrode the following pretreatment : 60 s at -1 .3 V, immediately stepped to 0 .19 V
(peak Al') for t,=120 s, and finally stepped to E, for current transients recording . (c) idem as (b) but r, =600 s .

( •) experimental data, (. . . .) calculated using equation (2).



small hemispherical crystals, (d=50nm), together
with a small number of large hemispherical crystals (d
=300 nm). The corresponding number density of
crystals, N,, was approximately 4 x 10 10 cm- ' . Other-
wise, for the same type of experiments, when the
anodisation time at E, lasted for 70 s, one observed an
increase in the diameter of the small crystals and the
development of agglomerates with a complex struc-
ture at sites where large hemispherical crystals were
otherwise formed (Fig. 3), At this stage, a sharp de-
crease in the total number ofcrystals was found, a fact
that can be attributed to a type of Ostwald ripening
effect[ l1] .

DISCUSSION

The formation of hemispherical crystals during the
anodisation of silver in 0 .1 M NaOH, the shape of the
current transients for t > t o „ and the recently reported
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Fig . 3 . SEM micrograph of the electrode surface after anodisation at 0 .30 V for 70 s .
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independence of the growth rate on potential[II],
suggest that a nucleation and 3-D growth process
under diffusion control operates during the electro-
formation of bulk Ag(I) oxide layer . To learn about
quantitative kinetic aspects of this reaction, such as
the nucleation rate, the corresponding rate constant,
and the number of sites available for nucleation, a
model for the complete electrochemical process must
be considered .

Let us suppose that the bulk Ag(I) oxide layer
electroformation includes the formation of the pri-
mary and the secondary layers on top of the Ag(1)
oxygen-containing monolayer, the latter being in di-
rect contact with the metal surface from the early
stages of the process . Let us further assume that the
electroformation of the Ag(I) secondary oxide layer
involves the growth of spherical centers on the Ag(l)
primary oxide layer as one can conclude from SEM
micrographs (Fig . 3) .The growth of each spherical
center implies the diffusion of Ag` ions through the

!/
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Fig. 4. Scheme of the model proposed for the nucleation and growth of the secondary Ag,O layer . The
thickness of the diffusional boundary layers for Agt ions (d,) and for OH - ions (d;) are indicated. The arrows

normal to the boundary layers indicate the direction of the diffusion field for each of those ions.
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primary Ag(I) oxide layer, balanced by the radial
diffusion of OH- ions from the solution (Fig . 4).
However, as the reaction proceeds, the overlap of
diffusion zones from neighbouring nuclei results in a
unidirectional diffusion field perpendicular to the elec-
trode surface . The fact that the kinetic data obey
equation (1)[7, 8, 10, 11] supports the idea that the
growth mechanism is controlled by the diffusion of
Ag(I) ions through the primary Ag(I) oxide layer . This
assumption is supported by the fact that j remains
independent of both solution stirring and OH- ion
concentration in solution[7, 12, 13] . Furthermore,
this means that any OH - ion concentration profile is
fixed by the Ag(1) ion diffusion through the primary
Ag(I) oxide layer.

The current transient equations, derived for nuclea-
tion and 3-D growth under diffusion control in[4], can
be applied directly to the above model although
cautiously because of the great number of assump-
tions involved in deriving those equations . In contrast
to other data-processing techniques[3], in which only
the product aNo or the value of N, is estimated the
equations of[4] allow a and N, to be estimated
separately . In fact, the entire bulk Age) oxide layer
current transient can be expressed in terms of two
distinguishable contributions : (i) the initial falling
current related to the growth of the primary Ag(I)
oxide layer; (ii) the slower current response associated
with the Ag(1) secondary oxide layer. The full equation
is[4] :

Table 1 . Parameters used for current transient fitting according to equation (2)
as shown in Fig . 2 (dotted lines)

D and D', and c and c' are the diffusion coefficients and
the bulk concentrations of the species involved in the
electroformation of the primary and the secondary
Ag(I) oxide layers, respectively . K, denotes a propor-
tionality constant . The first term in equation (2)
accounts for the diffusional growth of the primary
Ag(I) oxide layer, and the second term describes the
nucleation and 3-D growth under diffusion control of
the secondary Ag(I) oxide layer[4] .

