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Silver electrocrystallization from a nonpolluting aqueous
leaching solution containing ammonia and chloride
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Silver electrocrystallization from aqueous solutions at pH 11, pC10 and pNH; — 0.2, where Ag(NH3)3
is the dominant Ag(1) species, has been studied. In spite of the complexities of this medium, the
experimental results can be satisfactorily described in terms of multiple nucleation and diffusion-
controlled growth of hemispherical nuclei. Nucleation rates, 4, and number densities of active sites
on the electrode surface, Ny, were determined from potentiostatic current transients as a function
of overpotential. Saturation number densities of silver nuclei on the electrode surface obtained
from the 4 and N, values were found to be in excellent agreement with those obtained from the direct,
microscopic observation of the electrode surface. Spatial distributions of nuclei were also analysed for
silver electrodeposited at different potentials. It was found that nuclei were uniformly distributed when
electrodeposited at low overpotentials, whereas inhibition of nucleation close to already established
nuclei occurred at higher overpotentials. From the change of the true nucleation rate with overpoten-
tial, it was found that the critical nucleus is formed by a single atom within the —100 to —300 mV over-

potential range.

1. Introduction

The early stages of electrochemical phase formation
at constant potential onto foreign substrates have
been considered theoretically by several authors
[1-13], who have described the functional forms of
the current transients, which depend on the geometry
of nuclei and the rate-limiting step in the process.
In the case of diffusion-controlled growth of hemi-
spherical nuclei, Scharifker and Mostany [9] have
proposed a model to estimate, from potentiostatic
current transients, the true nucleation rate constant
per site, A, and the number density of active sites on
the surface, Ny, separated from their product, AN,,
also known as the steady state nucleation rate, Igg,
which is usually obtained from microscopic counting
of the number of nuclei appearing on the electrode
surface at a given overpotential as a function of
time. Thus this model offers advantages in the study
of electrocrystallization in the classical and atomistic
[14-16] limits.

Most often, electrocrystallization theories have
been tested using simple systems [17-26], where the
dominant chemical species of the electrodepositing
ion shows a first coordination sphere comprised of
solvent molecules, and where the supporting electro-
lyte of choice has been a strong electrolyte, weakly
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adsorbing on the electrode or nucleus surfaces, such
as potassium nitrate. In this work we have studied
the electrocrystallization of silver in a considerably
more intricate system, namely an alkaline leaching
bath in which ammonia and chloride occur at high
concentrations, and where the silver diammonia
complex is the dominant species. This bath has
been shown to be efficient in the extraction of silver
[27-30] with the further advantage of being more
environmentally friendly than the traditional cyanide
bath. Information on the early stages of silver electro-
crystallization from ammonia—chloride solutions
may contribute to obtaining better deposits, as well
as to encourage the use of this novel bath with poten-
tial environmental benefit.

2. Experimental details

A two-compartment, three-electrode cell was used
throughout. The bottom of the main compartment
was an optically flat window so as to observe in situ
the working electrode surface with the aid of a
COHU 4815 monochrome video camera, connected
to a metallographic microscope and a digital signal
processing system to acquire and analyse images of
the electrode surface displayed on a TV monitor,
The working electrode was a vitreous carbon disc
(Electrosynthesis, GC-30) of 7.07 x 1072 cm? exposed
area, sealed to glass and polished with several
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grades of alumina down to 0.05pum. The second-
ary electrode was a platinum ring placed near the
bottom of the cell, around the working electrode,
which was located at about 1cm of the optical flat.
The reference electrode was a silver wire, immersed
in the same working solution, but in a separate
compartment, connected to the main through a
Luggin capillary. The working electrode potential
was controlled with an EG&G PAR model 273
potentiostat/galvanostat, connected to a PC through
an IEEE-488 interface.

Silver electrocrystallization was studied from aque-
ous 2.2mM AgNO; solutions, containing also 1M
NaCl and 1.6 M NH;3, pH 11, conditions under which
the Ag(NH3); Cl™ species is formed [28]. All solutions
were prepared with analytical grade reagents and
ultrafiltered distilled water of 17.6 M) cm resistivity.