The current transients illustrated in Fig . 2 (dotted
lines) were simulated by using equation (2) with the set
of parameters assembled in Table 1 . Those current
transients obtained for t, =600s exhibit excellent
agreement between theory and experiment for the
whole time window (15 s). In contrast, fort,=0 s, good
curve fitting is obtained only for the first few seconds .
In this case the departure between theory and ex-
periment suggests that both Ag(I) oxide layers grow at
the same time, that is, diffusional growth and nuclea-
tion and 3-D growth under diffusion-control contri-
bute simultaneously to the electroformation process .

The values of P, furnish information about the
growth of the primary Ag(I) oxide layer and its
influence on the growth of the secondary Ag(I) oxide
layer . Thus, for t,=0, large values of P` which tend to
increase according to E, are obtained. This fact in-
dicates that the growth of the first Ag(I) oxide layer is
then favoured . Otherwise, when t,#0, the previous
formation of the primary Ag(I) oxide layer implies that
its subsequent growth becomes hindered compared to
t,=0. Then the values of P, appear to be independent
of E, and decrease on increasing t, from 0 to 600 s
(Table 1). Therefore, the flux of Ag' ions through the
primary Ag(I) oxide layer which is required for
building up the second Ag(I) oxide layer becomes
hindered as the thickness of the primary Ag(1) oxide
layer increases.

Other kinetic parameters provide further informa-
tion about the nucleation and growth of the secondary
Ag(I) oxide layer. Firstly, it should be noticed that P1
becomes practically independent of the primary Ag(I)

E,/V P,/mAS1j0cm-2 P2/s P3/s-' P,/MA s112 cm-2

t,=0 s
0.270 1 .45 1.68 0 .31 1 .46
0.280 2.00 1 .79 1 .11 1 .63
0.290 2.67 2.92 1 .19 1 .82
0.300 2.94 3.58 1 .99 2 .10
0.310 3 .03 4.46 4 .97 2 .09
t,=120s
0.280 1 .32 1 .17 1 .63 0 .32
0.285 1 .42 1 .81 2 .19 0.38
0.300 1 .23 4.47 3 .70 0.36
0.315 1 .06 5.29 16.6 0.50
t,=600 s
0.280 1 .35 0.36 1 .64 0.22
0.290 1 .36 1 .67 1 .65 0 .10
0.300 1 .32 2.60 3 .19 0 .13
0.315 1 .23 7.29 6 .59 0.35

i(t)=p4#112 + Pt/t 112{ 1-exp[-P2t+P2/P3
(1-exP(P3t))]} (2)

where :
P,=zFDu2c/a112, (3)
P,=zFD 112c/n112, (4)

P2=K,nD'No ; K,=(8,rMc'/p)112, (5)
P3=a . (6)



oxide layer thickness . An estimation of the value of N,,
from equation (5) can be made provided that the
values of c' and D' are available . The value of c' can be
calculated from the following equation[14] :

r=(2D'c Mt/p) 112,

	

(7)

where r is the radius of growing crystals, and t is the
growth time. Then, by combining equations (4) and (7)
one finds :

c 1I'=P,(2Mnt/p)'"'/zFr .

	

(8)

Equation (8), for t=1 s, r=2.5 x 10 -6 cm as derived
from the SEM micrographs, P, = 1 .5 mA s 112 CM-2 ' M
=231 gmol- ', z=1 and p=7.14 gcm -3, furnishes c'
=0.007 mol cm -' . This value can be introduced into
equation (4) to obtain D' which results D'=1
x 10-11 cmz s

_ 1,
a figure close to the diffusion coeffi-

cient of Ag' ions in bulk Ag 2 0 (4 x 10 -12 cm's-')[15].
This indicates that the transport of OH - ions in the
solution as controlling step for the growth of the
secondary Ag(I) oxide layer should be definitely
discarded[ 1I] .

By introducing c' and D' into equation (5) the value
of N,, in the range of overpotentials (q) covered by the
present work is between 10 10-10 1 ' cm -2 . The over-
potential q is defined with respect to the reversible
potential of the Ag/Ag 20/0.1 NaOH electrode, E,
=0.173 V (sce), so that q=E,-E, . The corresponding
In N, vs q plots can be approximated as straightline
relationships (Fig. 5) reaching a value of No in the
order of 10" cm -2 which is independent of the age of
the primary Ag(I) oxide layer (Figs 5a-c) . Moreover,
the slopes of the straight lines shown in Fig . 5 increase
according to t, . This means that the density of nucle-
ation sites at the primary Ag(I) oxide layer increases
with q. Nevertheless, at lower values of q, N, decreases
as t, increases .
According to the present model the maximum

number of crystals related to the new phase, N„ can be
roughly estimated from the simple relation-
ships[16,17] :

or :

aN, 1/2

N,= K,D 1
.

	

(10)

Thus, for E,=0.30 V, from both equations N, results
10" cm-2, a figure which is close to the number

1
D't„
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(9)

Fig. 5 . In N, vs q plots for different t, .

density of small crystals, N„ in the SEM micrographs
at ts, (Fig. 3). This agreement between the experi-
mental and the theoretical crystal number density
calculated throughout the nucleation and 3-D growth
model under diffusion control contrasts with earlier
reported data where the predicted values of N, were
several orders of magnitude smaller than the observed
ones. The coincidence between N, values found in the
present work appears to be a firm argument in favour
of the proposed model for the Ag(I) oxide phase
electroformation .

The nucleation rate, a, which is included in the
expression for P, (Table 1), increases as q is moved
positively. This fact allows us to derive another im-
portant conclusion about the Ag(l) oxide phase electro-
formation. The nucleation stage can be considered as
an electrochemical reaction instead of a chemical
reaction, so that the supersaturation concentration of
the soluble oxygen-containing species at the outer
Ag(I) oxide layer depends on the following reaction :

Ag=Ag'+e- .

	

(11)

Hence, the dependence of P4 on q should be related to
the q dependent concentration gradient of the Ag'
ions which is established at the primary Ag(I) oxide
layer. In this case n", the number of atoms or
molecules constituting the critical nucleus, can be
determined through the dependence of a on q .

According to the atomistic theory of electrochem-
ical phase formation, both a and q are related through
the equation[11] :

a=k r,exp[-4(n •)/k7lexp[(n•+f3)zeq/kT], ( 12)

where krt is a frequency factor, O(n*) accounts for the
nucleus-ambient phase interaction, S is the transfer
coefficient in the anodic direction, and k and Tare the
Boltzmann constant and the absolute temperature,
respectively . The value of n • comes out directly from
the slope of the In a vs q plot (Fig. 6) . By taking 1g=0.5
and z = 1, the value of n • is found to be I for all t,
values (Figs 5a-c) . This small number of atoms assig-
ned to the critical nucleus justifies post priori the use of
the atomistic approach[19] . Furthermore, the fact
that a appears to be independent of t, indicates that
the time involved in converting an active site into a
nucleus is not affected by the age of the primary AS(I)
oxide layer.

It should be noted, however, that attempts that were
made to fit the current transients exhibiting well-
defined maxima, by using only the second term of
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values of n* such as, for t,=0 and t,=120s, n*=2,
and for t,=600 s, n*=3.

In previous studies the decreasing current transients
related to the Ag(I) oxide layer electroformation were
assigned to a solid-diffusion controlled growth
[8, 10, 12] . Therefore, nucleation and growth as the
rate controlling step of this reaction was discarded,
despite the fact that microscopic observations indi-
cated the presence of isolated crystals growing on a
flat basal oxide layer[1O] . On the other hand, more
recent work supplies evidence in favour of a nuclea-
tion and growth process as the rate controlling step of
the Ag2O phase electroformation[13, 7, 11, 21] . These
discrepancies can be resolved by looking at the influ-
ence of the values F1 , P„ P, and P 4 on the shape of the
current transients in terms of equation (2) (Fig. 7) . It is
clear that a decrease in P, (Fig . 7a) masks the current
maximum in the current transient . A similar effect is
produced when the value of P 4 is increased (Fig . 7c),
that is, when the contribution of the primary Ag(I)
oxide layer becomes more important . Similar effects
are produced when the values of P 2 (Fig. 7d) and P,
(Fig . 7b) are increased . Although peaked current tran-
sients are often taken as diagnostic of nucleation and
growth processes[7], one nevertheless has to be very
cautious not to exclude nucleation and growth pro-
cesses as rate controlling just because experimentally-
observed transients lack peaks . Often, decreasing
current transients may obscure nucleation processes .
So, once again, simulation techniques appear as a
valuable tool to discover the different stages partici-
pating in complex reaction pathways of phase change
processes .