The kinetics of nucleation was studied with single
potential steps to cathodic overpotentials between
—100 and —300mV, at 20mV intervals. Current
transients were recorded and an image with the nuclei
electrodeposited on the electrode surface was acquired
at the end of each experiment. Nuclei were dissolved
between experiments immersing the electrode surface
successively in (i) a 1% NaCN and 6% hydrogen
peroxide solution, (ii) distilled water, (iii) ammonium
hydroxide solution, pH 11, and finally (iv) distilled
water, before replacing the working electrode in the
electrochemical cell.

2.1. Image analysis

The size of the segment of the electrode surface under
study was determined by calibration with a 1mm
ruler, with subdivisions at 10um. Regions of
1.00 x 107* to 4.00 x 10™* cm? were analysed, the lar-
ger areas were necessary for experiments in which a
low number density of nuclei were produced on the
surface. The location of each nucleus within the region
under study was determined with the help of a cursor
on the TV monitor. The corresponding coordinates
were later used to obtain the nearest neighbour distri-

silver species in aqueous solution at varying Ag®™ and
CI™ concentrations, pH 11 and pNH; — 0.2.

bution functions [42] and the saturation number den-
sities of nuclei, N; ,,, on the electrode surface.

2.2. Analysis of current transient data

The nucleation rate, 4, and the number density of
active sites, Ny, were obtained from the potentiostatic
current maximum [9]. The values of 4 and N, thus
obtained were used to estimate saturation nuclear
number densities from current transients, Ng,, which
were later compared with those obtained from analy-
sis of microscope images, Ny .

3. Results and discussion
3.1. Electrodepositing species

The dominant silver (1) species in the ammonia—
chloride leaching bath used in this work [30] was
determined by thermodynamic analysis according
to the formalism introduced by Rojas et al. [31-35],
from which the diagram shown in Fig. 1, for pH 11
and pNH; — 0.2, was obtained. Introducing the silver
and chloride concentrations relevant to this work,
pAg2.66 and pClO0, it follows that in spite of the
relatively large chloride concentration, the dominant
silver species in solution is Ag(NH3)3.

3.2. Potentiostatic current transients

A family of potentiostatic current transients recorded
during silver electrodeposition from the leaching solu-
tion studied here is shown in Fig. 2. The transients
show the characteristic shape predicted in [9], that
is, rising currents due to the birth and growth of
nuclei, followed by decaying currents that at suffi-
ciently negative overpotentials, approach asymptoti-
cally the well known Cottrell equation.

3.3. Determination of the diffusion coefficient

Analysis of current transients such as those shown in
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Fig. 2 requires knowledge of the diffusion coefficient
of the electrodepositing species. The diffusion coeffi-
cient of the Ag(NH,); ion was determined through
various electrochemical techniques: chronoampero-
metric measurements at stationary electrode and
high overpotential, steady state current at rotating
disc electrode, polarography at dropping mercury
electrode, and conductivity measurements at 1 kHz
with platinized platinum electrodes. The diffusion
coefficient used for analysis of transients was an aver-
age of the values obtained with these techniques,
2.2 x 10 cm?s™!, which is close to that obtained
from conductivity and chronoamperometric measure-
ments and, as described below, leads to the required
solutions of the system of equations used for interpre-
tation of the transients.

0.00 0.08 0.16

3.4. Analysis of transients

As suggested by Milchev [21], given that analysis of
each of the transients is carried out from a single
experimental pair of values obtained from its current
maximum, it is desirable to verify whether the equa-
tion used describes the whole of the experiment.

0.40

0.48 electrocrystallization on to vitreous carbon from
’ 2.2mm AgNO; 4+ 1M NaCl + 1.6 M NH; aqueous
solution, pH 11, at the overpotentials indicated:

(a) 100 to 180, and (b) 200 to 280mV.

This might be done comparing experimental (i/iy,)*
against ¢/, plots with those obtained from the theo-

retical expression
AN
im) \ !

AL explotfin +a(1 —exploxt/m)
{1 - exp[—x + a(1 — exp(—x/a)]}’

where

x = NgnD(87cM/p)*ty, (2)
a = NywD(8wcM [ p)?/ A (3)

In Equation 1, 7, and ¢, are the coordinates of the
experimental current transient maximum, and in
Equations 2 and 3 D is the diffusion coefficient, ¢ is
the bulk concentration, and zF is the molar charge
of the electrodepositing species, M and p are the mole-
cular weight and density of the deposited materials
respectively, A is the nucleation rate constant per
site and N, is the number density of active sites.
Such a comparison between experimental and theo-
retical transients is shown in Fig. 3.