Finally, it is interesting to comment on the physical
factors that govern the different growth modes of the
Ag(I) oxide layer. After the first AgOH monolayer
deposition, a thin primary Ag(I) oxide layer is formed,
possibly epitaxially on the Ag substrate . However, at
sufficiently positive potentials it is likely that the less
hydrous anodic layer in contact with the metal surface
corresponds to an epitaxial Ag 2O layer. This misfit
between the thin Ag(I) oxide layer and the primary
oxygen-containing monolayer should lead to a strain
energy that acts as the driving force for cluster gen-
eration, ie the appearance of the secondary Ag(I) oxide

equation (2), also yielded reasonable agreement be-
tween the experimental data and the theoretical equa-
tion . In these cases, no marked differences in the values
of P, and P 2 were observed; but P, values were higher
than those from the complete equation (2) (Table 2) .
This height, however, decreased as t, increased, ie the
current associated with the growth of the primary
Ag(l) oxide layer decreased . It is quite evident that
even small values of decreasing current transients
related to that reaction can distort the resulting values
of a . Decreasing current transients caused by adsorp-
tion or other processes are frequently observed before
nucleation and 3-D growth transients . These can
easily obscure the information about the nucleation
and growth process in the rising part of the current
transient. Inspection of P, data assembled in Table 2
reveals how this happens . However, one way to over-
come this problem is to simulate the total transient to
obtain the correct nucleation and growth parameters .

The stationary nucleation rate, I,,, is given by the
relationship[20] :

1„=rxNo .

	

(13)

The overpotential dependence of 1„ (Fig . 6) employed
to determine n* usually assumes that the dependence
of N* on q can be disregarded. However, this assump-
tion cannot be justified in the case of the Ag(I) oxide
layer electroformation (Fig . 5). If this were the case,
the slope of the In 1„ vs q plot would furnish unlikely

Table 2. Parameters used for current transient fitting with
the second term of equation (2)

E,/V P,/mA S 112 cm -2 P2/s P3 /s -1

t,=120s
0.285 1 .82 1 .36 14.0
0.300 1 .63 3 .00 29.5
0.315 1 .53 6.43 263.4

t,=600 s
0.290 1 .47 1 .45 2.63
0.300 1 .48 1 .9 9 .56
0315 160 586 2087
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layer[21]. For a degree of misfit (e) greater than 0 .1 a
change from uniform film growth to Stranski-
Krastanov growth (3-f) clusters on the top of several
layers of uniform film) should be expected . By using
the relationship[21] :

ad
a,

where a d and a, are the lattice parameters of the
deposit (ad =4.73 A for Ag i,O) and the substrate (a,
=4.08 A for Ag=AgOH) respectively, it results e
=0.16. This figure explains the change in the mode of
growth of the Ag(I) oxide layer on Ag electrodes in
0.1 M NaOH .

In conclusion, the processes participating in the
formation of the secondary Ag(l) oxide layer can be
summarized as follows :

Ag'(Metal)-.Ag' (oxide/solution),

	

(15)

Ag' (oxide/solution)
+OH- (solution) F Ag(l) oxide (solution), (16)

[Ag(I)oxide] .
+Ag(I)oxide(solution) .--[Ag(1)oxide],,,,, (17)

where n denotes the number of Ag(I) oxide units at the
nucleus. According to the present study one concludes
that the mass transport step (15) is rate determining
for the Ag(l) oxide layer growth at constant potential .
Simplified schemes for the formation of a single Ag(I)
oxide nucleus, for the appearance of neighbouring
nuclei with overlapping diffusion zones and for the

Mechanism of Ag 2O formation
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Fig . 7 . The influence of the different P; (i= l, 2, 3, 4) on the shape of the current transients obtained from
equation (2).

agglomeration of nuclei (presumably equivalent to the
ripening phenomenon as seen through the SEM), are
illustrated in Fig. 4 . In this case the different con-
stituents of the anodic oxide layers, the direction of the
diffusional fields for Ag' and OH - ions, the dif-
fusional boundary layer contours, and their overlap-
ping according to the stage of the anodic process, are
all indicated .
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