454

A. SERRUYA ET AL.

(i/i )’

satisfactorily the entire transient,

0.4

0.2 v

Fig. 3. Comparison of experimental transient
recorded during silver electrocrystallization at
160mV overpotential (O), and theoretical tran-
sient (—) according to Equation 4, with D =

22 x 103 em?s~1, A =1.065"" and Ny = 2.77 x
10° cm 2. The dashed lines show the theoretical

0.0

t/t

Once shown that the theoretical model describes
the relevant

information can be obtained from the current and
time corresponding to the potentiostatic maxi-
mum. An important aspect of the model developed
in [9] is that it is not necessary to classify a priori
nucleation as either instantaneous or progressive
[7, 8], since these forms appear as limiting cases.

Distinction between instantaneous and progressive
nucleation is nevertheless still common in the litera-

ture [35-41].
The time dependent current is therefore given by

Equation 4 [9]:

212412

x (1 —exp{—NomkD[t — A (1 —e™)]}) (4

with k = (8mcM /p)'/?

z 1/2C
i(1) = ( gt

)

5
transients corresponding to the (a) ‘instantaneous’

and (b) ‘progressive” limits.

The current maximum and its corresponding

nonlinear equations:

time define the following pair of transcendental

In(1 - imti?/a) + x —a(1—e %) =0 (5a)

1 +2x(1 —e )] —x+a(l—e) =0 (5b)

from which Ny and 4 may be obtained simultaneously
from single pulse potentiostatic experiments. Here we
resolved the system of equations (5) numerically [9],
using the routine EQ001 developed by Mostany [42]*.

3.5. Micrographic analysis

Results from interpretation of transients as outlined

above were compared with analysis of microscope
images of the electrode surface, acquired in situ

immediately after the electrode potential perturba-
tion. From these images, the saturation number

Fig. 4. Number density of nuclei derived from
analysis of current transients, N;;, as a function of
the number density of nuclei obtained from micro-

18

scope images, N;,,. The line represents the linear
correlation with unity slope.
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* Copies of the routine may be obtained from Dr. J. Mostany,
Departmento de Quimica, Universidad Simén Bolivar, Apartado

8900, Caracas 1080-A, Venezuela.
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density of nuclei on the surface (N,y,) was directly
obtained. Further details about the methods used
for image analysis have been described elsewhere
[43, 44]. The saturation nuclear number densities
thus obtained at the various potentials were compared
with those deduced from the transients, Ng;, with the
following expression, [8]

Ni; = (ANy/2kD)'? (6)

Figure 4 shows a comparison between the values of
Ny, deduced from interpretation of chronoampero-
metric data, and Nj,, obtained directly from micro-
scope images of the electrode surface acquired after
potential steps. The excellent linear correlation with
slope one validates the method used for the analysis
of transients in this complex solution, and the values
of 4 and N, obtained from it.

3.6. Variation of Ny with overpotential
Figure 5 shows the number density of active sites as a

function of the overpotential for silver deposition. Ny
increases with the cathodic overpotential, from

280 Fig. 5. Number density of active sites for nuclea-

tion as a function of the overpotential for silver
deposition.

around 2 x 10°cm ™2 at low overpotentials to about
7% 107 em ™2 at overpotentials as high as 280mV.
Even at such high overpotential the number density
of nuclei is over seven orders of magnitude lower
than the atomic density of the surface, as has been
pointed out for other cases of metal deposition onto
vitreous carbon surfaces [44].

3.7. Overpotential dependence of A

Figure 6 shows the exponential increase of the nuclea-
tion rate per site, 4, with the overpotential. Assuming
a transfer coefficient of 1/2, the slope of the plot of
In(4) against n [14, 15] indicates that the number
of atoms in the critical cluster is one atom through-
out the potential range, and that supercritical nuclei
develop by direct discharge and incorporation of
ions from solution, without involving adatoms.
During silver electrocrystallization on vitreous carbon
from potassium nitrate solutions, Milchev et al.
{18, 19] have found that the critical size decreased
from 1 to 0 atoms as the overpotential increased.
The difference with respect to the result obtained

In (A/s_1)
N

80 120 160 200

n/mvV

240

280
Fig. 6. Nucleation rate per site as a function of the
overpotential for silver deposition.
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Fig. 7. Nearest neighbour distribution functions
obtained from analysis of microscope images of
the electrode surface after nucleation at (a) 100

here might be due to the presence of ammonia mol-
ecules in the silver coordination sphere, as well as
the possible adsorption of chloride ions at the inter-
phase. To clarify these aspects, in subsequent papers
we will address the effects of the coordination sphere
of the electroactive species, as well as the nature of
the supporting electrolyte, upon electrocrystalliza-
tion mechanisms.

3.8. Spatial distribution of nuclei

The birth rate of nuclei on the electrode surface is limited
by the availability of active sites [44], which diminishes
continuously throughout the nucleation process, either
as a result of their conversion into growing nuclei, or
due to the reduced activity of the remaining sites caused
by the growth of adjacent nuclei.

Inhibition of the nucleation process in the vicinity
of growing nuclei not only leads to saturation of
their number density, but also affects the spatial distri-
bution of nuclei on the electrode surface. The spatial
distribution may be studied by analysis of the distri-

and (b) 200mV. Experimental data (- - O — ),
uniform distribution (——), computer simulated
distribution considering nucleation exclusion
zones around nucle] (),

bution of distances between nearest neighbours [45].
Representing this distribution in nondimensional
form, the nuclear number density is removed as a
parameter in the distribution and the probability
density function of the nearest-neighbour distribu-
tion only reflects the way nuclei are arranged on the
plane, allowing comparison of experimental distri-
butions with theoretical distributions corresponding
to hypothetical cases [45] (e.g., like the uniform distri-
bution of particles on the plane, square or hexagonal
lattices, and so on).

Analysis of the spatial distribution shows that
silver nuclei are uniformly distributed when deposited
at low overpotentials, whereas at high overpotential
the distribution is affected by exclusion or inhibi-
tion of the nucleation process around already estab-
lished nuclei, up to distances that expand with /2,
Figure 7 shows in reduced coordinates the nearest-
neighbour analysis of the spatial distribution; the
experimental distributions are presented together with
the probability density functions corresponding to
points randomly allocated on the surface, and the
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results of computer simulations of the nucleation pro-
cess considering nucleation exclusion zones around
nuclei [45]. The plots in Fig. 7 show that short dis-
tances between nuclei are avoided when electrocrys-
tallization is carried out at high overpotentials.
Similar results have been obtained for the spatial dis-
tribution of silver nuclei electrodeposited from nitrate
bath [46], as well as in other previously studied systems
[43] and is related to the sigmoidal variation of In(N;)
with overpotential, cf. Fig. 2, which is likely to be due
to distributed nucleation energies over different sites
along the surface [45, 47].

It is also of interest to analyse the spatial distri-
bution of electrodeposited nuclei beyond their nearest
neighbours, that is, the distances between second,
third, ..., nth neighbours [48, 49], which provides
further insights on the mechanism of the nucleation
process [50]. Such an analysis for silver electrocrystal-
lization from baths of diverse composition will be
published elsewhere [51].

4. Conclusions

The results show that transient analysis [9] can be
used for the study of nucleation in a rather complex
system, such as the environmentally friendly leach-
ing bath for silver electrodeposition used here. The
predictive capacity of the model used for the inter-
pretation of current transients in relation to the
saturation number density of nuclei was supported
by the in situ micrographic analysis of the electrode
surface. The early stages of the electrodeposition
of silver from ammonia—chioride leaching bath is
dominated by multiple nucleation and hemispherical
diffusion-controlled growth of nuclei. Both the
nucleation rate constant and the number density of
active sites were found to be strongly dependent on
the overpotential. Within the framework of the ato-
mistic nucleation theory, it was determined that the
critical nucleus comprises one silver atom. The spatial
distribution of the electrodeposited nuclei on the elec-
trode surface is uniform at low overpotentials, whereas
at high overpotential is affected by zones of reduced
nucleation rate around already established nuclei.
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